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Abstract: Grazing and over-exploitation can severely degrade soil in native forests. Considering
that productivity in ecosystems is related to soil organic matter (SOM) content and quality, the
objectives of this study were to: (1) determine the influence of degraded (DEF), partly-degraded
(PDF), and undisturbed (UNF) Nothofagus forests on the stocks of carbon (C) in tree biomass and SOM;
(2) evaluate fractions of SOM as indicators of sustainable management; and (3) use the Century model
to determine the potential gains of soil organic C (SOC). The forests are located in the Andes and
Coastal mountains of southern Chile. The SOM was fractionated to separate the light fraction (LF),
macroaggregates (>212 µm), mesoaggregates (212–53 µm), and microaggregates (<53 µm). In two
measurement periods, the SOC stocks at 0–20 cm and 20–40 cm depths in macroaggregates were on
average 100% higher in the Andean UNF, and SOC was over twice as much at 20–40 cm depth in
Andean DEF. Century simulations showed that improved silvopastoral management would gradually
increase total SOC in degraded soils of both sites, especially the Ultisol with a 15% increase between
2016 and 2216 (vs. 7% in the Andisol). Greater SOC in macroaggregates (p < 0.05) of UNF indicate a
condition of higher sustainability and better management over the years.
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1. Introduction

Changes in land-uses can modify soil C stocks through changes in the amount and quality of
organic residue that are periodically returned to soil, and also through their subsequent use by soil
macro and microorganisms, which affects the net rate of accumulation of organic matter in soil [1].
Increasing the organic matter content of the soil (SOM) improves the overall quality of the soil by
improving cation exchange capacity (CEC), aggregate stability, water retention, and biological activity.
Increases in SOM levels also favor increased levels of plant growth that also protects the soil from
erosion and increases the potential organic residues that are returned to the soil. The SOM can be
fractionated in the laboratory according to its “lability” (i.e., the relative ease which it is decomposed by
soil microorganisms, thereby releasing nitrogen (N) and other elements that can be used subsequently
for plant growth) [2]. The more labile fraction has been used as an indicator of sustainable management
because its content in the soil changes in the short term (several months to several years) depending on
the vegetation, management, and balance between additions of plant residues and their decomposition
in soil [3].

Soil organic matter is rightly considered a key indicator of soil and ecosystem quality because it is
sensitive to changes in external management factors, and because its content and quality in the soil
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are related to other soil properties [4]. The SOM content is an “inherent” indicator in the sense that it
is influenced by “stable” soil properties, including drainage and clay content. It is also a “dynamic”
indicator because its content and quality in soil may change in the short term according to land use
and management. Other specific indicators related to the SOM include the total contents of C and N in
soil and in the light fraction (LF) of organic matter, C and N in microbial biomass, microbial respiration
rate [4], and the ratio of LF carbon between 0–20 cm and 20–40 cm soil depths [3].

Computer modeling can be useful for assessing the long-term effects of management on the soil
environment and agroecosystems. The Century model was specifically developed to simulate the
dynamics of C, N, phosphorus (P), and sulfur (S) through plant litter and soil (0 to 20 cm depth) in
grasslands, crops, forests, and savannas. The model structure includes the active, slow, and passive
pools of soil organic matter that have theoretical turnover rates of several months to years, 20 to
50 years, and 400 to 2000 years, respectively. The main input variables are: mean monthly precipitation
and air temperature; N additions from symbiotic fixation and atmospheric deposition; contents of N,
P, S, and lignin of plants; soil texture and pH. Century was used to successfully model the levels of
organic C in soils across the Great Plains of the United States as affected by the main input variables as
well as grazing intensity [5]. Simulations are generally most successful for grass and crop systems,
and less so for forest ecosystems that have well-developed surface litter overlying the mineral soil [6].
The model has been calibrated to a wide range of soils and vegetation in central Chile [3,7].

In Chile, the multiple land uses, in many cases, are not in equilibrium with the limited potential
of these forest ecosystems. According to a recent study in the Biobío Region, 50% of the Nothofagus
secondary forests have such low stocking densities that there should be no intervention at all for the
next 10 to 15 years in order to recover normal tree stocking levels. Additionally, 13% of these forests
have reached such a low tree density that they have no chance whatsoever to recover until forest
maturity [8]. The underlying cause is that the volumes of extracted timber are higher than what can be
restored from natural forest growth, and also because of the presence of cattle that stagnates the natural
regeneration processes and causes soil compaction by trampling [9]. In other cases, a rudimentary
“coppice” type silvicultural system is being practiced whereby one to several hectares of second-growth
forests is clear-cut every 15 years [10]. While this practice permits the use of stems and branches for
firewood and charcoal, there is a net export of nutrients from the soil, which, in the long term, destroys
the capacity of the forest to regenerate on its own. Currently, there is no governmental regulation
regarding the use of second-growth forests for pasturing animals, so the degradation of forest and soils
is becoming progressively worse over time [9]. The deforested areas with steeper slopes suffer extreme
erosive processes, which further complicate regrowth of the forest [11]. Forest degradation due to
deforestation, grazing, and erosion imply that the vegetation removed from the forest will no longer
fix atmospheric carbon (C), while the damaged trees that remain and the underlying degraded soils
will sequester less C than before, resulting in a net increase in total C emissions to the atmosphere [1].

The objectives of this investigation were to: (1) determine the influence of degraded (DEF),
partly-degraded (PDF), and undisturbed (UNF) Nothofagus forest conditions of south central Chile
on the quality and distribution of SOM and on the stock of SOC; (2) evaluate fractions of SOM as
indicators of sustainable management; and (3) model the sites using Century in order to determine the
potential long-term gains of C in the soils as affected by more sustainable management.

2. Materials and Methods

2.1. Site Description

The Biobío and Araucanía Regions of Chile are the second and fifth largest, respectively, in terms
of population and economic productivity, after the Metropolitan Region of Santiago [12]. They extend
from the Andes to the Pacific Ocean and cover a total area of 37,063 and 31,842 km2, following the
same previous order. Over time, the area of native forest in the regions has diminished as a result of
logging and agricultural activities, yet still there remains about 450,000 and 405,000 ha in the Biobío and
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Araucanía Regions, respectively, which are dominated by second-growth “Roble” (Nothofagus obliqua),
with patches of “Raulí” (N. nervosa) [8]. Geographically, the second-growth forests are distributed in
two broad bands, one along the Andes at altitudes between 600 and 900 meters above sea level, and
the other along the Coastal mountain range between 400 and 800 meters above sea level. The latter
band, however, is discontinuous because in the Coastal mountain range large areas of native forest
have been progressively replaced by the introduction of faster growing plantations (e.g., Pinus radiata).
Most of the remaining spots belong to small landowners who use their forests not only as a source
of fuel wood and building material but also as areas for cattle grazing and shelter for the animals in
winter [8].

The field investigation began in January 2013 in the areas of Los Pellines in the Andean Foothills
(Biobío Region), and Chanleo in the Nahuelbuta Coastal Mountain Range (Araucanía Region) of south
central Chile (Figure 1). The Andean site is located 45 km east of the city of Chillan, at altitudes ranging
from 650 to 750 m above sea level at Lat. 36◦48′ S, Long. 71◦38′ W, while the Coastal site is located
30 km west of Angol, at 800–900 m elevation and Lat. 37◦46′ S, Long. 72◦58′ W.
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Figure 1. Map of Chile (A) and location of the Biobío and Araucanía Regions (insert); (B) location of
Los Pellines and Chanleo Sectors (upper and lower white-dotted squares, respectively) [13].

