Ecological Indicators 111 (2020) 106042

Contents lists available at ScienceDirect

Ecological Indicators

journal homepage: www.elsevier.com/locate/ecolind

Spectral responses to labile organic carbon fractions as useful soil quality R

Check for

indicators across a climatic gradient

Paulina B. Ramirez", Francisco J. Calder6n”, Steven J. Fonte®, Fernando Santibafiez",
Carlos A. Bonilla™*"

# Departamento de Ingenieria Hidrdulica y Ambiental, Pontificia Universidad Catdlica de Chile, Av. Vicufia Mackenna 4860, Macul, Santiago 7820436, Chile
Y Central Great Plains Research Station USDA-ARS, Akron, CO 80720, USA

© Department of Soil and Crop Sciences, Colorado State University, Fort Collins, CO 80523, USA

9 Departamento de Ingenieria y Suelos, Universidad de Chile, Casilla 1004, Santiago, Chile

€ Centro de Desarrollo Urbano Sustentable CONICYT/FONDAP/15110020, El Comendador 1916, Providencia, Santiago 7520245, Chile

ARTICLE INFO ABSTRACT

Keywords: Light fraction (LF) and permanganate-oxidizable C (POXC) demonstrate high reliability as indicators for mon-
Alkyl C itoring soil functioning in response to changes in soil organic carbon (SOC). However, mechanisms affecting the
Chile amount and composition of labile fractions and their relationship with SOC content at regional scales have not
Infrared spectroscopy been thoroughly studied. The aim of this study was to examine the spectral features associated with these labile
light fraction (LF) . . . . . . . .
permanganate oxidizable carbon (POXC) orgar.u.c mat.ter fréctlons in .samples collected from 75 sites under different soil types, lam.i .use and climatic
Soil carbon conditions in Chile. Topsoil was analyzed for total C and N content, aggregate stability, and texture.
Additionally, the spectral properties of LF material and whole soils were analyzed using diffuse reflectance mid-
infrared spectroscopy (MidIR). Our results show that LF shared a similar spectral composition but with different
band intensities across climatic regimes. LF spectra were associated with O-alkyl C in cool and rainy areas,
whereas a relative accumulation of aromatic structures was found in warmer areas. Whole soils spectra showed
that SOC, POXC and aggregability were related to the prevalence of aliphatic and polysaccharides compounds in
colder areas. While in warm arid areas, the stabilization of aliphatic compounds was found to be related to clay
minerals. Furthermore, we found that POXC and SOC content were closely related and changes in POXC were
affected by variations in climate conditions. The understanding of spectral features linked to labile SOC fractions
on at larger geographical scale will contribute to the development of sustainable land management options for
the prevention of land degradation in the context of adaptation to climate change.

1. Introduction Labile SOC fractions that account for a small, but reactive propor-

tion of SOM (Haynes, 2005; Poirier et al., 2005; Verma et al., 2013; Yan

The dynamics and quality of soil organic carbon (SOC) are essential
to a variety of important soil functions and ecosystem services (Lal,
2016; Lefevre et al., 2017). Adopting soil conservation practices such as
to minimize soil disturbance, use of crop residues, and cropping systems
diversification leads to increasing SOC contents and a long-term
agroecosystem sustainability (Lal, 2004). However, this is not
straightforward as climate condition may alter SOC responses to agri-
cultural practices and land use (Dimassi et al., 2014; Hermle et al.,
2008). Thus, it is necessary to explore indicators sensitive to alterations
in soil quality to determine whether a changing climate could impact
SOC.

et al.,, 2007). Labile SOC fractions have been suggested as early in-
dicators of the effects of soil management and cropping systems on SOM
quality (Denef et al., 2007; Gregorich and Ellert, 1993; Haynes, 2005).
For example, light fraction (LF) and permanganate oxidizable C (POXC)
have been suggested to respond to land use change in the short-term
and have been used to detect the effects of different land management
practices. (Culman et al., 2012; Duval et al., 2018; Gregorich et al.,
1994; Hurisso et al., 2016). The occurrence of permanganate oxidizable
carbon (POXC) by a mild oxidizing agent KMnO, represent a promising,
and inexpensive indicator for soil health assessment, which is asso-
ciated with the loss of organic matter as an oxidative process
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comparable to those in microbial oxidation (Blair et al., 1995; Conteh
et al., 1999). In addition, LF material consists largely of undecomposed
or partly decomposed root and plant fragments that responds more
rapidly to the effects of management practices (Biederbeck et al., 1994;
Cambardella and Elliott, 1992; Golchin et al., 1994; Gregorich and
Janzen, 1996), and primarily associated with readily decomposable
substrate for soil microorganisms as well as soil carbon formation(Song
et al., 2012).

A wide variety of analytical methods have been used to measure
labile fractions, most of which are based on its physical, chemical, and
biochemical principles (Strosser, 2010). However, these procedures are
usually more time consuming, and thus infrared spectroscopy has been
proposed as an alternative method for a rapid determination of soil
quality (Comino et al., 2018; Summers et al., 2011). Fourier-trans-
formed mid-infrared (MidIR) spectroscopy has been widely applied to
characterize organic matter in soils and predict the distribution of SOC
fractions (Leifeld, 2006; Madhavan et al., 2017; Viscarra Rossel et al.,
2006). Specific MidIR absorbance bands typically associated with ali-
phatics, methyls, amides III, and polysaccharides in specific soils can be
ascribed to labile SOC (Calderén et al., 2017; Peltre et al., 2014). Thus,
MidIR could be used to predict SOC fraction distribution and compo-
sition as well as an evaluation tools complementing traditional quality
indicators.

