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ARTICLE INFO ABSTRACT

Handling Editor: Ingrid Kogel-Knabner Large areas of the Patagonian Andean Region with high potential for planting fast-growing exotic conifers, based
on the volcanic nature of its soils, are affected by erosion processes. This study aimed to analyse the effects of
Pinus ponderosa afforestation on soil organic matter (OM) fractions in non-allophanic volcanic soils and to
Pinus . determine the relationship between organic matter, soil aggregates and erosion processes. The study was con-
Plantation ducted along a forested hill slope showing different soil properties according to slope position. OM fractions and
Rangelands A . . . . . .
Soil erodibility ?ggregate size fractions under .dlfferent dispersion forces were a.nalysed on 9—5 cm soil samples in rangelands and
Land-use change in 14- and 24-year old plantations on steep and gentle slopes. Simulated rainfall assays were performed to assess
Soil carbon soil erodibility; OM and granulometry of sediments were also studied. Results showed that OM contents, mainly
OM labile fractions (i.e., particulate OM, and OM associated with macro and large microaggregates), soil ag-
gregation and the formation of very stable microaggregates were enhanced in the afforested soils. However, soil
changes varied depending on the initial soil OM contents and on the age of the plantation, with more erratic and
smaller changes in most fertile soils. Although potential erosion rates are lower in plantations than in rangeland
soils, the high OM enrichment rates found in sediments imply a high OM loss when the soils remain uncovered.
Erosion processes in afforestation involve the removal of microaggregates rich in OM and silt fractions, while in
the rangelands, coarse and very coarse sand single particles are lost. Afforestation replacing degraded rangelands
may be a way to control erosion in these highly erodible volcanic soils, as long as the soil remains covered.
Otherwise, the loss of soil enriched in OM from the superficial soil could favour soil carbon depletion.

Keywords:

1. Introduction

Throughout the Patagonian Andean Region of Argentina, soils are
mainly developed from volcanic ash. The subhumid sector, a transitional
area (ecotone) between the forest and the steppe, has suffered the
highest human pressure in this region: traditionally, from extensive
sheep- and cow-grazing, and more recently, from feed-lots, agriculture
and expanding cities. Recent studies conducted in the ecotone of Chubut
province, based on fallout radionuclides (Caesium-137), showed that
soil losses in the last 50 years under different land uses were as high as
33 Mg ha! year'1 (La Manna et al., 2019). Water erosion studies proved
that volcanic soils are highly erodible when they lose their vegetation or
litter cover (Rodriguez Rodriguez et al., 2002; La Manna et al., 2016). In

the ecotone of the Andean Region, coarse-textured soils (loamy sand to
sandy loam) are highly erodible (La Manna et al., 2016). In volcanic soils
the sand fraction has a high content of volcanic glass, which is strongly
vesicular or pumiceous, and can be considered a light fraction (McDaniel
et al., 2012; Nanzyo and Kanno, 2018). Besides, the erosive processes in
volcanic soils involve the removal and transport of large aggregates, due
to the impact of raindrops (Rodriguez Rodriguez et al., 2002).

Given the high forest potential of volcanic soils, afforestation with
fast-growing conifers is promoted as a profitable activity, an alternative
to extensive livestock production, as well as a measure to mitigate
erosion (Irisarri and Mendia, 1997). Simulated rainfall assays showed
negligible values of erosion in forest soils completely covered by litter
(La Manna et al., 2016). Pine plantations can also reduce soil erosion due
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to the rainfall interception by the canopies, varying according to stand
age, species and forest management (Buduba, 2006; Zhou et al., 2002;
Gomez et al., 2019). However, many studies around the world question
the ability of pine plantations to control erosion (e.g., Gu et al., 2013;
Cao et al., 2015) and highlight their influence on the increase of fire
intensity and frequency (Raffaele et al., 2016). Plantations are also
controversial due to their possible negative effects on soil quality
(Amiotti et al., 2000; Berthrong et al., 2009).

Land-use change towards afforestation with exotic conifers notably
favours the deposition of great amounts of slowly decomposing leaf litter
(Buduba et al., 2017), attributable to the cold climate and the high
lignin/nitrogen ratio (Mazzarino et al., 1998). In SE Spain, Peinado et al.
(2016) found that soil organic carbon significantly increased in pine
plantations in comparison with the unplanted, degraded areas (0-5 cm).
However, not always does afforestation improve soil quality in the short
term. According to Davis and Condron (2002), the substitution of
grasslands with planted forests usually leads to an initial decline in soil
organic matter, probably related to distinct strategies in carbon alloca-
tion and consequent changes in cycling (Six et al., 2002a).

Soil carbon generally decreases in afforestation in the first five years,
followed by a decrease in the rate of decline and later recovery, with
plantations older than 30 years reaching values similar to those found
under the previous agricultural systems (Paul et al., 2002). In Patagonia,
there is no evidence to support an increase in carbon sequestration in
plantation soil in comparison with grassland (Laclau, 2003; Laclau et al.,
2008; Buduba et al., 2017). Furthermore, organic matter significantly
decreases where conifer plantations replace native forests (Candan and
Broquen, 2009). However, pine afforestation replacing degraded ran-
gelands on non-allophanic volcanic soils, with low values of organic
matter, showed significant increases in organic matter contents (La
Manna et al., 2018). These results suggest that afforestation age is not
the only important factor for understanding changes in organic matter
because some initial soil properties, which could control the change
direction, are equally important. In volcanic soils, the presence of non-
crystalline minerals (allophane/imogolite) and organic matter con-
tents are key variables for determining soil fertility (McDaniel et al.,
2012). Both variables control water storage capacity (Dahlgren et al.,
2004), which is crucial in an area where rainfall is out of phase with the
growing season.