The climate in the Andean Foothills is classified as warm temperate Mediterranean with short
dry seasons (<4 months), with average annual rainfall of 3000 mm and mean annual temperature of
13.5 ◦C, whereas in the Coastal Mountains, it is rainy temperate with Mediterranean climatic influence,
with average annual precipitation and temperature of 1373 mm and 13.3 ◦C, respectively [6,14].
The principal soils in the study areas were volcanic Andisols (medial, amorphic, mesic Typic
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Hapludands) in the Andean Mountains and non-volcanic Ultisols (very fine, mixed, semiactive,
mesic Typic Paleudults) in the Coastal Mountains of south central Chile [15–17].

2.2. Sampling Strategy and Site Classification According to Degradation Status

In order to preselect the sites for the investigation, an aerial reconnaissance was first performed
over the potential study areas in the Andes and Coastal Mountains using a Cessna aircraft equipped
with a GPS (Global Positioning System). The aerial survey was carried out in autumn 2012 in order to
differentiate the most likely Nothofagus species by the color of their leaves. Accordingly, and following
the methodology previously proposed [18] to classify degraded forests, and also considering the
available resources and logistical limitations, the study was restricted to three levels of degradation:
(i) degraded (DEF); (ii) partly-degraded (PDF); and (iii) undisturbed (UNF) forests. The primary
criteria for identification of the level of degradation, as seen from the air, were independent metrics
such as the extent of the overall tree coverage, degree of openness of the canopy, and visual indicators
of incipient erosion. GPS points (Garmin; Lenexa, KS, USA) were subsequently recorded from the
plane over areas of every forest condition at both locations. Later, the ground research crew accessed
the aerially measured waypoints with 4-wheel-drive vehicles and extended walks.

In the field, at both geographic locations, for every forest degradation class that was aerially
located with GPS, we followed three parallel transects (250–500 m length, 50 m spacing, with a total
of nine per site) with an East-West orientation (Figure 2) in order to ascertain the changes in stand
density and degrees of erosion that were initially observed from the air, and to assess any important
variations in the actual number of tree species. The vegetation was characteristically Nothofagus obliqua
Mirb. (Oerst), with or without the presence of N. nervosa P. et E. (Oerst.) as influenced by the slope
aspect. Baseline information about the study areas is provided in Table 1. Depending on the level
of degradation and location, accompanying tree species included Aristotelia chilensis (Mol.) Stuntz,
Citronella mucronata (Ruiz et Pav.) D. Don, Cryptocarya alba (Mol.) Looser, Drimys winterii J.R. et
G. Forster Gevuina avellana Mol., Laurelia sempervirens (Ruiz et Pav.) Tul., Lomatia hirsuta (Lam.) Diels ex
Macbr., L. dentata (Ruiz et Pav.) R. Br., Luma apiculata (DC.) Burret, Nothofagus dombeyi Mirb. (Oerst),
Persea lingue (Ruiz et Pav.) Nees, and Podocarpus saligna D. Don. In the Andes, the number of tree
species varied from 1–5 and 6–8 in DEF and PDF, respectively, while it reached 12 species in UNF;
whereas in the Coastal forest, the number of species ranged between one to three and four to six in
DEF and PDF, respectively, and reached 14 species in UNF. Additionally, in the more degraded forest,
the larger the area of bare soil that is exposed to rain and wind erosion has resulted in the formation of
small gullies, especially in the Coastal mountains.Forests 2016, 7, 320    5 of 20 
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Figure 2. General layout of the treatments (DEF: Degraded, PDF: partly-degraded, UNF: undisturbed
Nothofagus forests), sampling design and experimental 500-m2 plots (four replicates) established within
every set of three parallel transects in the Andean and Coastal mountains of south central Chile.
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Table 1. Baseline information about the two study sites in the Andean and Coastal mountains of south
central Chile: Condition (DEF: Degraded, PDF: partly-degraded, UNF: undisturbed forests), principal
and accompanying species, and stand density (stems·ha−1), range of diameters (cm), mean diameter at
breast height-DBH (cm), basal area (m2·ha−1), and mean total height-HT (m) of Nothofagus obliqua trees.

Site Condition Species
Stocking
Density

Range of
Diameters

Mean DBH
(cm)

Basal Area
(m2·ha−1) Mean HT (m)

(Stems·ha−1) (cm) 2013 2015 2013 2015 2013 2015

Andes

DEF

Nothofagus obliqua 140 5–20, 25–35 20.5 21.6 4.8 5.3 15.7 17.9
Nothofagus nervosa 40–45, 50–55

Gevuina avellana
Laurelia sempervirens

Lomatia hirsuta

PDF

Nothofagus obliqua 550 5–45, 50–55 21.6 22.5 19.8 21.3 14.5 16.4
Nothofagus nervosa

Drimys winterii
Gevuina avellana

Laurelia sempervirens
Lomatia hirsuta
Persea lingue

Podocarpus saligna

UNF

Nothofagus obliqua 440 5–70 21.9 23.5 16.3 18.8 17.9 20.5
Nothofagus nervosa
Nothofagus dombeyi
Aristotelia chilensis

Cryptocarya alba
Drimys winterii
Gevuina avellana

Laurelia sempervirens
Lomatia dentata
Luma apiculata
Persea lingue

Podocarpus saligna

Coast

DEF
Nothofagus obliqua 440 5–20, 30–35 8.5 9.0 3.3 3.7 10.5 11.7
Gevuina avellana
Lomatia hirsuta

PDF

Nothofagus obliqua 770 5–30 13.5 14.1 7.8 8.6 11.4 13.2
Gevuina avellana

Laurelia sempervirens
Lomatia dentata
Lomatia hirsuta
Persea lingue

UNF

Nothofagus obliqua 840 5–45 17.4 18.4 19.8 22.0 15.8 18.4
Nothofagus nervosa
Nothofagus dombeyi
Aristotelia chilensis
Citronella mucronata

Cryptocarya alba
Drimys winterii
Gevuina avellana

Laurelia sempervirens
Lomatia dentata
Lomatia hirsuta
Luma apiculata
Persea lingue

Podocarpus saligna

Similarly, over the previously described transects, the degree of openness and leaf area index
(LAI) of the forest canopy were measured every 10 m (Figure 2) for each degradation level (n = 75
hemispherical snapshots per degradation class and 225 snapshots per location) using a Solariscope
SOL 300 (Behling, Germany) that was placed at 1.5 m height above the ground [19]. The Solariscope is
an innovative instrument that takes hemispherical photographs and subsequently analyzes them for
distinct parameters of interest to the user (e.g., direct and indirect sunlight, tree canopy openness).

The degree of openness of the forest canopy was 50% ± 11%, 31% ± 3%, and 8% ± 2% in the
Andean DEF, PDF, and UNF, respectively, and 71% ± 13%, 48% ± 9%, and 15% ± 2% in the Coastal
forests following the same order of degradation, with all the differences within each location being
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significant (Student’s t test, * p < 0.05). On the other hand, LAI was 1.0 ± 0.3, 1.5 ± 0.1, and 3.2 ± 0.4
in Andean DEF, PDF, and UNF, respectively, and 0.7 ± 0.2, 1.0 ± 0.1, and 2.5 ± 0.3 in Coastal forests
for the respective treatments. Again, for each location all the differences were found to be significant
(Student’s t test, * p < 0.05).

The data presented in the previous paragraph were used to test the hypothesis that openness
and LAI vary substantially among degradation classes. The marked contrasts within these variables
permitted a satisfactory verification of the sites according to their distinct degradation status, as was
initially observed from the air. Furthermore, in order to corroborate that the land uses were originally
similar to each other (i.e., no logging, agriculture, or pastoral use), so that any current differences
can be attributable to anthropogenic degradation, we compared historical aerial photographs of both
locations (scale 1:50,000) taken in 1961 by ODEPA (Chilean Office of Agricultural Studies and Policies).
This was the earliest year aerial photos were available for the region. The photographs clearly showed
and confirmed that continuous, non-fragmented, and non-degraded indigenous forests originally
covered the entire study areas of both locations.