According to the chemical convergence hypothesis, all changes in
chemistry during litter decomposition result from the preferential loss
of easily degradable compounds (e.g. starch and proteins) and the re-
lative accumulation of compounds that are more resistant to decay
(Wickings et al., 2012). Thus, chemically distinct litter types pass
through the decomposer ‘funnel’ and may converge towards similar
chemistries (Bradford et al., 2016; Moore et al., 2011; Wickings et al.,
2012). For example, O-alkyl loss is followed by aromatic breakdown
and stabilization of alkyl-C (Wickings et al., 2012). Although it is well
understood that variations in ecosystem properties are related to dif-
ferences in the chemical complexity of SOM, which enables changes in
functional group chemistry (Hsu and Lo, 1999; Liitzow et al., 2006;
Roth et al., 2019), little is known about how variations in LF compo-
sition and its sequence of chemical changes are linked to different
geographic, climatic, land use and edaphic factors. Therefore, under-
standing the environmental persistence of the chemically distinct
compounds in LF material might be a valuable indicator to elucidate
soil C turnover mechanisms and trace the effects ecosystem dis-
turbances on soil quality.
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Although labile SOC fractions have emerged as standardized in-
dicators of SOC changes, their chemical composition and regional scale
variation has not been extensively studied. The impact of environ-
mental conditions on labile SOM pools and soil properties has largely
been determined by separate studies only at a local scale. It is possible
that SOC prevalence is largely controlled by the inherent chemical
composition of labile fractions or that it follows a common sequence of
chemical changes mainly controlled by environmental factors. Thus,
the objectives of this study were to: i) to analyze the spectral char-
acteristics of LF material across a range of climates, ii) to determine
patterns of chemical functional groups in LF and whole soils under
different land use and climate variability, and iii) to evaluate the use of
LF and POXC as quality indicators for climate impacts on soil.

2. Materials and methods
2.1. Study area

Soils were analyzed from 75 different sites with varying soil types
and climate conditions along a latitudinal transect in Chile. This study
was conducted across a 2000 km transect, from 32°00” S to 51°00’ S,
spanning from the semiarid central region of Chile to the far rainy south
(Fig. 1). In the study area, arid, semiarid and subhumid conditions are
dominated by Mollisols, Inceptisols followed by Alfisols and Entisols. In
humid and hyper humid conditions, Andean foothill are characterized
by presence of Andisols with high SOC content (about 110 g C kg~ !
soil) and Alfisols, Ultisols and Inceptisols between the Andes and the
coastal range (Bonilla and Johnson, 2012; Ramirez et al., 2019). Torres
del Paine, in the southern Chilean Patagonia, is dominated by Entisols
and Inceptisols on younger post-glacial areas, and Histosols in high
slope areas (Casanova et al., 2013; Pfeiffer et al., 2010).

2.2. Climate data

In general, climates associated with the sites used in this study are
characterized by concentrated rainfall during the southern hemi-
sphere’s winter season (June to September) and a drier summer season
(Bonilla and Vidal, 2011; Lobo et al., 2015). Sites were categorized
according to aridity regime (UNESCO, 2010), calculated as the ratio of
mean annual precipitation (MAP) to potential evapotranspiration (ET)
(UNEP, 1997, 1992), and also by considering the length of the dry
season. Climate information was obtained from two different
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Fig. 1. Map of sampling sites in central Chile (left) and southern Chile, Torres de Paine (right). A general view of the study area is shown in the middle.
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Table 1
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Mean values and standard deviations of climate and soil properties of different soils grouped into aridity regimes and land use.

Climate parameters®

Soil physico-chemical properties

n° Al MAP MAT ET Depth Sand Silt Clay CN pH
(MAP/ET) (mm) QY] (mm) (cm) (%) (%) (%)

Aridity regime®

Arid 6 0.05-0.20 214 = 125 15.0 += 0.6 1201 * 58 18 = 3 42 = 16 34 =9 24 =+ 18 = 3 7.7 £ 0.2
Semiarid 22 0.20-0.5 384 + 172 14.8 = 0.5 1037 += 37 18 + 4 41 = 19 32 = 10 28 = 10 21 = 7 7.3 = 0.6
Subhumid 5 0.5-1 630 = 208 144 + 0.5 982 = 74 19 = 3 41 = 17 35 = 12 24 * 16 = 3 6.2 * 0.4
Humid 9 1-1.7 1011 += 192 123 = 0.4 706 + 33 18 = 3 43 = 16 30 = 8 27 = 14 17 = 2 55 = 0.2
Hyper humid 17 > 1.7 2094 = 377 12.2 = 0.4 700 = 39 16 £ 3 44 = 11 37 = 10 19 = 9 16 = 4 5.7 = 0.3
Cold semiarid® 16 0.20-0.5 250 + 133 7.7 £ 0.4 875 = 75 20 £ 0 45 + 11 40 + 9 16 £ 6 11 = 4 6.0 = 0.6
Land use*

Native forest 2 - - 19 = 2 43 = 15 37 = 8 20 = 9 15 £ 3 5.6 = 0.2
Natural prairie 14 - - 20 £ 0 46 = 9 39 £ 9 15 = 4 11 £ 5 6.1 = 0.7
Non-cultivated 15 - - 17 + 4 40 *= 15 33 £ 8 27 =9 15 + 4 6.6 £ 1.1
Cultivated 32 - - 17 = 4 40 + 18 34 = 11 27 £ 9 17 = 3 6.6 = 0.9
Woody perennial 4 - - 19 =1 39 + 22 32 = 11 30 = 17 17 = 4 6.4 = 0.9

AL aridity index; MAT: mean annual temperature; MAP: mean annual precipitation; ET: evapotranspiration; C:N: carbon/nitrogen
@ aridity regime, defined by the aridity index based on UNEP (1992) and UNESCO (2010).