The stabilization of organic matter in soil aggregates in Andisols can
vary depending on land use (Lu et al., 1998), and it is unknown how the
plantations affect the organic matter fractions in volcanic soils of Pata-
gonia. For example, studies in other parts of the world have shown
changes in particulate organic matter associated with plantations, but
not in total organic matter (Mao and Zeng, 2010). In contrast, other
studies found no clear evidence that the more labile organic matter
fractions were more sensitive indicators of the impact of plantations
than total organic matter (Lima et al., 2006). The accumulation of
organic matter in forest soils depends on many factors, including cli-
matic conditions, soil properties, soil moisture, plant cover and forest
management (Blonska and Lasota, 2017; Plaza et al., 2018).

Different studies suggest that forest soils have better aggregation
than soils under other vegetation (Rienzi et al., 2018). Conversion of
cultivated land to pine plantations resulted in increased aggregation and
greater intra-aggregate particulate organic matter, suggesting that this
organic matter fraction is the most relevant in forested soils (Six et al.,
2002a). On the other hand, studies on agricultural soils suggest that the
free light fraction of organic matter is stabilised to a greater extent in
volcanic than in non-volcanic soils, and that the intra-aggregate fraction
plays a minor role (Zagal et al., 2013). Thus, the effect of land-use
change on organic matter fractions seems to greatly vary according to
the type of soil and the fractionation technique (Poeplau et al., 2018).

The objectives of this study were to analyse the effects of plantations
on soil organic matter fractions in coarse-textured non-allophanic vol-
canic soils and to determine the relationship between organic matter,
soil aggregates and erosion processes.
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1.1. Hypotheses

The effect of pine plantations on the upper centimetres of the soil is
positive, and the magnitude of this effect varies depending on plantation
age and on the initial soil organic matter contents; positive changes are
expected to be greater in less fertile soils. The erosion processes in
forested soils involve large losses of organic matter.

2. Materials and methods
2.1. Study area

The study was conducted along a forested hill slope in the Percy
River Basin, Chubut province, in the forest-steppe ecotone of the Pata-
gonian Andean Region (Fig. 1). Mean annual precipitation is ca. 700
mm, concentrated mainly in autumn and winter. Soils, classified as Entic
Haploxerolls, are developed from volcanic ash and they show slight
development of horizons, with sequences A/AC/C, and variable organic
layer cover and thickness according to vegetation (Table 1). Soil profiles,
laterally homogeneously distributed, have loamy sand textures and
halloysite as dominant clay, resulting in highly erodible soils (La Manna
et al., 2016).

Pinus ponderosa Douglas ex Lawson was planted all along the hill
slope, replacing degraded rangelands. Pines were planted 14 and 24
years ago. This study focused on two slope positions: the maximum slope
in the upper part (moderately steep slope, ca. 25%) and a gentle slope
(ca. 9%), towards the bottom (Fig. 1). According to the slope, soil cover
differed between rangelands and plantations (Table 1). On the steepest
sector, soil cover in the rangeland was low, and the soil was mostly bare
or covered with medium-sized gravels. On the gentle slope, although
bare soil remains, litter and herb cover predominated, showing a better
ecological condition. The dominant grasses were Festuca sp. (v.n.
coir6n). The dominant shrubs and half shrubs were Molinum spinosum
(Cav.) Pers. (vn.neneo) and Acaena splendens Hook. &Arn, both indica-
tive of degradation and overgrazing (Beeskow et al., 1995). Soil cover
also differed between plantations according to the slope position. While
a low percentage of bare soil remained on the steep-slope plantations,
soil was completely protected on the gentle slope, by either litter or
vegetation cover. In each sector, litter cover and organic horizon
thickness increased, and understorey cover decreased with plantation
age (Table 1).

2.2. Soil sampling and analysis

In each study site (i.e., rangeland, young afforestation and mature
afforestation on the steep and on the gentle slope), systematic sampling
was carried out and six sampling points, placed ca. 10 m apart from each
other, were selected. The first sampling point was chosen at random. At
each sampling point, soil cover and the organic horizon thickness were
visually determined.

Soil hydrophobicity and aggregate stability were assessed in situ on
the mineral soil. Soil hydrophobicity was assessed using an ethanol--
water solution, with different ethanol concentrations, and classified
according to Doerr (1998). Aggregate stability was determined
following Herrick et al. (2001), on surface (0-5 cm) and sub-surface
(5-10 cm) soil samples. Since sampling was done in late summer, with
dry conditions, field tests were performed under comparable soil mois-
ture conditions (around 5%).

At each sampling point, a 0-5 cm mineral undisturbed soil core
sample was taken with an auger, for bulk density and porosity estima-
tion. A 0-5 cm mineral soil bulk sample was also taken, air-dried and
passed through a 2 mm sieve. Electrical conductivity (EC) (soil-water
ratio 1:2.5), pH in water (1:2.5) and pH in NaF 1 N (1:50) were
measured. pH NaF measured at 2 and 60 min is considered an indicator
of non-crystalline aluminosilicates in soils (Fieldes and Perrot, 1966).