Four replicate geo-referenced 500-m2 plots were established within every set of three parallel
transects (Figure 2) in each of the three forest degradation classes (Degraded (DEF), Partly Degraded
(PDF), and Undisturbed (UNF)) (>300 m between classes) at each of the two study sites (Andes and
Coast), for 24 plots overall. Each plot was fenced with barbed wire and chicken wire to exclude animals.
The plots were selected and established according to forest degradation conditions, but otherwise
had similar slopes, uniform exposure, and were located the farthest possible from each other (>50 m).
The experimental design was completely randomized. At each site, mean contrasting of independent
populations was performed, hereafter referred to as treatments.

2.3. Forest Biomass and Determination of C Stock

An inventory of the Nothofagus obliqua forests was performed in May 2013, 2014, and 2015, using
the same circular plots that were previously described. In each plot, we measured the variables
DBH (diameter at breast height) and HT (total tree height) of all the Nothofagus obliqua trees (Table 1)
using calipers (Haglöf, Långsele, Sweden) and a hypsometer (Suunto, Vantaa, Finland), respectively.
Since destructive sampling could not be carried out to determine the aboveground tree biomass, we
used a previously established allometric equation that relates aboveground biomass to tree DBH and
HT. The biomass function was specifically developed for Nothofagus obliqua forests growing in south
central Chile [20] and has the following relationship:

Aboveground biomass = −262,958 + e (4.94459 + 0.0335723 × DBH + 0.0280054 × HT)

where e is the base of the natural logarithm. In order to calculate the C stock of the aboveground tree
biomass, we assumed that 50% of the biomass consists of carbon [21].

2.4. Soil Analysis

Soil samples of the 0–5, 5–20, and 20–40 cm depths were taken from four locations selected at
random in September 2013 and 2015, in each of the circular inventory plots. A spade was used to collect
samples for chemical analysis and aggregate size fractionation, and another set of samples was taken
from the same depths using a cylinder (5.0 cm diameter, 5.0 cm height, 98.2 cm3) for determination of
bulk density. The chemical analyses were used to determine the mean stock of C (g·m−2) and C/N
ratio of the organic matter fractions for each soil depth. The bulk density, soil depth, and respective
C concentration were then used to calculate the weighted average for the soil C stock in the upper
0–40 cm [1,22].
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2.5. Physical Fractionation of Soil Organic Matter

The SOM fractionation analysis was performed for each sample in the upper 40 cm of soil from
each treatment following the method described by other investigators [23]. The light, intermediate,
and heavy fractions of SOM were separated as follows: The soil was mechanically dispersed in a
plastic bottle (250 mL) containing 10 glass beads (6 mm diameter) and 180 mL of distilled water, and
shaken at 50 cycles·min−1 for 16 h. The disrupted soil aggregates were then wet sieved using stainless
steel sieves having 212 and 53 µm apertures. The light fraction of organic matter and sand (that were
retained on the 212 µm sieve) were separated by flotation and sedimentation in distilled water [24].
Soil samples were sieved according to separate the following fractions: macroaggregates (>212 µm),
mesoaggregates (212–53 µm), and microaggregates (<53 µm) [25,26]. The fractions were dried at 50 ◦C
for 48 h and weighed. The C and N contents of the light, intermediate, and heavy fractions were then
measured by dry combustion [27].

2.6. Century Model Calibration

Soil parameters were input as required to the Century model (version 4.6) [5,28] and included
bulk density, pH, soil texture (0–20 cm depth), and the soil water contents at 33 and 1500 kPa (0–15,
15–30, 30–45, 45–60, 60–90, and 90–120 cm depths). The model was calibrated to local climatic
conditions using weather data that included monthly means of precipitation, and maximum and
minimum temperatures [29], and atmospheric N deposition was estimated at 2.5 kg·ha−1·year−1 [30].
The default values from the model database (for a temperate deciduous forest ecosystem) were used for
vegetation variables, but the PRDX (parameter for potential aboveground monthly biomass production
for crops) and SITPOT (parameter that relates the soil N fraction to N availability, and a higher value
gives more N to grass and less to trees) tree parameters were set to 0.8 and 2.5, respectively [28,31].
Natural conditions (no grazing) were designated within the model for the years 1 to 1800, which
was set in order for stabilization of the site parameters under natural conditions. Afterward (1801 to
2016), typical management systems for degraded forests were input that scheduled heavy grazing of
grass pastures among trees for three months of each year, and soil erosion of 1 kg·m−2 once every
five years when there was wood removal. Less intensive management was input for all sites from
2016 to 2216 that included light grazing on grass-legume pastures among trees for three months each
year, and soil erosion of 0.01 kg·m−2 once every five years when there was wood removal (improved
silvopastoralism). After input of soil, climatic, and management parameters, the Century model
simulations were run for periods representing 2216 years.

2.7. Statistical Analysis

The General Lineal Model procedure of SAS v.9.0 [32] for completely randomized designs was
used to test the effect of treatments on soil bulk density, soil fractions, and C contents at different
depths. Statistical significance (p < 0.01 and 0.05) between treatments was tested using Student’s
t test and significant differences within treatments at different depths were tested using Tukey’s HSD
multiple comparison test. With regard to physical fractionation of SOM, Tukey’s HSD test was used to
check for significant interactions between depths and fractions for every level of degradation within a
given site and year.

3. Results

3.1. C Stocks in Tree Biomass and Soil

The C stocks per hectare in total aboveground tree biomass (trunks, bark, branches, twigs, and
leaves) that were calculated from results of the first forest inventory in the Andes mountains were
similar in UNF and PDF, which were significantly greater (by a fourfold magnitude) than the DEF, as
depicted in Figure 3A. The same trend was found in the Coastal forests, with the exception that all of
the differences among forest conditions were significant (p < 0.05), with the C stock being almost four
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times larger in PDF than DEF, and the aboveground C stock in UNF was more than 2.5 and 10 times
greater than PDF and DEF, respectively. In addition, it is interesting to see that although C stocks in
aboveground tree biomass were over twice as large in the Andean DEF and PDF, as compared with
Coastal mountain forests under the same conditions, they were 22% higher in the Coastal UNF than
the Andean UNF (60.2 vs. 49.5 Mg·C·ha−1).
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Figure 3. Change in C stocks of aboveground tree biomass and soil organic matter at 0–40 cm depth
as influenced by change in Nothofagus forest condition (degraded (DEF), partly-degraded (PDF), and
undisturbed (UNF) of the Andean and Coastal mountains of south central Chile in (A) 2013 and (B) 2015.
Values with the same lower case letter among forest conditions within a same location and reservoir
(tree biomass or SOM) are not significantly different (Student’s t test, * p < 0.05). Measurements were
taken in September 2013 and 2015.

With respect to soil organic carbon (SOC) stocks, no significant differences were found among
Andean forests, although they tended to be highest in the UNF condition. In the Coastal zone, SOC
was significantly higher (p < 0.05) in UNF than PDF. Total C stocks (ecosystem C stocks) were 222, 168,
and 149 Mg·ha−1 in the Andean UNF, PDF, and DEF, respectively, while in the Coastal mountains, they
were 228, 164, and 154 Mg·ha−1 for the respective treatments. Although the differences between the
same degradation classes across locations may seem minimal, one should pay particular attention to
the contribution of SOC to the total system C stock in every forest condition at each area. For example,
in the Andes, SOC in DEF represented nearly 92% of total C, while in the Coastal range its contribution
was 96%. This means that C stocks in aboveground tree biomass were 8% and 4% of total C in the
Andean and Coastal DEF, respectively, or half as much in the latter case.

Figure 3B shows that the C stocks in tree biomass that were calculated from the 2015 inventory
were significantly greater in Andean UNF than DEF, maintaining the same four-fold magnitude
difference that was observed in 2013. The same trend was found in the Coastal forests, with the
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exception that the C stock in UNF was significantly higher than PDF (by 2.5 times), which in turn was
also higher than DEF (by 3.5 times) (p < 0.05). It should also be noted that although C stocks were
nearly twice as large in the Andean DEF and PDF, as compared with Coastal forests under the same
conditions, they were 21% higher in the Coastal than Andean UNF (77.2 vs. 63.7 Mg·C·ha−1).