> 1, number of sites per group.

¢ Standard deviation in 35 years of data.
4 Standard deviation in 4 years of data.

meteorological stations, General Directorate of Water (DGA) and Na-
tional Institute of Agriculture Research (INIA); all the stations were in
the vicinity of soil sampling sites. The mean annual temperature (MAT),
MAP, and ET of each site are shown in Table 1.

2.3. Land use

Sites were located in multiple types of land use areas including a
biosphere reserve (Torres del Paine), natural sites, and cultivated sites.
Agricultural sites were selected to represent a large range of different C
contents based on the official national soil repository data from the
Chilean Natural Resources Information Center (CIREN). The CIREN
sites were relocated with GPS, and interviews with local farmers and
satellite imagery interpretation were applied to collect data on the land
use history of each site. The land uses were sorted into five categories:
1) Native forest (NF) classified by the presence of Patagonian oak
(Lophozonia obliqua) and Lenga (Nothofagus pumilio), 2) Natural prairie
(NP) comprised of sites in the Patagonian Steppe, inhabited by desert
shrubs and tuft grasses, 3) Woody perennial (WP) sites, including forest
plantations, orchard or vineyards for at least 7 years, 4) Cultivated (C)
sites planted with cereals and/or vegetables for at least 20 years and 5)
Non-cultivated (NC) sites were those previously cultivated, but they
were under non-agricultural activity or resulted in the development of
secondary vegetation succession following cropland abandonment for
at least 5 years. Soil physico-chemical properties are listed in Table 1
according to climatic regimes and land use.

2.4. Soil sampling and physico-chemical analysis

A total of 75 sites were sampled between January and February over
four years (2013, 2014, 2016, and 2017). At each sampling site, two
replicate samples were taken randomly at a distance of 100 m from one
another. Before soils were collected from the topsoil horizon, plant
residue and O horizon were removed. Depending on the site, soils were
collected using a soil auger (20 cm diameter) based on the depth of the
first horizon ranged from 8 to 29 cm. Genetic horizons were used in-
stead of a fixed soil depth because it offers a better comparison for the
processes involved in SOC dynamics (Griineberg et al., 2010).

For physico-chemical analysis, samples were air-dried and sieved
(2 mm). The SOC was determined by potassium dichromate (K>Cr,O-)
oxidation (Walkley and Black, 1934). The pH was measured in a 1:2.5

soil/water suspension (Sadsawka et al., 2006). Because of the relevance
of CaCOs in calcareous soils, all samples were pre-tested with HCI fol-
lowed by observation for effervescence to determine if carbonates were
present. Subsequently, soil samples were treated with 2 M H,SO,4 con-
taining 2% FeS04.7H,0 to remove all the carbonate (Nelson and
Sommer, 1982). Despite this, non- significant differences in C content
were found when using Walkley and Black method between samples
with or without CaCO3; removal. Particle size distribution (clay, silt,
sand) was measured using the hydrometer method (Gee and Bauder,
1986). Total N was measured using the Kjeldahl digestion method. Fi-
nally, water stable aggregates (WSA) were measured using a wet-
sieving apparatus (Eijkelkamp, Giesbeek, Netherlands) and were
quantified as the proportional mass of stable aggregates in the 1-2 mm
range relative to the mass of the whole soil, as presented by Kemper and
Rosenau (1986).

2.5. Labile SOC fractions

Soil POXC was measured in duplicate using the methodology de-
scribed by Weil et al. (2003). Briefly, 2.5 g of air-dried and sieved soil
were added into propylene tubes with 18 mL of deionized water and
2 mL of 0.2 M KMnO,. The tubes were shaken vigorously for 2 min at
240 oscillations/min. The tubes were allowed to settle for 10 min in
dark at room temperature. For stopping the reaction, 0.5 mL of solution
was taken from the tube and placed in another tube with 49.5 mL of
deionized water, allowing the reaction to end. The absorbance of each
sample was measure at 550 nm using a Pocket Colorimeter™ II (HACH
Company, USA). The POXC fraction (mg/kg) was calculated as:

POXCpg/kg = [0.02 mol L' — (a + b X Abs)] x (9000 mg C mol™?)
x (0.02 L solution x Wt

where 0.02molL! is the concentration of the K,MnO, solution, a is the
intercept and b is the slope of the standard calibration curve, 9000mg is
the amount of carbon oxidized by 1 mol of MnO4 changing from Mn™*”
o Mn**, 0.02L is the volume of the K,MnO, reacting with the samples,
and Wt is the mass of soil in kg used for the reaction.

Light fraction (LF) material was isolated from the soil samples using
a modified version of the method described by Janzen et al. (1992).
Specifically, 10 g of soil was weighed and added to 40 mL Nal with a
density of 1.7 g cm ™. The tubes were shaken, and then allowed to
settle for 48 h before floating material was removed, and the remaining
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Table 2
Absorption bands in the mid-infrared used to evaluate FTIR spectra of soil.
Assignment based on Calderén et al., 2013 and Parikh et al., 2014.