Total organic matter (OM) was analysed by loss on ignition (IRAM-
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Fig. 1. Location of the study area in Chubut province, Argentina, and detail of the study area: rangeland, young and mature plantations on gentle and steep slopes.

SAGPyA, 2008). Physical fractionations of the soil OM were performed
by the particle size technique. A procedure with a previous chemical
dispersion was used to determine particulate OM (POM), and another
one without chemical dispersion was used to determine OM associated
with water-stable aggregates of different sizes.

POM, defined as OM associated with the fraction retained on a 53 ym
mesh sieve after dispersing the soil (Cambardella et al., 2001), was
determined following Videla et al. (2008), adapted from Cambardella
et al. (2001). The 2 mm-sieved samples were dispersed with sodium
hexametaphosphate (5 g L-1), stirred for 18 h on a horizontal shaker at
150 rpm, and finally, wet sieved on a 53 ym mesh sieve. The fraction
retained on the sieve (>53 pm) was oven-dried at 100 °C for 24 h and
weighed, and POM was analysed by loss on ignition (IRAM-SAGPyA,
2008).

OM associated with water-stable aggregates (OMjagg) was also
determined on 2 mm-sieved samples, for comparison with POM. Soil
samples were placed on the top of a 250 pm sieve and submerged for 5
min in deionised water. Sieving was manually done by gently moving
the sieve in four directions (forward, backward, left, right) for 2 min, to
achieve aggregate separation, based on Six et al. (1998). The fraction
retained on the sieve (F > 250) was oven- dried and weighed, and
OM. 259 was analysed by loss on ignition (IRAM-SAGPyA, 2008). The
soil particles that passed through the sieve (i.e., <250 pm) were pro-
cessed in the same way on a 53 um sieve, and the proportion of 53-250
um fraction (F53-250) and its OM content (OMs3.250) were determined.
OM associated with water-stable aggregates (OMagg) was calculated as
the average between OM- 59 and OMss.250 weighted by the weight of
fractions.

For both analytical procedures (POM and OMag), a soil fraction with
particles smaller than 53 ym was washed and discarded, and OM_53/0M
were considered to be equal to 1-(POM/OM) and to 1- (OMpg,/OM)
(Enriquez and Cremona, 2018), corresponding to mineral associated silt-
and clay-organic matter (Cambardella and Elliott, 1993) for procedures

with and without previous chemical dispersion, respectively.

The proportion of the material retained on the sieves, with particles
between 53 pm and 2 mm, was defined as Fd > 53 (for the samples
previously dispersed by sodium hexametaphosphate) and F > 53 (for the
wet-sieved samples without dispersion). The proportions were deter-
mined with respect to the total soil sample used for fractionation. The
dispersed soil fraction with particles smaller than 53 pm was washed and
discarded, and it was considered that Fd < 53 =1 - Fd > 53 and F < 53
=1 -F > 53, following Enriquez and Cremona (2018).

Grain-size distribution was analysed using a Malvern laser granul-
ometer after destruction of OM with Hy05 at 80 °C, dispersion with
sodium hexametaphosphate 1%, and ultrasound. Since Malvern equip-
ment (Model 3000E) analyses particles smaller than 1000 pm, coarse
sand fraction was separated by sieving. The fraction < 53 um was
defined after complete dispersion (i.e., OM-free, chemically dispersed
and ultrasounded) as Fed < 53, calculated as the proportion of clay + silt
fractions and corrected by OM content, since it was removed.

2.3. Rainfall simulation experiments

Rainfall simulation experiments were performed adjacent to four of
the six soil sampling points described above. In the rangelands, plots for
the rain experiment were placed in sites representative of the average
mean cover (see Table 1). In the plantations, rainfall assays were con-
ducted in two conditions: i) unmodified soil and ii) removal of fresh
litter and organic horizon, with mineral soil exposed. The organic layer
(i.e., fermentation layer) refers to a layer of slightly to highly decom-
posed needles, fine twigs, and other organic material. The removal of
non to highly decomposed plant remains resulted in an artificial soil
surface condition that allowed us to analyse the bare mineral soil
erodibility. Litter, vegetation and rock fragment cover were visually
estimated by vertical projection in each sample plot before rainfall
application.
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A drip-type rainfall simulator was used to simulate rainfall on 1.564
cm? plots, following the methodology described by La Manna et al.
(2016). Water with low solute concentration (E.C. < 148 puS cm ™) was
used for the assays. The applied rainfall intensity was 100 mm h™* for
30 min. Drop diameter of the simulated rainfall was 2.5 mm. Falling
from 2.1 m, these drops reached a velocity of 5.3 ms™'. Runoff was
collected and measured at 5-min intervals in 1-L containers. Sediment
production was determined from the total runoff collected for each
simulation. The sediment production was obtained after suspended solid
decantation (72 h) by carefully discarding most of the runoff. Sediments
were collected in 500-mL beakers, dried for 48 h at 60 °C and weighed.