Regarding SOC stocks among forest conditions, they were significantly higher (p < 0.05) in UNF
than DEF and PDF in the Andes and the Coast. Ecosystem C stocks were 239, 175, and 149 Mg·ha−1 in
the Andean UNF, PDF, and DEF, respectively, while in the Coastal mountains, they were 240, 165, and
153 Mg·ha−1 for the respective treatments. Furthermore, comparing UNF to DEF at both locations,
the contribution of aboveground tree biomass to total C was 2.5 times larger in UNF than DEF of the
Andes (27% vs. 11%), and 5 times larger in UNF than DEF of the Coast (32% vs. 6%).

When comparing Figure 3A,B, it is interesting to see that the C stocks in tree biomass increased
by 3.0, 9.6, and 14.2 Mg·ha−1 in the Andean DEF, PDF and UNF, respectively, while in the Coastal
mountains, the increase was 3.2, 8.7 and 17.0 Mg·ha−1 for the respective treatments. With respect to
C stocks in SOM, there was not any overall significant difference between the years, although SOC
stocks tended to be slightly lower in 2015. However, additional measurements over a longer time span
(5–10 years) would likely show higher SOC stocks. Finally, total system C stocks were generally higher
in 2015 than 2013, with the largest increases found in UNF at both sites.

3.2. Soil Bulk Density

Bulk density of soils at 0–40 cm depth in Andean and Coastal mountain forests is presented in
Table 2. Bulk density was significantly lower in the Andean UNF than in DEF at 0–5 cm depth, and
lower in PDF than in DEF at 20–40 cm depth. It was also lower at 0–5 and 20–40 cm depths in the
Coastal UNF. In DEF and PDF at both locations, bulk density did not show any consistent trends,
especially in the intermediate degradation condition.

Table 2. Soil bulk density (g·cm−3) of Santa Bárbara soil (Medial, amorphic, mesic Typic Hapludands)
and Nahuelbuta soil (very fine, mixed, semiactive, mesic Typic Paleudults) at 0–5, 5–20, and 20–40 cm
depths in degraded (DEF), partly-degraded (PDF), and undisturbed (UNF) Nothofagus forests of the
Andean and Coastal mountains of south central Chile. Measurements were taken in September 2013
(average ± standard deviation).

Site Condition
Depth Bulk Density

Site Condition
Depth Bulk Density

(cm) (g·cm−3) (cm) (g·cm−3)

Andes

DEF
0–5 0.96 ± 0.05 a A

Coast

DEF
0–5 0.85 ± 0.08 a A

5–20 0.84 ± 0.03 b AB 5–20 1.02 ± 0.09 b A
20–40 0.80 ± 0.05 b A 20–40 1.08 ± 0.03 b A

PDF
0–5 0.89 ± 0.12 a A

PDF
0–5 1.13 ± 0.13 a B

5–20 0.98 ± 0.14 ab A 5–20 1.02 ± 0.13 a A
20–40 1.22 ± 0.19 b B 20–40 1.00 ± 0.11 a AB

UNF
0–5 0.70 ± 0.04 a B

UNF
0–5 0.73 ± 0.03 a C

5–20 0.80 ± 0.02 b B 5–20 0.88 ± 0.24 ab A
20–40 0.86 ± 0.04 b A 20–40 0.93 ± 0.09 b B

Values with the same lower case letter among the three depths and within a level of degradation at a same site
are not significantly different (Tukey’s HSD test, * p < 0.05). Values with the same higher case letter within a
same depth and site and among the distinct levels of degradations are not significantly different (Student’s
t test, ** p < 0.05).

Bulk density usually increased with increasing depth, as expected, except for the Andean DEF
where it was significantly higher (p < 0.05) at 0–5 cm depth, probably due to animal trampling on the
soil. It was also significantly lower at 0–5 than 20–40 cm depths in the Andean PDF, and at 0–5 then
5–40 cm depths in the Coastal DEF. Finally, the lowest bulk density (0.70 g·cm−3) was found at 0–5 cm
depth in the Andean UNF, which was similarly observed in the Coastal UNF (0.73 g·cm−3).

In the Andes, bulk density at 0–5 cm depth was significantly lower (p < 0.05) in UNF than DEF
and PDF, whereas in the Coast, it was significantly lower in UNF. At 5–20 cm depth, bulk density was
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significantly higher in the Andean PDF than UNF only. Lastly, at 20–40 cm depth, bulk density in the
Andean site had the significantly highest value in PDF as compared with the other conditions; in the
Coastal site, it was significantly lower only in UNF than DEF.

3.3. C concentrations in Soil Fractions

3.3.1. Andean Mountain Forests

Table 3 shows that in the first measurement period (2013), the mean SOC concentrations (%)
within the LF were statistically higher (p < 0.01) in the Andean UNF than DEF at 0–20 cm depth (36.2%
vs. 32.9%, i.e., 10% higher in the UNF), and also higher in the macroaggregates (124% higher) and
microaggregates (17% higher) at 0–5 and 5–20 cm depths, respectively.

Table 3. Mean soil organic carbon (C) concentrations (%) at 0–5, 5–20, and 20–40 cm depths in the
light fraction (LF), and >212 µm, 212−53 µm, and <53 µm fractions of Santa Bárbara soil (Medial,
amorphic, mesic Typic Hapludands) in degraded (DEF), partly-degraded (PDF), and undisturbed
(UNF) Nothofagus forests of the Andean mountains of south central Chile. Measurements were taken in
September 2013 and 2015 (average ± standard deviation).

Year Depth (cm) Level of
Degradation

Organic C (%)

Soil Fraction

Light Fraction (LF) >212 µm 212–53 µm <53 µm

2013

0–5
DEF 31.26 ± 0.34 a A a′ 1.32 ± 0.06 a E a′ 4.53 ± 0.28 a BCDE a′ 7.48 ± 0.28 a B a′

PDF 33.37 ± 2.68 ab A a′ 1.34 ± 0.70 ab B a′ 5.15 ± 1.78 a B a′ 6.92 ± 1.68 a B a′

UNF 37.19 ± 0.53 b A a′ 2.95 ± 0.06 b F a′ 6.73 ± 1.69 a CDE a′ 8.27 ± 0.04 a C a′

5–20
DEF 33.56 ± 0.08 a A a′ 1.40 ± 0.16 a E a′ 2.94 ± 0.52 a CDE a′ 6.14 ± 0.19 a BC a′

PDF 32.43 ± 3.08 ab A a′ 1.10 ± 0.85 a B a′ 2.33 ± 1.31 a B a′ 4.48 ± 3.20 ab B a′

UNF 35.83 ± 0.10 b A a′ 2.43 ± 0.69 a F a′ 4.66 ± 0.85 a DEF a′ 7.20 ± 0.04 b CD a′

20–40
DEF 31.70 ± 2.91 a A a′ 1.62 ± 0.80 a DE a′ 2.49 ± 0.54 a CDE a′ 5.17 ± 0.37 a BCD a′

PDF 36.61 ± 4.25 a A a′ 0.62 ± 0.75 a B a′ 1.24 ± 1.40 a B a′ 2.72 ± 3.12 a B a′

UNF 30.33 ± 0.18 a B a′ 2.12 ± 1.49 a F a′ 3.28 ± 1.31 a EF a′ 5.07 ± 1.16 a CDEF a′

2015

0–5
DEF 31.29 ± 1.82 a A a′ 0.73 ± 0.00 a D b′ 5.19 ± 1.13 a BC a′ 7.47 ± 1.32 a B a′

PDF 33.20 ± 2.11 a A a′ 0.82 ± 0.28 a DE a′ 5.43 ± 0.63 a BC a′ 7.20 ± 0.69 a B a′