Wavenumber (cm ™) Assignment

3620 Stretching O-H in clays

3200-3500 O-H, N-H stretch

2934 Aliphatic C-H stretch

2859 Aliphatic C-H stretch

2110 Carbohydrates overtones of the-COH stretch
1790-2000 Silicates Si-O stretching

1730-1700 C = O ester stretching

1635-1680 Amide I: C = O, C-N, N-H

1580-1600 Aromatic C = C stretch

1575 Amide II: N-H, C-N

1471-1426 C-H and N/H amide II, aliphatic C-H deformation
1405 Aliphatic C-H

1390 Aliphatic, symmetric C-H bending

1270 Phenol CH, deformation, C-O of phenolic OH
1170 Aliphatic, O-H, C-OH stretch

1000-1100 Silicates Si-O stretching

1080 Polysaccharides C-C stretch, C-O stretch
1016 Polysaccharide C-O-C, C-OH stretch

substance was filtered using a fiberglass filter in a Buchner funnel. The
dried organic material was separated from the surface of the filter paper
with a brush before being weighed.

2.6. Infrared spectroscopy Fourier transform mid-infrared spectroscopy
(FTIR)

Whole soils and LF material were air-dried, ground, and scanned
undiluted (neat) on the mid-infrared spectrometer from 4000 to
400 cm ™', Two FTIR spectra per sampling site (a single spectrum per
replicate) were recorded using a Digilab FTS 7000 spectrometer
(Agilent Technologies, Walnut Creek, CA) with a KBr beam splitter, and
a Peltier-cooled DTGS detector. Subsequently, a representative and
average normalized spectrum over the different sites was calculated.
The samples were analyzed in diffuse reflectance, at 4 cm ™~ ! resolution,
and each spectrum consisted of 64 co-added scans. The dominant
functional groups in the FTIR spectra obtained from whole soils and LF
are further described in Table 2.

2.7. Statistical analyses

Data was checked for a normal distribution using the Shapiro-Wilk
normality test. If necessary, data were square root or log transformed to
approximate normality. If the normality assumptions were not satisfied,
non-parametric statistical tests were used. Correlations between soil
properties and climate variables were conducted using non-parametric
Spearman's rank correlation coefficient in Sigma Plot 13.0 (Systat
Software, San Jose, California). Data among treatments were explored
with one-way ANOVA (critical P value 0.05) followed by a multiple
range test was achieved using the least significant difference (LSD,
p < 0.05) in Statgraphics plus 5.1 (Manugistics, Inc., Rockville, MD,
USA). A two-way ANOVA as a function of two factors: (1) climate and
(2) land use, as independent sources of variance, was performed to test
the interaction with labile organic fractions (SOC, POXC, POXC/SOC,
LF, and WSA).

A canonical redundancy analysis (RDA) was conducted to identify
relationships between environmental variables and spectral data. The
analysis was performed using Canoco software v5.0 (Microcomputer
Power, USA). Redundancy analysis is a constrained version of PCA
which summarizes linear relationships between response variables that
are explained by explanatory variables. RDA were performed by using
all variables shown in Table 1. This can potentially introduce some
overfitting but including all response variables and environmental
factors was deemed beneficial in order to illustrate a more inclusive set
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of relationships. In addition, following the RDA, a variation partitioning
analysis (Borcard et al., 1992) was used to quantify the independent or
overlapping effects of explanatory variables (climate and land use) on
SOC fractions.

The Unscrambler 10.3 software package (CAMO, Norway) was used
to perform principal components analyses (PCA) on the mid-infrared
spectral data. The average whole soil and LF spectra were baseline
corrected using the baseline offset feature in Unscrambler 10.3 (Camo
Software, Norway) before being used in the RDA analysis. Spectral
bands were selected from the average whole soil and LF spectra using
the peak picking feature in ThermoGRAMS software (Thermo Fischer
Scientific Inc., Massachussetts, USA). The absorbance data was mean
centered, and a PCA of whole soil and LF mid-infrared spectra was
performed using Unscrambler 10.3 software (Camo Software, Norway).
Component loadings were used to determine the contribution of spec-
tral bands to the variation in soil total organic C and to the variation in
POXC content.

3. Results and discussion
3.1. FTIR analysis in LF

The spectra obtained directly from the LF material, differ greatly
from those of the whole soil (Fig. 2). LF content is prone to rapid mi-
neralization due to the labile nature of its constituents and the lack of
protection by soil colloids (Turchenek and Oades, 1979), which is
consistent with the absence of mineral spectral bands from clays at
3620 cm ™! and silicates at 1875 cm ™' observed in this study. Overall,
several organic spectral bands were enhanced in the LF spectra. For
example, the broad band at 3500-3200 cm~! was much more pro-
nounced compared to the whole soil spectra. This band is associated
with OH or NH stretching, typical of fresh crop residues (Parikh et al.,
2014). The band between 2930 and 2850 cm ~ !, attributed to aliphatic
CH stretching, were also more marked in LF spectra than in whole soil
spectra. The bands observed from 1700 cm ™! to 1250 cm ™! contain
information about several functional groups such as esters (1730 to
1700 cm ™) and carboxylic acids. Calderén et al. (2011) found similar
results in a diverse soil collection from the North American Midwest,
where LF was distinguishable from heavier fractions because of high
absorbance at 3400 cm ™' (OH/NH), as well as between 1750 and
1350 cm ™~ '. As the soil undergoes net C mineralization, the mid-in-
frared absorbance of LF declines at 3400 cm ~?, and between 2920 and
2860 cm !, indicating that these could be regarded as labile moieties in
LF (Calder6n et al., 2011).