Sediments were analysed for OM content by the loss-on-ignition
method (IRAM-SAGPyA, 2008). OM loss was calculated as the product
of sediment yield and sediment OM content. The enrichment ratio (ER)
of OM was calculated by dividing the content of OM in the sediments by
its content in the original soil material (Avnimelech and McHenry,
1984). This variable allowed us to determine whether the sediments
were enriched with OM, as compared to the contributing soils. Sediment
texture was analysed by Malvern laser granulometer after destruction of
organic matter with HoO5 at 80 °C, dispersion with sodium hexameta-
phosphate 1%, and application of ultrasound, while the coarse sand
fraction was separated by sieving.

2.4. Data analysis

To characterise the variability of soils according to slope and vege-
tation type, a discriminant analysis was performed, considering each
study site as a group (i.e., rangeland, young afforestation and mature
afforestation on the steep and on the gentle slope, as dependent vari-
ables). All the measured soil properties were included at first as inde-
pendent variables, and a stepwise procedure was used to retain the most
significant variables for discrimination. Stepwise discriminant analysis
is an efficient procedure for removing redundant variables and selecting
those of greatest discrimination capacity (Afifi and Clark, 1984). The
classification rates were assessed by a cross-validation procedure.

Data were analysed by parametric or non-parametric tests depending
upon whether data satisfied normality and homogeneity of variances
assumptions. Parametric test assumptions were checked by Q-Q plots,
Shapiro-Wilk’s W test (modified) and Levene’s test, following Di Rienzo
et al. (2013). Differences in soil properties between rangelands on steep
and gentle slope were analysed by Kruskal-Wallis test. To analyse soil
differences between the study sites, two-way analyses of variance
(ANOVA) were carried out considering sector (gentle/steep slope) and
vegetation type (rangeland/young afforestation/mature afforestation)
as factors. Since both factors showed significant interaction for most
variables, one-factor ANOVA was performed for each sector, considering
the vegetation type as factor. Duncan test was applied as post hoc
analysis. Categorical variables (i.e., hydrophobicity and aggregate sta-
bility) were analysed by Kruskal-Wallis test and pairwise comparisons.
Wilcoxon, a non-parametric test for paired samples, was performed for
analysing differences between Fcd < 53, Fd < 53 and F < 53, within
each study site.

A similar procedure was applied to the analysis of sediment yield and
runoff data from the simulated rainfall assays (i.e., ANOVAs and Duncan
test, considering sector and rain treatments as factors). Differences in
OM losses and sediment enrichment ratio between rain treatments were
analysed by Kruskal-Wallis test and pairwise comparisons for each
sector. The different particle size fractions between the soil and the
sediments were compared by paired sample t-test. Correlations between
variables were performed by Pearson test.

The analyses were carried out with the Infostat software (Di Rienzo
et al., 2013) and SPSS.
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3. Results
3.1. Soil variability in the study area

Soils and soil surface characteristics greatly differed between
different landscape positions and vegetation types (Table 1). The steep-
slope rangeland soils were the most degraded and showed the lowest
values of total and particulate OM (OM, POM), OM content in different
aggregate sizes: OMagg, OM.250, OMs3.250, as well as in the ratio
OM..250/0OM and POM/OM (Table 2). The fraction retained on different
sieve sizes, F > 250, F53-250 and F > 53d, the aggregate stability in
subsurface layer, total porosity and hydrophobicity were also lower than
those of gentle-slope rangeland soils. Even though clay contents were
low over the study area, the rangeland soil on the steep slope had higher
clay contents and lower contents of coarse and very coarse sand, in
comparison to the rangeland soil on the gentle slope. Although the dif-
ferences were not significant, the steep slope rangeland soil also tended
to present higher pH values and lower NaF pH values (P < 0.1) (Table 2).

POM, pH NaF, hydrofobicity and EC were identified by the
discriminant analysis as the key variables to differentiate among the
soils of different landscape positions and vegetation types. The model
created five functions that allowed a good differentiation of groups (p <
0.001), and 89% of the soil samples were well classified. The first two
discriminant functions explained 90% of the total variance. Fig. 2 shows
the relationship between variables and plots in the canonical-axis space.

Axis 1, positively associated with POM, pH NaF and hidrofobicity,
explained 56% of the total variance. According to the first discriminant
function standardised by the common covariances, POM, which repre-
sents the labile OM, was the most important variable for discrimination
on this axis. Soil samples from gentle-slope plantations and from the
young plantation on the steep slope grouped towards positive values of
axis 1, associated with higher values of POM and pH NaF. In the opposite
position of the axis, both the rangeland and the mature plantation on the
steep slope, and most samples from the gentle rangeland were negatively
related to axis 1, with the rangeland plots on the steep slope showing the
lowest values of POM and pH NaF. Mature afforestation plots were
negatively related to axis 2, with higher values of EC and
hydrophobicity.

3.2. Soil changes associated with afforestation

While rangeland soil was partially bare, the plantation soil was
mainly covered by non-decomposed litter of pine needles. Beneath the
fresh litter layer, an organic horizon in varying stages of decomposition
developed (Table 1).

In the steep-slope sector, OM significantly increased in the planta-
tions in comparison to the rangeland. However, in the gentle slope, OM
increment was only found in the young plantation (Table 3; Fig. 3). OM
associated with water-stable aggregates (OMagg) and particulate OM
(POM) significantly increased (P < 0.05) in steep-slope plantations,
relative to the rangeland (Fig. 3a). Although OM increased in the
different fractions, the largest changes corresponded to the OM associ-
ated with large microaggregates (OMs3.250), which tripled in the young
plantation in comparison to the rangeland (Table 3). In the gentle slope,
despite the data variability, POM, OMagg, OM-.250 and OMs3.250 signif-
icantly increased only in the young plantation (Fig. 3b, Table 3).