UNF 35.41 ± 2.35 a A a′ 1.36 ± 0.18 b BC b′ 8.79 ± 2.80 a B a′ 8.10 ± 2.32 a BC a′

5–20
DEF 31.95 ± 1.29 a A a′ 0.69 ± 0.04 a D b′ 3.42 ± 0.40 a CD a′ 5.86 ± 0.13 a BC a′

PDF 30.93 ± 0.37 a A a′ 0.45 ± 0.06 b E a′ 1.98 ± 0.24 b CDE a′ 4.13 ± 0.98 b BCD a′

UNF 33.78 ± 2.71 a A a′ 1.26 ± 0.18 c BC b′ 5.44 ± 1.21 c BC a′ 6.75 ± 0.72 c BC a′

20–40
DEF 33.10 ± 1.58 a A a′ 0.55 ± 0.10 ab D a′ 2.42 ± 0.21 a CD a′ 4.50 ± 0.04 a BC a′

PDF 32.61 ± 1.18 a A a′ 0.34 ± 0.07 a E a′ 1.07 ± 0.53 a DE a′ 2.71 ± 1.43 a CDE a′

UNF 33.70 ± 4.02 a A a′ 0.95 ± 0.12 b C a′ 3.39 ± 0.10 b BC a′ 4.66 ± 0.24 a BC a′

Values with the same lower case letter among levels of degradation and within a same year, depth, and soil
fraction are not significantly different (Student’s t test, ** p < 0.01). Values with the same higher case letter among
the three depths and one level of degradation between distinct soil fractions are not significantly different
(Tukey’s HSD test, * p < 0.05). Values with the same lower case letter (a′ or b′) between years and within a same
depth, level of degradation, and soil fraction are not significantly different (Student’s t test, * p < 0.05).

In the second period (2015), SOC concentrations in the >212 µm fraction were significantly higher
(p < 0.01) in Andean UNF than DEF at 0–5 and 5–20 cm depths (86 and 83% higher, respectively). In the
212–53 µm fraction, SOC in UNF was 63 and 40% higher at 0–20 and 20–40 cm depths, respectively,
than in DEF. Lastly, in <53 µm fraction, the only significant difference was found at 5–20 cm depth,
where SOC was 15% higher in UNF than DEF. It is interesting to note that at 5–20 and 20–40 cm depths,
SOC in the macro-, meso-, and microaggregate fractions decreased in the order UNF > DEF > PDF.

Measured C concentrations in 2013 (Table 3) in the LF of Andean DEF and PDF soils were
significantly higher (p < 0.05) than in any of the other three fractions. The C concentrations in the LF of
UNF soils followed the same trend, with the exception that it was significantly lower at 20–40 than at
0–5 and 5–20 cm depths. SOC in macroaggregates of Andean UNF was significantly lower (p < 0.05)
than in meso- and microaggregates at 0–5 cm depth (Table 4). SOC was also significantly lower than in
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microaggregates at 5–20 cm depth. With respect to DEF, SOC was found to be significantly lower in
macro- than microaggregates at 0–5 and 5–20 cm depths.

Table 4. Mean soil organic carbon (C) concentrations (%) at 0–5, 5–20, and 20–40 cm depths in the light
fraction (LF), and >212 µm, 212−53 µm, and <53 µm fractions of Nahuelbuta soil (very fine, mixed,
semiactive, mesic Typic Paleudults) in degraded (DEF), partly-degraded (PDF), and undisturbed
(UNF) Nothofagus forests of the Coastal mountains of south central Chile. Measurements were taken in
September 2013 and 2015 (average ± standard deviation).

Year Depth (cm) Level of
Degradation

Organic C (%)

Soil Fraction

Light Fraction (LF) >212 µm 212–53 µm <53 µm

2013

0–5
DEF 31.63 ± 2.72 a A a′ 1.18 ± 0.26 a BC a′ 5.70 ± 0.06 a BC a′ 7.10 ± 0.18 a B a′

PDF 32.12 ± 2.64 a A a′ 1.37 ± 0.06 a CD a′ 5.16 ± 0.95 a BCD a′ 7.26 ± 1.16 a B a′

UNF 37.29 ± 1.38 b A a′ 1.26 ± 0.28 a D a′ 7.29 ± 1.45 a B a′ 8.32 ± 1.20 a B a′

5–20
DEF 29.91 ± 3.46 a A a′ 1.52 ± 0.33 a BC a′ 3.78 ± 0.41 a BC a′ 6.34 ± 0.42 a BC a′

PDF 31.24 ± 1.04 a A a′ 1.15 ± 0.35 a CD a′ 3.45 ± 1.82 a BCD a′ 6.56 ± 1.95 a BC a′

UNF 37.23 ± 1.75 b A a′ 1.40 ± 0.38 a D a′ 4.71 ± 0.89 a BCD a′ 7.31 ± 0.68 a B a′

20–40
DEF 35.35 ± 2.48 a A a′ 0.76 ± 0.25 a C a′ 1.99 ± 0.66 a BC a′ 4.01 ± 0.70 a BC a′

PDF 32.36 ± 0.08 a A a′ 0.74 ± 0.40 a D a′ 2.06 ± 1.21 a BCD a′ 4.66 ± 1.83 ab BCD a′

UNF 36.57 ± 0.68 b A a′ 0.93 ± 0.23 a D a′ 3.22 ± 0.91 a CD a′ 6.15 ± 0.99 b BC a′

2015

0–5
DEF 29.45 ± 1.73 a A a′ 0.44 ± 0.05 a F b′ 4.43 ± 0.02 a CD b′ 7.95 ± 0.74 a B a′

PDF 31.78 ± 2.30 a A a′ 0.83 ± 0.06 b DE b′ 5.05 ± 1.49 a BCD a′ 7.85 ± 1.15 a B a′

UNF 35.74 ± 0.58 b A a′ 0.67 ± 0.13 ab BC b′ 5.14 ± 1.97 a BC a′ 7.95 ± 2.75 a B a′

5–20
DEF 30.54 ± 1.40 a A a′ 0.60 ± 0.21 a EF b′ 3.09 ± 0.43 a DEF a′ 6.61 ± 0.48 a BC a′

PDF 31.69 ± 1.08 a A a′ 0.65 ± 0.04 a E b′ 3.52 ± 0.65 a BCDE a′ 6.77 ± 0.92 a BC a′

UNF 37.97 ± 1.36 b A a′ 0.60 ± 0.12 a C b′ 4.46 ± 2.17 a BC a′ 7.48 ± 2.28 a BC a′

20–40
DEF 29.84 ± 1.26 a A b′ 0.35 ± 0.04 a F b′ 1.49 ± 0.14 a DEF a′ 3.68 ± 0.63 a CDE a′

PDF 33.28 ± 1.74 ab A a′ 0.45 ± 0.18 a E a′ 1.43 ± 0.08 a DE a′ 3.48 ± 0.06 a CDE a′

UNF 35.74 ± 1.98 b A a′ 0.54 ± 0.26 a C a′ 3.15 ± 2.48 a BC a′ 5.61 ± 2.63 a BC a′

Values with the same lower case letter among levels of degradation and within a same year, depth, and soil
fraction are not significantly different (Student’s t test, ** p < 0.01). Values with the same higher case letter among
the three depths and one level of degradation between distinct soil fractions are not significantly different
(Tukey’s HSD test, * p < 0.05). Values with the same lower case letter (a′ or b′) between years and within a same
depth, level of degradation, and soil fraction are not significantly different (Student’s t test, * p < 0.05).

Regarding the SOC concentrations measured in 2015 in PDF, they were significantly lower
(p < 0.05) in macro- than in meso- and microaggregates at 0–5 cm depth, and significantly lower in
macro- than in microaggregates at 5–20 cm depth (Table 4). Also, in meso- and microaggregates, SOC
was higher (p < 0.05) at 0–5 than at 20–40 cm depths only. In DEF, SOC was significantly lower in
macro- than meso- and microaggregates (7 and 10 times less, respectively) at 0–5 cm depth, and lower
in macro- than microaggregates at 5–20 cm (8.5 times) and 20–40 cm (by 8 times) depths.