Furthermore, the gross chemical behavior of LF generally featured
common spectral features, but with different band intensities (Fig. 2a).
For instance, the bands at 3400 cm ™! and 1660 cm ™!, attributed to
stretching vibration O-H from water, alcohols, carboxylic acids, phe-
nols, and N-H from amides, were more prominent in the spectra of arid
soils. It is likely that the chemical composition of plant litter has an
influence on spectral changes. However, because LF characteristics
were broadly similar even under different vegetation types, we suspect
that LF composition seems to depend primarily on other factors than
plant litter quality, such as climate conditions which impact plant
productivity and decomposition rates. This is consistent with previous
studies (Gosling et al., 2013; Rumpel et al., 2012; Song et al., 2012),
which support the notion that the processes involved in the formation
of LF might be similar and related greatly to climate conditions.

Although it is assumed that light fraction is highly sensitive to
changes in management practices (Gregorich and Janzen, 1996; Tan
et al., 2007), the response of LF to different climates indicate that
warming and increased precipitation may influence certain fractions of
soil organic matter (Song et al., 2012). Our results showed a significant
negative effect (p < 0.05) of MAT on LF content (r = —0.72)
(Table 3); however, no significant relationship was found between LF
content and precipitation. To test the influence of edaphic and climatic
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Fig. 2. Average Fourier transform mid-infrared spectra for each aridity class. A) Light fraction material, and B) whole soil spectra. Absorbances were baseline
corrected using the baseline offset feature in Unscrambler 10.3 (Camo Software, Norway) in order to achieve a common low absorbance for all the averages.

Table 3

Spearman's rank correlation coefficient among soil and climates attributes used in the study.

LF SOC POXC/SOC WSA MAP MAT Sand Silt Clay C:N pH
POXC 0.72* 0.80* —0.47* 0.33* 0.26* —0.51* -0.14 0.40% —0.25* —0.30* —0.25*
LF 0.70* —0.51* 0.38* 0.19 -0.72* 0.04 0.37* —0.44* —0.39*% —0.36*
SOC —0.88* 0.69* 0.60* -0.73* -0.11 0.38* —0.28* —0.32*% —0.65*
POXC/SOC -0.79* —0.74* 0.66* —0.01 -0.21 0.31* 0.26* 0.78*
WSA 0.55* —0.66* 0.11 0.04 —0.28* —0.39* —0.75*
MAP —0.47* —0.02 0.11 -0.16 0.03 —0.72*%
MAT —0.08 —0.30* 0.45* 0.46* 0.61*
Sand -0.70* —0.72* —0.09 -0.07
Silt 0.08 —0.09 -0.11
Clay 0.22 0.26*
C:N 0.21

(*) There is significant relationship between two variables (P < 0.05).
MAT: mean annual temperature (°C); MAP: mean annual precipitation (mm/yr~'); LF: light fraction (g kg~ »); POXC: permanganate oxidizable carbon (g kg ~1); SOC:
soil organic carbon (%); WSA: water stable aggregates.
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Fig. 3. Redundancy analysis (RDA) showing the relationships between FTIR
bands, SOC labile fractions (POXC and LF), and soil properties and environ-
mental factors including aridity regime and land use. WP: Woody perennial; C:
Cultivated; NC: Non-cultivated; N: Natural prairie, NF: Native forest. A) Light
fraction material, and B) whole soils.

factors on the composition of LF, an RDA analysis was carried out with
FTIR functional groups (Fig. 2a). Comparing the effect of different cli-
mates regimes, we observed that climates played a vital role in the
labile C pools decomposition. Along the first axis, which explains 21.6%
of the total variance (Fig. 3a), the spectral bands were clearly clustered
according to climate regime. LF spectra from arid, warm semiarid, and
subhumid soils, with high POCX/SOC had high absorbance at multiple
organic bands. These included 2110 (overtones of the-COH stretch),
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3367 (O-H, N-H stretch), 2927 (aliphatic C-H stretch) and 1633 em ™!
(amide 1). In addition, the results revealed the prevalence of relatively
chemically complex LF material in low SOC soils. For instance, absor-
bances at 1512 ecm ™! and 1633 cm™?, possibly due to lignin deriva-
tives, were more pronounced under arid/warmer conditions, and de-
fined band maxima at 2927 cm ™! at 3367 cm ™! were observed in soils
from subhumid regions. These bands can be assigned to O-H and N-H
stretch, aliphatic CH, amide I, and aromatic C = C, respectively. LF
composition is characterized by the presence of carbohydrates and
aliphatic substances, which play important roles in the chemical com-
position of this fraction (Golchin et al., 1994). Thus, absorbance at
1016 cm ™ ?, attributed to polysaccharide C-O-C, C-OH stretch (Parikh
et al., 2014), was higher in soils with high SOC and soil aggregation,
mostly from colder climates (Fig. 3a). The polysaccharide accumulation
possibly resulted from the effects of temperature on the microbial
transformation rate of raw material into more decomposition-resistant
molecules. Such patterns, are consistent with Morrison et al. (2019),
who found that the chemistry of leaf litter from two years heated soils
had a greater relative abundance of lignin, while the relative abundance
of more labile compounds like plant lipids and polysaccharides was
low.