The distribution of OM fractions varied among the study sites on the
steep slope (Fig. 4a). The proportion of the most labile fractions signif-
icantly increased in steep-slope plantations in comparison with the
rangeland. Both the proportion of OM associated with water-stable ag-
gregates (OM. o590 and OMs3.050) and the proportion of POM signifi-
cantly increased in the plantations. In contrast, the proportion of the
recalcitrant fraction (OM_53/0M), for both with and without chemical
dispersion samples, significantly decreased in the afforestation, relative
to the rangeland soils. On the other hand, the recalcitrant fraction in
chemical dispersed soil samples increased only in the rangeland and the
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Fig. 2. Discriminant analysis biplot showing soil variables (vectors) and study sites.

Table 3
Soil properties of the study sites.
oM* OM2450 OMs3. pH EC® pH pH BD¢ Porosity Hydrophobicity! ~ Aggregate Aggregate
250" NaF 2°  NaF (%) stability® stability®
60°
surface subsurface
Steep Rangeland 332+ 221 + 2.60 £ 6.21 59.10 + 7.94 8.71 1.23 53.53 + 8.5a(3-13) 2a(2-2) 5a(5-5)
slope 0.22a 0.38a 0.37a + 8.41a + + + 1.41
0.06 0.05a 0.05b 0.04
Young 6.62 + 4.29 + 9.50 + 6.20 59.24 + 8.48 9.22 1.02 61.33 £ 24b(24-36) 6b(6-6) 6b(6-6)
afforestation 1.14b 0.83ab 1.82b + 13.63a + + + 2.02
0.07 0.15b 0.11c 0.05
Mature 6.96 + 5.45 + 5.19 + 6.38 122.23 7.72 8.40 1.10 58.31 + 24b(24-24) 6b(6-6) 6b(4-6)
afforestation 1.05b 0.94b 0.54a + + + + + 3.53
0.06 16.18b 0.03a 0.06a 0.09
Gentle Rangeland 7.48 + 5.73 £ 8.29 + 6.00 79.23 £ 8.53 9.05 0.97 63.36 + 13a(8.5-13) 0a(0-0) 6(6-6)
slope 1.13a 1.39a 1.62a + 11.04 +0.23 +0.16 + 2.02
0.07 0.05
Young 16.54 13.81 + 18.43 6.06 87.48 + 8.09 8.63 0.83 68.51 + 24b(24-36) 6b(6-6) 6(6-6)
afforestation + 4.40b + + 21.58 +0.20 £0.27 =+ 0.25
3.47b 2.99b 0.13 0.01
Mature 5.78 + 5.06 + 6.73 + 6.28 53.40 + 8.33 8.92 0.86 67.58 + 36b(24-36) 6b(6-6) 6(6-6)
afforestation 0.47a 0.34a 1.39a + 4.56 +0.15 +£0.16 =+ 1.83
0.05 0.05

Different letters indicate soil variables that significantly differ between vegetation types of the same slope position.
#Organic matter contents (%): OM: total organic matter; OM..»50: OM associated with stable macroaggregates; OMs3.50: OM associated with stable large micro-

aggregates.
bElectrical conductivity (uS m ).
°BD = bulk density (g cm™3).

dHydrophobicity according to “Molarity of an Ethanol Droplet” technique: 0%=Very hydrophilic; 3%= Hydrophilic; 5%= Slightly hydrophobic; 8.5%= Moderately
hydrophobic; 13%= Strongly hydrophobic; 24%= Very strongly hydrophobic; 36%= Extremely hydrophobic (Doerr 1998).
€Aggregate stability classes range from 0 = Soil too instable to measure; to 6 = Strong stability (Herrick et al., 2001).

mature afforestation.

The results for the gentle slope were different. No significant changes
in the proportion of POM and OMagg were found in the plantations in
comparison to the rangeland (Fig. 4b). However, a significant rise in the
OM. 259 fraction was found for the mature plantation.

Afforestation soils from the steep slope showed a higher proportion
of water-stable aggregates (F > 53), mainly associated with an incre-
ment in stable macroaggregates (F > 250), as compared to the rangeland
soils (Fig. 5a). A significant increase in stable macroaggregates was also
found for the mature afforestation on the gentle slope (Fig. 5b).

The fraction < 53 um in the rangeland and the mature afforestation
soils on the steep slopes varied according to soil dispersion (Fig. 6a). The

chemical dispersion implied the aggregate breakdown, evidenced by a
significant increase in the fraction < 53 uym (i.e., F < 53 < Fd < 53). On
the other hand, soils from the young afforestation on the steep slope and
all the studied soils from the gentle slope showed no significant changes
with the chemical dispersion (Fig. 6). However, when complete soil
dispersion was applied (OM removal + chemical dispersion + ultra-
sound), the fraction < 53 um significantly increased for all the study site
soils (Fig. 6).