The measurements of SOC between the 2013–2015 period indicated that SOC contents were
significantly lower in 2015 than in 2013 in macroaggregates at 0–5 and 5–20 cm depths in Andean DEF
and UNF (Table 3). Specifically, at 0–5 cm depth, SOC contents were 1.8 and 2.2 times lower in DEF
and UNF, respectively; while at 5–20 cm depth, they were 2.0 and 1.9 times lower, respectively.

3.3.2. Coastal Mountain Forests

Table 4 shows that in 2013, SOC within the LF was significantly higher (p < 0.01) in the Coastal
UNF than in PDF and DEF at 0–5, 5–20, and 20–40 cm depths. The organic C concentrations within the
LF at 0–20 cm depth were 30.3, 31.5, and 37.3% in DEF, PDF, and UNF, respectively. SOC in UNF was
also 53% higher within the microaggregates at 20–40 cm depth than in DEF only, with the difference
being highly significant. At 0–40 cm depth, SOC in the LF was 12 and 16% higher in UNF than DEF
and PDF, respectively. Additionally, SOC was 30% higher in the <53-µm fraction in UNF as compared
with DEF, with all these differences being significant.

In 2015, the SOC concentration in mesoaggregates at 0–5 cm depth was statistically higher
(p < 0.05) than only the 20–40 cm depth (Table 4). In DEF, SOC in microaggregates was statistically
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higher at 0–5 than at 20–40 cm depths (by over two folds). It was significantly lower in macro-
than meso- and microaggregates (10 and 18 times, respectively), and in meso- than microaggregates
(1.8 times) at 0–5 cm depth. At 5–20 and 20–40 cm depths, SOC was significantly lower in macro- than
microaggregates (11 times lower).

Over the two year period, the SOC contents in 2015 were significantly lower than those in 2013
in the LF at 20–40 cm depth in DEF only, and in macroaggregates at all depths in almost all levels of
degradation in the Coastal mountains (Table 4). In macroaggregates, SOC contents were 2.7, 1.7, and
1.9 times less in DEF, PDF, and UNF, respectively, at 0–5 cm depth, whereas at 5–20 cm depth, they
were 2.5, 1.8, and 2.3 times less in the same sequence of forest degradation. Also, at 20–40 cm depth,
SOC was 2.2 times less in DEF.

Finally, although direct comparisons between both sites cannot be made because of differences in
soil orders and climate (precipitation), one should note that in 2013, SOC at 0–20 and 20–40 cm depths
in macroaggregates was 1.9 and 2.3 times larger in the Andean than Coastal UNF, respectively, and
it was over twice as much at 20–40 cm depth in the Andean DEF as compared with the Coastal DEF.
Additionally, in 2015, SOC concentrations in macroaggregates were 2.1 and 1.8 times larger at the same
depth sequence in the Andean than Coastal UNF.

3.4. Century Model Simulations

In order to understand the soil C sequestration potential of the most degraded forests, we modeled
SOC changes over the next 200 years using the Century model, which was run for both soil types and
locations (Table 5). The degraded condition corresponds to a forest that has been strongly grazed by
cattle and sheep until the beginning of this investigation. One possible scenario would be to maintain
the heavy grazing on grass pasture component (traditional pastoral management), whereas the other
would consist of improving the pasture component with grass clover in order to perform light grazing
(improved silvopastoralism). Given the lack of grass- and rangelands in the studied regions, open
degraded forests with the presence of natural pasture are most likely to continue being used by local
“campesinos”. The simulations (Table 5) indicated that under improved silvopastoral management,
the recovery of lost soil organic C would be slow, with the higher rates of C sequestration in soils
occurring within the first 50 years. The volcanic Andisol soil would have lower increases of total
organic C compared to the non-volcanic Ultisol soil (i.e., 7% vs. 15% increases between 2016 and 2216
in degraded Andisol and Ultisol, respectively). Additionally, it is interesting to note that the 2016
simulated values of 76.17 and 92.25 Mg·ha−1 in the Andisol and Ultisol, respectively, are relatively
similar (less than 5% difference for both soils) to those calculated at 0–20 cm depth [33], which indicates
the accuracy of the calibration process and reliability of the Century model when performing long term
simulations of carbon sequestration potentials of indigenous forests (Table 5).

Although the total C stock in soil, as simulated using Century concurred with the actual measured
values, there were discrepancies between the relative proportions of C stocks of the specific model
pools and the SOC content of the separate fractions. The Century model indicated relatively similar
amounts of C in the slow and passive fractions of SOM, whereas the measured C was generally higher
in the <53 µm (passive) fraction than the other fractions at both sites and years (Tables 3 and 4).
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Table 5. Projections of soil organic carbon (C) stocks in soil (0–20 cm depth) in degraded Nothofagus
forests of the Santa Bárbara soil (medial, amorphic, mesic Typic Hapludands), and Nahuelbuta soil
(very fine, mixed, semiactive, mesic Typic Paleudults) of the Andes and Coastal mountain ranges,
respectively, of south central Chile as simulated using the Century model. Measurements were taken in
September 2013.

Site Soil
Order

Year
Century C (g·m−2, 0–20 cm Depth)

Silvopastoral
Management

Passive
Pool

Slow
Pool

Active
Pool Total C (SOC)

(%)

Andes Andisol

2016 Traditional 1 3960 3227 238 7617 (4.4)
2066 Improved 2 3979 3539 223 8119 (4.7)
2116 Improved 3986 3542 223 8130 (4.7)
2166 Improved 3991 3543 223 8136 (4.7)
2216 Improved 3997 3542 223 8142 (4.7)

Coast Ultisol

2016 Traditional 1 3938 4658 317 9225 (4.7)
2066 Improved 2 3955 5487 325 10,179 (5.2)
2116 Improved 3990 5716 330 10,453 (5.3)
2166 Improved 4027 5750 331 10,533 (5.4)
2216 Improved 4060 5761 331 10,581 (5.4)

1 Traditional pastoralism = heavy grazing of grass pasture for three months of each year; 2 Improved
silvopastoralism = light grazing on grass-legume pastures among trees for three months each year.

4. Discussion

4.1. C Stocks in Tree Biomass and Soil

Based on our observation of the forest structure and composition during inventories (Table 1),
the Andean PDF was rather similar to the UNF, which could explain why carbon stocks per hectare
in aboveground tree biomass were not significantly different. PDF in the Chilean Andes tended to
have been subjected to less human-intervention than in the Coastal mountains, coinciding with the
lower demographic pressure in the surrounding area. However, DEF in both locations (especially in
the Coastal mountains) have been more severely subjected to interventions over the last five decades,
mostly by extensive cattle grazing and unsustainable exploitation of the wood resources, resulting in
small trees and low stand density (i.e., few tree stems per hectare). This is likely why the C stock in
tree biomass is so low in Andean DEF and even less in the Coastal range.

With respect to the larger C stock in Coastal UNF compared to Andean UNF (60.2 vs.
49.5 Mg·C·ha−1 in 2013, and 77.2 vs. 63.7 Mg·C·ha−1 in 2015), the differences can be attributed
to the higher tree density (50% of all trees per hectare are Nothofagus obliqua vs. 35% in the
Andean UNF), which compensates for the larger DBH and HT of trees in the Andean UNF. In a
previous investigation [25], researchers working with a 150-year-old unmanaged second-growth
Nothofagus pumilio forest on an Andisol soil in the Chilean Patagonia reported 229 Mg·C·ha−1

for aboveground tree biomass, which greatly exceeds the values reported in this study for
Nothofagus obliqua. One possible explanation is the totally different stand characteristics of these
two Nothofagus species. In the Patagonian study, tree density exceeded 1000 stems·ha−1, which is
more than twice the densities measured in the Andean and Coastal forests. Additionally, trees in
Patagonia belonged to six diameter classes with most of the individuals pertaining to the 30–50 cm
classes. In contrast, trees in Andean and Coastal UNF belonged to 13 and 8 different diameter classes,
respectively, with most of the individuals pertaining to the 5–25 cm classes. Finally, trees in Patagonia
were 10% and 35% taller than those in Andean and Coastal UNF, respectively.