3.2. FTIR analysis of whole soils

The results showed that whole soil spectra contained absorbance
bands attributable to mineral and organic matter. The arid whole soil
spectrum featured absorbance bands at 1870 cm ™! attributed to Si-O
bonds, which is characteristic of quartz and sands, and 3620 cm™!
associated with hydroxyl stretching of clay minerals, as well as a rela-
tively weak band at 2510 cm ™' representing carbonates that was ab-
sent on the spectra of all other aridity regimes (Fig. 2b). This fits with
other studies that have suggested that arid and semiarid areas in Chile
frequently contain calcareous alkaline soils (Casanova et al., 2013).
There was a tendency for specific regions of the spectrum to become
more intense for whole soil samples from cold and humid areas, which
may indicate less degradation of organic matter compared to warmer
areas and layers of silicates. More specifically, the band residing at
3400 cm ™! and a single broad band at 1030-1010 cm ™! attributed to
Si-O stretching were particularly pronounced in soils from cold semi-
arid and hyper humid climates, which are also characterized by high
SOC content (Fig. 2b).

The RDA analysis for whole soils, in which the first axis explained
29.7% and the second axis 8.1% of the total variance, shows that the
MidIR absorbance data contained several spectral bands that were re-
lated to specific soil properties (Fig. 3b). For instance, as expected, sand
content was positively correlated with absorbances at 1865 cm ™!,
corresponding to silicate Si-O absorbance. Soils from cooler (cold
semiarid, hyper humid, humid) and warmer (warm semiarid, arid, and
subhumid) climates were separated into two groups according to pH,
POXC/SOC, and spectral properties (Fig. 3b). Aromatic structures de-
clined under warmer climates, and there was aliphatic enrichment in
soils higher in SOC and POXC content, mostly soils from hyper humid
sites. Higher absorbances for C-O stretching of polysaccharides around
1012-1058 cm ™! and OH/NH functional groups at 3442 cm ™' were
observed for colder climates. Polysaccharide accumulation possibly
resulted of bridging role of polysaccharides with mineral surfaces,
which contribute to formation and stabilization of stable aggregates
(Kiem and Kogel-Knabner, 2003; Oades, 1984; Srivastava et al., 2019).
In addition, previous studies have shown that soils high in POXC con-
tain increased proportions of aliphatic chemical species (Calderén et al.,
2017; Margenot et al., 2015; Romero et al., 2018). The aliphatic com-
ponent of SOM may frequently come from either inputs of aliphatic-rich
OM or through production of aliphatic compounds from microbial de-
composition (Baddi et al., 2004; Hsu and Lo, 1999).
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3.3. Linking organic matter stabilization to labile SOC fractions

Stabilization of SOM often includes physical mechanisms, such as
aggregation or sorption, chemical protection, and perturbations, such
as N enrichment, that serve to accelerate or inhibit the activity of some
enzymes or microbial groups (Grandy and Neff, 2008; Liitzow et al.,
2006). On a country-wide scale, SOC was positively correlated
(p < 0.05) with both POXC (r = 0.80), LF (r = 0.70) and WSA
(r = 0.69). In Addition, there was a significant effect of WSA on the
concentrations POXC (r = 0.33) and LF content (r = 0.38) (Table 3).
Along with POXC and LF in whole soil spectra (Fig. 3b), soil aggrega-
tion also correlated positively with aliphatic components and the band
at 1635 cm ™~ ! corresponding to amide or ketone C = O (Figs. 2b and
3b), whereas soils with low aggregation, mainly those from warmer
climates, did not correlated with any band (Fig. 3b). These results in-
dicate that MidIR data has certain chemical moieties that are more
prevalent in samples with good soil quality attributes. Consistent with
these findings, a recent study by Sarker et al. (2018) showed that
structures such as O-alkyl and di-O-alkyl are positively associated with
aggregate stability and soil structure, whereas aromatic C fractions are
negatively correlated with soil aggregation, possibly due to aggregates
being protected by coatings associated with water repellency.

Negatively charged clay minerals promote sorption of organic
groups contributing to SOM stabilization (Wiesmeier et al., 2019). An
inverse relationship (p < 0.05) was found between clay and POXC

(r = —0.25) as well as between clay and LF (r = —0.44) (Table 3).
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Furthermore, clay and POXC/SOC were positively correlated
(r = 0.31), however, these relationships differed when clay and the
proportion of POXC to SOC content (POXC/SOC) were analyzed sepa-
rately (p < 0.05) for warmer areas (r = —0.46) and for colder areas
(r = 0.35). This may indicate the functional relevance of clay minerals
in the formation of stable soil C through chemical binding of newer and
less chemically complex compounds in warmer areas (Bach et al., 2018;
Jones and Donnelly, 2004; Post and Kwon, 2000). In addition, negative
relationships (p < 0.05) were also observed between C:N and POXC
(r = —0.30) and between C:N and SOC (r = —0.32) (Table 3). These
inverse trends are consistent with previous results observed for other
labile or active fractions strongly associated with POXC, such as soil
microbial biomass (Wardle, 1992). Previous studies have demonstrated
that soil C:N ratio is an important factor in controlling microbial
communities (Chu et al., 2010; Shen et al., 2013), indicating that in
many soil ecosystems soil N rather than soil C may influence the im-
mobilization of SOM by microbial biomass (Wiesmeier et al., 2019).