The difference between the fraction lower than 53 pm after complete
dispersion (Fcd < 53), in comparison to F < 53 and Fd < 53, was
significantly greater in plantations than in the rangeland for sites located
on the steep slope (p < 0.05) (Fig. 6a). On the contrary, non-significant
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Fig. 3. Total organic matter (OM), organic matter associated with stable aggregates (OMag,) and particulate organic matter (POM) for the study sites on the steep (A)

and the gentle (B) slopes.

differences were found among the study sites on the gentle slope.

Besides the changes found in OM fractions on the steep slope, we
recorded higher pH NaF values in the young plantation and higher EC in
the mature one, in comparison to rangelands (Table 3). Aggregate sta-
bility in the upper soil layer significantly increased in the plantations,
relative to the rangelands. Although in the subsurface layer a significant
increase in plantations was recorded for the steep slope, both gentle and
steep slope rangelands tended to show strong subsurface aggregate
stability (Table 3). Higher hydrophobicity was also recorded in planta-
tions than in rangelands. While soils varied between hydrophilic and
strongly hydrophobic in the rangelands, under afforestation, soils were
always very strongly or extremely hydrophobic (Table 3).

3.3. Soil erosion and runoff

Soil erosion in the rangelands was higher on the steep than on the
gentle slope (Fig. 7a). On the steep slope, significant differences between
the treatments were found (F = 15.84, p < 0.001). Soil erosion signifi-
cantly decreased in plantations compared to rangeland, even if fresh
litter and organic layer were completely removed (Fig. 7a).

In contrast, on the gentle slope, soil erosion significantly decreased in
the plantations in comparison to the rangeland only if the soil remained
covered. When fresh litter and the organic layer were removed, erosion
rates approached the values found in the rangeland (Fig. 7a).

Regarding runoff, ANOVA showed no interaction between sector and
the rain treatment factors (F = 1.03, P = 0.406). Runoff in the young
plantations was significantly higher than in rangelands, while the
mature plantations showed intermediate values. In turn, runoff was
significantly higher on steep than on gentle slopes (Table 4).

3.4. Organic matter loss and enrichment ratios

OM losses did not follow the same pattern as erosion rates. Although
sediment yield in organic layer-removed plots was significantly lower in
the steep slope plantations than in the rangeland (Fig. 7a), the OM losses
were similar to those found in the rangeland (Fig. 7b). Even the young
plantation without cover alteration, with very low erosion rates, showed
OM losses close to those registered in the rangeland. On the gentle slope,
the erosion rates in non-altered plantations were so low that there was
not enough sediment for OM analysis. OM loss in the mature plantation
was considered 0, since three of the four plots generated no sediment
(sediment yield = 0 gm~2). The maximum losses of OM were recorded in
the young plantation where litter and the organic layer had been
removed (Fig. 7b). The OM loss was positively and significantly corre-
lated (r = 0.38; P < 0.05) with the difference between the fraction < 53
um after complete dispersion (Fcd < 53) and without dispersion (F <
53).

The enrichment ratio showed values close to 1 in the rangelands,
increasing in the plantations. On the steep slope, the enrichment ratio
reached a maximum in the young afforestation, where OM content of
sediments was more than five times as high as soil OM. On the gentle-
slope plantations, the fresh litter and organic layer-removed plots also
showed a significantly higher enrichment ratio than the rangeland, and
OM content of sediments was at least twice as high as OM soil content.
The enrichment ratio was positively correlated with the pH NaF60' (r =
0.49; P < 0.001).

3.5. Sediment texture

In the plantations, sediments were significantly enriched in fine
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fractions, silt and/or clay, and impoverished in fine and medium sands
(Fig. 8) in comparison to the original soil. The differential removal of the
fine fraction was found in the four plantations, regardless of age or slope.
For example, Fig. 9b shows the grain-size distribution in soil and sedi-
ments in a sampling point from the young plantation on the steep slope.
A significant correlation between silt in sediments and OM enrichment
ratio was found (r = 0.39, P = 0.03): the higher the enrichment in silt,
the higher the OM enrichment rate.

On the contrary, sediments from rangelands were not enriched in
fine fractions, but in coarse ones. Textures in soil and sediment were
more variable in the rangelands, and for most size fractions no signifi-
cant differences were found (Fig. 8). However, for samples showing
selective removal, sediments were enriched in sand fraction (Fig. 9a).

4. Discussion
4.1. Soil changes associated with afforestation

4.1.1. Organic matter fractions

Although the coarse textures and the lack of non-crystalline clays
dominated in the studied hillslope, the slope position implied a strong
variation in soil properties, with soils on the gentle slope having the
highest topsoil fertility, according to the analysed soil variables. In this
study, soil fertility was mainly equated to soil organic matter content,
since this variable is considered to be a good indicator of soil quality due
to its influence on key functional properties, such as nutrient

Geoderma 403 (2021) 115265

Fig. 4. Proportion of the different organic matter fractions for
the study sites on the steep (A) and the gentle (B) slopes. The
first column for each site refers to organic matter (OM) asso-
ciated with water stable aggregates, including: OM associated
with fraction>250 pm (OM.550/OM), OM associated with
53-250 pm fraction (OMs3.250/OM) and OM associated with
clay + silt fraction (OM.s53/0M). The second column for each
site refers to the procedure with previous chemical dispersion,
including: particulate OM fraction (POM/OM) and OM asso-
ciated with clay + silt fraction (OM_53/0OM).