When making comparisons of the C stocks in tree biomass between 2013 and 2015 at both
locations, one may perceive how the gains were affected by the different degradation levels (i.e.,
the more disturbed the forest, the smaller and less vigorous are the trees, which resulted in lower
increases of annual C stocks). This was clearly observed in the inventory that was performed in 2015,
as compared with that of 2014, where we found the lowest tree DBH and HT increases, as a result of a
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severe six-month drought in the 2015 summer in south-central Chile. For example, DBH increments
were up to four and two times lower in DEF and UNF at both sites, respectively, vs. those measured in
2014. Furthermore, there was no difference in height growth increment in DEF in the 2014–2015 vs.
2013–2014 periods, but the height growth increment was 25% lower in UNF when comparing the same
periods. On the other hand, trees with DBH < 10 cm were the most affected, especially in DEF, and
many of them were without almost any increment of growth in the last year. Tree mortality was also
by far the highest in DEF, per the results of the third inventory.

In DEF of both locations, especially in the Coastal range, we observed an important variation of
soil C concentrations and bulk density across depths because these soils have been highly subjected to
interventions over the years. This may explain why their C stocks are slightly higher—although not
significantly so—than those of PDF, with the same trend in both sites. The lower C stock variability in
the Coastal PDF, compared to the C stock in DEF may explain why it is statistically lower than that
of UNF.

As stated by others [34], soil C stock calculation depends on variables such as C concentration,
horizon thickness, and bulk density, which all have their own variances and errors. In temperate
forests dominated by Nothofagus pumilio in southern Chile, [25,35] the reported SOC stocks were
100 and 102 Mg·ha−1, respectively, which were measured in Andisols at 0–40 cm depth, whereas
others [36] reported 132 Mg·C·ha−1 in Andisols at 0–30 cm depth under a second-growth N. obliqua
forest. While the latter value is more similar to the results obtained in this study in UNF, the reported
value of 100 Mg·C·ha−1 reported by [25] corresponds to a forest subjected to moderate interventions,
mostly from light thinning and cattle grazing in the summer months and may therefore be compared
to the Andean PDF, with a soil organic C stock in a similar range (119 Mg·C·ha−1 in 2013).

Regarding non-volcanic soils, Stolpe et al. [3] reported substantially lower organic C stocks in an
Alfisol soil under highly degraded and typical Acacia caven forests (Espinales) in a semi-arid region of
central Chile. In their study, the carbon stock at 0–40 cm depth was 17.5 Mg·C·ha−1 (10%–25% forest
cover) and 25.2 Mg·C·ha−1 (26%–50% cover) in the degraded and typical conditions, respectively.
These results show that the proportion of forest cover is highly related to site degradation, which
has a direct effect on the formation of soil organic matter. SOC stocks can vary substantially between
ecosystems and depend not only on the soil type, but also on the prevalent climate, management, and
vegetation [37], which in turn will affect the quality of plant residues that fall on the ground and the
microbial biomass capacity to decompose and incorporate it into the SOM [25].

Although the Coastal DEF is substantially more degraded than the Andean one, as is evidenced by
smaller trees and a deficient forest structure and composition as previously discussed, it is interesting
to see that its absolute and relative soil C stocks remain slightly higher than in the degraded Andean
soil, even more so considering that the Coastal soil is an Ultisol (non-volcanic soil) that is generally
characterized by a lower stock of organic C as part of the SOM, compared to Andisols. That the
Coastal DEF soil is more degraded than the Andean one, even though it has more total C, is reflected
by lower C concentrations in the macro-, meso-, and microaggregate fractions at 20–40 cm depth
in both measurement periods, and in the macro- and mesoaggregate fractions at 0–20 cm depth
in 2015 (Tables 3 and 4). A previous investigation [25] which compared degraded pastures with
Nothofagus pumilio forests in southern Chile reported similar trends. Undoubtedly, all the numbers
presented in Section 3.1 show the strong effect of site disturbance and the resulting degradation over
the years, as well as the factor of geographical location (and the corresponding climate in the Coastal
mountains, with generally lower annual precipitations) on C storage potential in native ecosystems.

When comparing SOC stocks between 2013 and 2015 in the different forest conditions at both
locations, a possible explanation for the slightly lower values in 2015, although not significant, could
be due to the different sampling points where soil samples were extracted between the years. This does
not happen when measuring C gains in the aboveground tree biomass because the same individuals
are monitored over the years. In 2013, the higher C concentrations in the soil samples (as reflected in
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the LF and macroaggregates shown in Tables 3 and 4) may also be attributed to soil heterogeneity and
the presence of C-rich pockets in the surveyed sectors [1,38].

4.2. Soil Bulk Density

The more degraded the forests, as caused by higher intervention by humans and grazing by cattle,
the more they are usually accompanied by high levels of soil compaction. As a result of increasing soil
compaction, bulk density increases not only at the surface but also with increasing soil depth. Bulk
density is also affected by soil genesis, whereby the Andean soils tend to have a lower bulk density
than those of the Coastal mountains because of their volcanic origin which also favors higher contents
of organic matter. The lower bulk density is also accompanied by higher amounts of C and N that
are sequestered in volcanic soils, with the result that the soils are therefore somewhat protected from
mineralization and leaching, and other possible losses from the system [39].

The discrepancies that were observed in PDF could be attributed to the difficulty in finding the
“most representative” of the condition in the sense that partial degradation is an intermediate state that
is sometimes more similar to full degradation and sometimes more similar to non-degradation states.
Also, there is very limited quantitative characterization or metrics that are known that permit a clear
definition of this intermediate condition. According to [40], the relation between SOC and the different
states of forests remain uncertain. Additionally, given the small variations that may occur in forest C
stocks [41], it can be difficult to establish threshold values in order to define degradation levels.

The abnormally high bulk density at 0–5 cm depth in Andean DEF (0.96 g·cm−3) and at 20–40 cm
depth in PDF (1.22 g·cm−3) could be attributed to the presence of horses being grazed throughout
the year since plot fencing was established just a month before the period of soil sampling. Ongoing
presence of cattle and sheep has also been observed in Coastal DEF and PDF. New measurements
of soil bulk density should be performed only in the exclusion plots in order to test this hypothesis.
With respect to UNF at both locations, the low soil bulk density at 0–40 cm depth can probably be
explained by the larger amount of roots found in this condition which, according to [42] who studied
their effect on several soil parameters in temperate woodlands, contribute to lower the bulk density by
action of root penetration across the soil profile.

Panichini et al. reported bulk densities of 0.54 and 0.74 g·cm−3 at 0–19 cm and 19–41 cm depths,
respectively, in temperate Nothofagus pumilio rainforests on a Chilean Andisol, whereas the values
of our study in the Andean UNF ranged from 0.78 to 0.86 g·cm−3 at 0–20 cm and 20–40 cm depths,
respectively [35]. In northern Argentine Patagonia, Candan and Broquen [43] reported an average
bulk density of 0.72 g·cm−3 in the upper 5 cm of the A-horizon of an Andisol under an unmanaged,
almost pristine Nothofagus sp. mixed forest, which is highly similar to the value obtained in Andean
UNF at 0–5 cm depth. On the other hand, Dorner et al. [44] found bulk densities ranging from 0.8 to
1.1 g·cm−3 in a Chilean prairie (Lolium multiflorum-Avena strigosa) Ultisol without major disturbances,
while the bulk density values obtained in this study were 0.84, 0.98, and 1.05 g·cm−3 in Coastal UNF,
DEF, and PDF, respectively, at 0–20 cm depth.