3.4. Spectral changes associated with SOC and POXC

In addition to the RDA analysis, PCA was conducted in order to
identify the spectral regions explaining the major spectral differences in
LF spectra (Fig. 4) and in whole soil spectra (Fig. 5) with respect to SOC
and POXC content. Overall, the spectral features of LF in cooler SOC-
rich soils tended to be closer, when compared to LF with lower SOC
content ranging between 0.6 and 3.2%, mostly found in warmer areas
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Fig. 4. Principal components analysis (PCA) of the mid-infrared spectral data for light fraction (LF). Color coded according to (A) soil total organic C (%), and (B)

POXC content (g kg’l). The component loadings for the PCA are shown in (C).
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(Fig. 4a). A similar pattern was found in the relationship between POXC
and LF spectra (Fig. 4b). For whole soils spectra, the bands tended to
cluster together in a one group and were more clearly defined in rela-
tion to SOC content (i.e. samples with increasing SOC and POXC tended
towards the right of the PCA plane) (Fig. 5a and b). While SOM content
does not seem to vary in relation to spectral characteristics of LF

Table 4

composition (i.e. the separation of data clusters is not so clearly de-
fined), SOM content in whole soil responded to bands or regions that
share similar spectral characteristics. Such findings suggest that,
whereas SOC accumulation would not be primarily associated with the
chemical composition of LF materials, the spectral chemical composi-
tion of whole soils seem to be related to SOC content. Our results might

Mean values and standard deviations for soil total organic carbon (SOC), permanganate oxidizable carbon (POXC), and LF (light fraction) categorized according to

aridity regime and land use type of the 74 soils studied.

SOC POXC POXC/SOC LF WSA

(gkg™™ (mg kg™ ") (%) (gkg™) (% > 0.25 mm)
Aridity regime®
Arid 149 + 4.6a 457 = 95a 3.2 = 0.3a 9.0 = 2.4a 64.2 * 8.9ab
Warm semiarid 15.7 + 6.9a 470 *= 16la 3.2 = 0.8a 9.6 + 8.5a 64.1 + 11.8a
Subhumid 17.4 = 7.5a 439 + 143a 2.6 = 0.3a 3.9 * 1l.1a 75.1 += 8.1b
Humid 29.2 * 7.0ab 424 = 79a 1.5 = 0.2bc 10.0 = 4.3a 89.5 * 7.8¢c
Hyperhumid 77.7 * 36.5¢ 796 + 256b 1.2 + 0.3c 38.2 + 40.8a 89.2 * 4.1c
Cold semiarid 44.7 + 14.9b 727 *+ 188b 1.8 = 0.5b 108.0 + 101.5b 86.9 = 9.0c
Land use
Native forest 66.8 + 33.5b 806 *= 186a 1.4 = 0.5a 70.1 + 51.8ab 82.3 + 12.6ab
Natural prairie 449 + 16.2ab 700 *= 192a 1.7 £ 0.5a 113.2 + 110.8a 89.4 = 5.5b
Non-cultivated 38.0 = 36.4ab 611 = 24lab 2.4 = 1l.1ab 20.0 = 28.3bc 75.4 * 17.8a
Cultivated 30.9 * 29.5a 518 = 213b 2.4 = 1.1b 12.1 + 12.8c 745 * 14.3a
Woody perennial 33.2 = 32.7ab 499 =+ 270b 2.1 = 0.8ab 14.1 = 13.3bc 79.1 = 9.7ab

Different letters within each column indicate significant differences between treatments at P < 0.05.
@ Aridity regime, defined by the aridity index based on UNEP (1992) and UNESCO (2010).
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support the fact that specific ecosystem property such as geographic
variation, climate, physical protection and mineralogical composition
appear to have an important role in the persistence and accumulation of
SOC (e.g. Al-rich allophanic Andisols) (Matus et al., 2006; Schmidt
et al., 2011; Wiesmeier et al., 2019).

The loading of component 1 (PC1) for LF spectra (Fig. 4c), ex-
plaining 92% of the variance, shows that spectral differences were as-
sociated with higher absorbances in the 1042 cm~'-1120 cm ™ ? region,
which can be attributed to C-O stretching of polysaccharides (Fig. 4c).
PC1 loadings for whole soils (Fig. 5c), explaining 77% of the variance,
the spectral differences were associated with higher absorbances at
several bands: 2930, 1680, 1160, and 1060 cm ™' corresponding to
aliphatic C-H, amide, and C-O stretching of polysaccharides and/or Si-O
stretching vibrations near 1100 cm ™" region corresponding to phyllo-
silicates, respectively. It is likely that the composition of Andisols, one
the soil types collected, may have contribute strongly with the pre-
valence of these absorption bands. Andisols are characterized by a high
aggregate stability as well high concentrations of SOC, mainly asso-
ciated with their mineralogical composition. Thus, amorphous in-
organic materials, such as smaller or less-crystalline phyllosilicate
contribute to increasing aggregation and organic matter stabilization
(Asano and Wagai, 2014; Matus et al., 2014). The loading of component
2 (PC2) that accounted for 9% variance for whole soils (Fig. 5c),
showed a negative correlation with bands corresponding to silicate (Si-
0) and clay minerals at 1875 cm ™! and 3620 cm ™", respectively. The
negative correlation of PC2 with the band related to clay is consistent
with the low clay content observed in soil SOC-rich soils samples
(Table 1). This suggest that as such variations in the spectral compo-
sition do occur, clay minerals do not seem to affect SOC stabilization in
soil with high levels of SOC. However, at low carbon contents, it seems
that mineral absorption bands due to structural OH and Si-O groups
may have an important role in C accumulation, which might be in-
volved in sorption of SOC to phyllosilicate clay, thus contributing to
preservation of SOC in warmer areas.