Mature afforestation

Mature afforestation

availability, soil structure and water relations (Ogle and Paustian,
2005). Differences found between the two slope gradients could be
associated with erosion processes in the long term. In fact, the high bare
soil cover (Table 1) and the depletion in coarse and very coarse sands in
rangeland soils on the steep slope (Table 2) suggest active erosion pro-
cesses since volcanic sand can be considered a light and erodible fraction
(McDaniel et al., 2012) (see Fig. 8b, 9a).

These differences imply that the afforestation on the steep slope was
installed on less fertile soils than those on the gentle one. However,
certain changes in the soil associated with land-use change (from ran-
geland to afforestation), such as the increase in surface aggregate sta-
bility and the water repellency (i.e., hydrophobicity) occurred
independently of the previous soil characteristics and the age of the
plantation (Table 3).

On the other hand, changes in organic matter fractions were highly
dependent on the initial OM content and the afforestation age. On the
steep slope, both the young and mature plantations favoured an incre-
ment in total OM and in labile OM fractions, in comparison to the ran-
geland (Fig. 3a), and OM did not increase with afforestation age
(Table 3). While soil OM was dominated by recalcitrant OM (OM.53/
OM), representing more than 50% in the rangeland, the plantation soil
was dominated by the labile fractions (Fig. 4a). In the young afforesta-
tion, the fraction that increased the most was the OM associated with
large microaggregates (i.e., OMs3.250), with three-fold values compared
to rangeland soils, while the stable macroaggregates also showed a rise
in OM content (OM-250), with values twice as high as those found in
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Fig. 5. Proportion of size fractions for the study sites on the steep (A) and the gentle (B) slopes. The first column for each site refers to water stable aggregates,
including the proportion of macroaggregates (F > 250), microaggregates (F53-250) and clay + silt fraction (F < 53). The second column for each site refers to the
procedure with previous chemical dispersion, including the fraction greater (Fd > 53) and lower (Fd < 53) than 53 pm.

rangeland soils (Table 3).

On the gentle slope, with OM contents in the rangelands twice as
large as those found on the steep slope (Table 2), OM changes under pine
plantation were not so evident. Labile OM was the dominant fraction for
all the sites, even for rangeland soils (Fig. 4b). Total and labile OM were
significantly higher than in the rangeland only in the young plantation,
decreasing in the mature one (Fig. 3b, Table 3).

In xeric conditions, as in the study area, non-crystalline mineral
formation is restricted, and halloysite formation, a 1:1 layer silicate, is
expected, conditioned by precipitation and Si concentration (Parfitt
et al., 1984). However, the absence of non-crystalline minerals in the
soil surface could also be related to the intense use that these lands have
suffered for more than a century. Overgrazing, mainly when plant cover
is lost, might result in desiccation of soil, allowing non-crystalline ma-
terials to evolve to halloysite (Parfitt and Wilson, 1985). Soil mineralogy
conditions OM storage capacity and stabilisation in volcanic soils (Feller
and Beare, 1997; Kondo et al., 2010; Calabi-Floody et al., 2011;
Hernandez et al., 2012; Matus et al., 2014). The higher OM values found
in soils on the lower slope relative to the upper slope could be influenced
by the presence of imogolite and imogolite-halloysite transition in some
lower-slope soil samples, according to pH NaF values (Irisarri, 2000)
(Fig. 2, Table 3).

4.1.2. Influence of afforestation age on soil organic matter

Since plant inputs drive decomposition and soil OM formation (Paul,
2016), changes found in OM are conditioned by decomposition rates,
which are specially modified when natural vegetation is replaced by
exotic coniferous plantations (Araujo and Austin, 2015; Gonzalez-Polo
etal., 2019). Low decomposition rates of exotic conifer litter (Mazzarino
et al., 1998) might hinder OM incorporation into mineral soil; in fact, a
thick layer of non-decomposed pine needles is common, mainly in
closed-canopy plantations (see Table 1). The recalcitrance of plant litter
and rhizo deposits is mainly relevant during the initial phases of litter
decomposition, which in some instances can last several years (Liitzow
et al., 2006). In this sense, the contribution of the undergrowth, her-
baceous and native shrubs, which provide OM less rich in recalcitrant
compounds than the pines, could favour OM enrichment in the young
afforestation. Besides, the decomposition of pine litter is strongly
influenced by incident solar radiation (Araujo and Austin, 2015). Thus,
crown closure in the mature afforestation could condition the incorpo-
ration of OM into the mineral fraction. Studies in Ponderosa pine
plantations in Patagonia showed that soil OM increased in thinned
plantations, where understorey vegetation and incident solar radiation
increased, in comparison to unthinned ones (Candan and Broquen,
2009). The increment in hydrophobicity found in the studied pine
plantations (Table 3) could also restrict decomposition rates, since hy-
drophobicity reduces surface wettability, affecting the accessibility of
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microorganisms to OM and even their living conditions (Liitzow et al.,
2006).

The fact that soil OM does not increase with afforestation age, even
though the time elapsed since afforestation was rather short, recalls the
proposal of Six et al. (2002b), suggesting a soil C-saturation capacity, or
a maximum soil C storage potential, determined by the physicochemical
properties of the soil. In fact, native shrub and tree patches in the area,
which have been preserved as forest relicts, had similar values to those
found in the low rangelands (7.6%, Vogel pers. com.). This value was
also similar to soil OM contents on the steep slope, 24 years after pine
planting (6.96%). Coarse soil textures, as found in this study, may
especially limit OM protection and stabilisation processes (Plaza et al.
2018), conditioning OM storage capacity. Since non-crystalline alumi-
nosilicates are essential for determining soil carbon storage capacity in
volcanic soils (Matus et al., 2014), their absence in most of the studied
soils could also straighten OM storage.