4.3. C Concentrations in Soil Fractions

As observed in Tables 3 and 4, the C concentrations within the LF (un-decomposed organic
matter of plant origin) were significantly higher (p < 0.05) in the Andean UNF than in DEF at 0–20 cm
depth in the first measurement period, and higher in the Coastal UNF than in DEF at all depths in
both measurement periods, although no significant differences were found between the two years
(except at 20–40 cm depth in the Coastal DEF). This lack of difference is attributed to the relatively
short time span, which is not sufficient for any significant changes of SOC in this fraction. This is
especially true in the Andes where the level of degradation is lighter, which implies that changes
may be more difficult to observe. Also, the different physicochemical properties of Andisols, such
as the presence of amorphous clay (allophane or imogolite) having a high specific surface area and
a pH-dependent charge, large amounts of humus, high content of water at 1500 kPa tension, high
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phosphate retention, and slow decomposition of incorporated organic materials may also help to
provide an explanation for slow changes in SOC [45]. On the other hand, UNF have a larger input
of new plant debris (not decomposed) throughout the year than DEF, with a higher diversity and
number of species, and a larger litterfall (i.e., constant input of leaves, cones, fruits, and twigs). The LF
is a coarse and unstable organic matter, whereby its content in soil tends to be affected by rapid
changes (i.e., influenced by the type of management performed) [3,37]. Additionally, according to [46],
the LF is highly sensitive to present forest management but not to historical ones. The carbon in
mineral dominated aggregates, however, is part of older humic substances and therefore more likely
a “historical remnant”. This helps understand why Andean and Coastal forests that have not been
subjected to interventions (or managed) between 2013 and 2015 have similar C concentrations within
their LF at almost all depths.

The fact that C concentrations in macroaggregates (>212 µm) were higher in Andean and Coastal
UNF than DEF at 0–40 cm depth in both measurement periods shows a condition of better management
over the years. The same trends were observed for meso- and microaggregates, although the differences
were not always significant, showing that the Andean UNF sequester the largest amount of C in its
macro-, meso-, and microaggregates. The most labile fraction (>212 µm) is an indicator of sustainable
management because its content in the soil changes in the short term (various months to a few
years), depending on vegetation, type of management, and equilibrium between plant residue input
and subsequent decomposition in the soil [3,47]. However, the reasons why C concentrations in
macroaggregates at 0–20 cm depth are significantly lower in 2015 than 2013 remain unclear and cannot
be fully explained at this point, even more so considering that sampling plots were fenced at the
beginning of the study in order to prevent animal intrusion and any other associated site disturbance,
and that this kind of trend did not occur in the other soil fractions. As hypothesized in Section 4.1,
however, a specific explanation based on findings of [1,38] might be that the presence of C-rich pockets
could have been inadvertently included in the first set of sampling points in the surveyed sectors, but
absent in the second set. More research is needed to test this hypothesis.

The significantly larger C concentrations in mesoaggregates (212–53 µm) at 0–40 cm depth in
UNF vs. DEF in 2015 indicate that these have the best soil quality, which could be attributed to the
minimum anthropogenic intervention over the last 50 years [25]. The better quality of organic matter
found in UNF at both locations is also reflected by greater presence of N-NH4 and available K and
S [48]. The quality of soil organic matter is essential in order to maintain productivity of the forest and
assure its long-term sustainability. Soil organic matter increases also allow the sequestration of surplus
atmospheric CO2.

Our results for the LF were in the same range as those obtained for macroaggregates by [25] who
performed physical fractionation of an Andisol in a Nothofagus pumilio forest. In their study, the LF
was not measured independently like in this work, which impedes a direct comparison with organic C
concentrations of the respective macroaggregates. Similar ranges of C concentrations were also found
at all depths in the meso- and microaggregate fractions.

The observation that organic C concentrations were higher in micro- than in mesoaggregates, and
significantly higher than in macroaggregates in all levels of degradation at both sites, is consistent with
a study performed by [43] in a Nothofagus sp. mixed forest. These authors reported that the smallest
aggregates (<50 µm) at 0–5 cm depth in an Andisol had the highest SOC concentrations comparing
with the LF, the 2000–250 and the 250–50-µm size fractions. Additionally, they found that the LF
(8000–2000 µm) contained the second largest amount of organic C, which is also in agreement with
our study. Other works (e.g., [49]) have confirmed that large amounts of SOM are required for the
formation of bigger aggregates.

Regarding the changes of organic C concentration through the soil profiles from 0 to 40 cm depth,
decreases were found in every level of degradation and location, as expected, with the highest values
in the first 5 cm (Tables 3 and 4). Similar but more pronounced decreases were observed for the N
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concentrations [50]. As a result, the C/N ratios increased with depth, which indicated greater SOM
stability with soil depth.

4.4. Century Model Simulations

The dissimilarities between modeled and measured SOC values can occur when input values
for site characterization do not fully reflect the range of field conditions, when theoretical pools
of models are not easily quantifiable in the laboratory, or when the measured fractions have
composite characteristics that change with management and the environment [51,52]. Nevertheless,
the simulations using the Century model indicated that restoration of organic C in degraded soils
would be relatively slow with most C sequestration occurring in soil in the first 50 years (Table 5),
after the conversion of the traditional pastoral management (in degraded forests) to systemic and
planned silvopastoralism, which emphasizes the importance of useful indicators of soil quality that
can rapidly identify soils with unsustainable management long before soil degradation progresses too
far. In the future, however, it is hoped that the Century model may be tied to governmental programs
for implementing sustainable soil management through “C credits” for C sequestration in soil, as
outlined in the Kyoto Protocol [53].

5. Conclusions

The degraded forests, especially in the Coastal mountains, show a large variation of bulk density
and C concentrations in the upper 40 cm because these soils have been highly subjected to interventions
in the last 50 years, mostly by extensive cattle grazing and unsustainable exploitation of wood resources.
The generally higher bulk density and lower SOM contents in DEF can also explain why less C and
N are sequestered (immobilized) in these soils, and subsequently exposed to losses by leaching or
runoff. Additionally, these soils are more likely to be disturbed through rain and wind erosion, which
accelerates aggregate destruction and consequently, increases SOC losses.

Higher C concentrations in macroaggregates in UNF at 0–40 cm depth—although not always
significant—indicate a condition of higher sustainability and better management over the years.
The most labile fraction is an indicator of sustainable management because its C content in the soil
changes in the short term, depending on vegetation, type of management, etc. Additionally, the
significantly larger C concentrations in mesoaggregates at 0–40 cm depth in UNF in 2015 clearly
indicate that these forests have the best soil quality, which could be attributed to the minimum amount
of anthropogenic intervention over the last 50 years. The better organic matter quality found in UNF is
also reflected by the presence of more N-NH4 and available K and S.

Inadequate soil management practices (e.g., non-systemic grazing, overuse of the forest) tend
to accelerate SOC mineralization, causing net emissions of CO2. The use of forest degradation and
soil quality indicators allows for adequate quantification of the degree of deterioration of Nothofagus
forests in south central Chile.

As simulated by the Century model, with the conversion of traditional grazing in degraded forests
to a silvopastoral system, considering the synergy between trees and pasture, most SOC sequestration
would occur in the next 50 years in the Ultisol, although it is more degraded. This soil would also have
the highest increase of total organic C between 2016 and 2216, compared to the volcanic soil. However,
besides the uncertainties as to the direction of climate change, where certain coastal areas of Chile
are gradually cooling, and other areas warming [54], simulations with Century show that in the time
period considered here that the model is far more sensitive to input clay content of the soils than to
anticipated climatic variability. That is to say, soil variability in the field can be more important to
simulated SOC than climatic change projections on large time scales.
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