3.5. Linking climate and land use to labile SOC fractions

In this study, the variability of POXC and LF was examined across a
set of climates and land use types in Chile. POXC content was sig-
nificantly higher (p < 0.05) in cold semiarid and in hyper humid
conditions than in arid/warmer climates (Table 4). Moreover, per-
manganate oxidizable C was strongly correlated with SOC in all the 75
sites studied (Fig. 6). The line of best fit between SOC and POXC was
hyperbolic rather than linear (R?> = 0.69; Fig. 6). These observations
are in agreement with previous studies (Bongiorno et al., 2019; Duval
et al., 2018), which suggest that POXC represents the labile fraction
most strongly related to SOC and particularly sensitive to climate var-
iations. In addition, the proportion of POXC in SOC (POXC/SOC) de-
creased when climate became more humid and cooler, ranging from
3.2% in soils from arid-semiarid climates to just 1.2% in hyper humid
soils. SOM decomposition is strongly accelerated by warm conditions,
which result in a decrease in SOC that is in turn ended in a high POXC/
SOC ratio (Allison et al., 2010; Culman et al., 2012). Alternatively,
POXC has also been considered a more processed or stabilized pool that
lead to organic matter formation (Hurisso et al., 2016; Tirol-Padre and
Ladha, 2004). Therefore, the transformation of POXC into SOM might
occur at a slower rate under warmer conditions, increasing the POXC
level relative to SOC.

In order to determine how the variation in soil chemical composi-
tion influences POXC under different climate conditions, two correla-
tion analyses between POXC and MidIR absorbances were carried out:
one was performed using whole soils from cooler climate regimes,
which typically have high levels of SOC, and the other one was per-
formed using whole soils under warmer climates (Fig. 7). These results
suggest that POXC was strongly negatively correlated with clay absor-
bance bands at 3630-3700 cm ™! in soils from warm climates, likely
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indicating that the accumulation of alkyl C in soils is favored by the
presence of clay mineral surfaces. In addition, a different set of spectral
bands were positively correlated with POXC for warmer climate. These
were the aliphatic CH band at 2930-2850 cm™?, and a broad band at
1190 cm ! corresponding to polysaccharide. For SOC-rich cold soils,
absorbances at 3450-2820 and 1730-1000 cm ™' were positively cor-
related with POXC. These spectral regions contain many of the bands
associated with a variety of organic moieties (Parikh et al., 2014).

We were not able to find any pure dependence on land use for
POXC, and POXC/SOC, however, climate accounted for at least 26% of
the total variance for these variables (Table 5). Similarly, there were no
pure effects of land use type on LF, however, a greater proportion of
variability was accounted for by both climate and land use (34.8%) in
this fraction. Although, significant differences in LF (p < 0.05) were
observed between agricultural land and undisturbed conditions (nat-
ural prairie and native forest) (Table 4), the absence of pure effects of
land use on both LF and POXC distinguish the role of climate when soil
management is studied under regional-scale conditions. In addition, the
remaining variation in SOC fractions, which cannot be attributed un-
iquely to either explanatory dataset, may be explained by others factor
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Fig. 7. Correlation (r) between whole soil absorbance and POXC. The warm
correlation refers to soils from the semiarid, arid, and subhumid sites (n = 68).
The cold correlation refers to soils from the cold semiarid, humid, and hyper
humid sites (n = 69).
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Table 5

Two-way ANOVA of the effects of climate and land use on organic fractions,
and variation partitioning analysis of organic fractions explained by climate,
land use, and shared effects.

Organic Fractions = Two-way ANOVA Variation explained (%)

Climate Land use Climate  Land use  Share effects
SOC el ns 55.5 0.5 3.6
POXC el ns 26.5 0 11.7
POXC/SOC ek ns 62.9 0 6.5
LF ns ns 0 0 34.8
WSA el ns 52.7 3.0 7.2

*** Statistically significant difference (P < 0.001).

ns: non-significant relationship (P > 0.05).

LF: light fraction; POXC: permanganate oxidizable carbon; SOC: soil organic
carbon; WSA: Water stable aggregates.

not included in this study such as topography, soil type, vegetation, and
management history (Duval et al., 2018; Wiesmeier et al., 2019).

4. Conclusions

Under a wide range of climates and land use types, the chemical
composition of LF material and whole soil was closely related to ali-
phatic structures in cooler areas. In contrast, LF contained more che-
mically complex structures in warmer areas. This indicates that organic
rich soils would have slow decomposition rates of plant material as a
result of lower temperature as well other properties such as soil ag-
gregation, which accelerate or delay the microbial transformation of
raw materials into more decomposition-resistant compounds. The main
results suggest that the spectral features of LF material and whole soils
are potential indicators for screening early disturbances of soil func-
tioning, however, further studies are needed to evaluate direct effects of
their chemical composition on SOC accumulation. POXC was closely
related to SOC content and exhibited similar spectral features to the
SOC content. POXC might be used as a rapid indicator of soil quality;
however, is strongly influenced by climate variability. Such chemical
changes presented this study has significant implications on how ac-
cumulation of chemically distinct organic compounds have many ef-
fects on ecosystem level processes, which may contribute to identifying
areas that are more vulnerable to SOC losses.
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