4.1.3. Soil aggregates

Although the magnitude of the changes varied according to the
initial soil OM contents and afforestation age, the results show that the
greatest enrichment in OM in plantations, in comparison to rangelands,
was associated with the 53-250 pm fraction, i.e., OM associated with
large microaggregates, and with the fraction greater than 250 pm, i.e.,
OM associated with macroaggregates (Fig. 4). However, the formation
of stable macroaggregates was enhanced in plantations (F > 250)
(Fig. 5), and the proportion of OM associated with this fraction (OM >

10
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250) was the most increased in comparison to rangeland soils. Although
the methodologies used in our study were quite different, which makes
the comparison difficult, our results agree with those of other studies on
OM fractions. Studies in afforested and forested ecosystems found that
the highest amount of carbon was stabilised within the microaggregates,
both 53-250 pm microaggregates and microaggregates occluded within
250-2000 pym macroaggregates (Six et al. 2002a). Studies in sandy loam
soils under natural forests showed that soil aggregation and carbon
content were mainly related to fine POM (Rienzi et al., 2018).

Afforestation soils showed an enhancement in aggregate stability in
surface soils (Table 3) and a higher proportion of water-stable macro-
aggregates (F > 250) than rangeland soils (Fig. 5). Other studies have
shown higher aggregation in afforested ecosystems (Six et al., 2002a;
Rienzi et al., 2018) and carbon accumulation in macroaggregates in
forested plots that replaced crops (Jiang et al., 2019). This fraction ex-
erts a minimal amount of physical protection (Elliot, 1986) and corre-
sponds to the biochemically protected OM, i.e., the stabilisation of OM
due to its own chemical composition (i.e., recalcitrant compounds such
as lignin and polyphenols) and through chemical complexing processes
in soil (Six et al., 2002b). Recent studies have shown that when inputs of
OM are added to the soil, the new C is accumulated more but decom-
posed faster in macroaggregates than in microaggregates (Peng et al.,
2017). A current view on soil OM, which considers soil as a system with
functional complexity, proposes that decomposition and organic carbon
protection are controlled by the molecular diversity of the organic
compounds, the soil spatial heterogeneity and the temporal variations in
the soil environment (Lehmann et al. 2020).

As expected, the chemical dispersion implied an increase in the
fraction <53 um, by aggregate breakdown. However, this rise was noted
only in the rangelands and the mature plantations, with significant
changes on the steep slope, and only a tendency on the gentle slope
(Fig. 6). In contrast, soils from young plantations showed no change in F
< 53 with the chemical dispersion. The lack of aggregate dispersion in
soils from the young plantations and the low increase in Fd < 53 in soils
from the gentle slope (Fig. 6b) suggest, a priori, that in these soils
chemical dispersion hardly generates aggregate breakdown. However, a
dramatic increase in the release of <53 um particles was found with
complete dispersion (i.e. OM removal + chemical dispersion + ultra-
sound) (Fig. 6). These results suggest that the studied soils, despite their
coarse texture and absence of allophane, form very stable micro-
aggregates, formed by OM bound to clay + silt fractions, which are only
broken when the cementing agents are completely removed. Oades
(1984) was the first to theorise the formation of microaggregates within
macroaggregates, and later studies on aggregate formation extensively
corroborated this theory (Six et al., 2004). Agents stabilising micro-
aggregates are not only OM compounds but also cementing agents, such
as oxides, hydroxides, oxyhydroxides (Oades and Waters, 1991) and
polysaccharides (Six et al., 2004). These stable microaggregates, in turn,
are bound together into macroaggregates (>250 um) by temporary
binding agents such as roots and hyphae and by transient binding agents
such as microbial- and plant-derived polysaccharides and proteins (Six
etal., 2004; Totsche et al., 2018). The role of OM in aggregate stability is
especially important in variably charged soils (Yu et al., 2020), such as
volcanic soils. Recent studies showed that OM stabilisation in soil ag-
gregates is highly influenced by soil bacterial diversity, which is affected
by afforestation (Zhao et al., 2018). The formation and degradation of
microaggregates was shown to be more dynamic than previously
thought (Jastrow et al., 1996). Studies on mean residence time of OM
showed that the light fraction, comprising intra-aggregate plant resi-
dues, and the inter-aggregate POM have short mean residence times of
about 3 and 12 years, respectively (Paul, 2016). In contrast, studies on
surface layers of forest volcanic soils found mean residence times of the
light fraction ranging between 6 and 150 years (Kondo et al., 2010).

Recent studies reported apparent lack of aggregate hierarchy in
Andisoles, due to the lack of size-dependent change in carbon concen-
tration after weak dispersion treatments (Hoyos and Comerford, 2005;
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Means and standard errors of runoff rate (mm h™?) for rainfall simulation experiments.

Rangeland Young afforestation =~ Mature Afforestation

Young afforestation duff- Mature Afforestation duff- F=5.02(p=
a c a removed be removed ab 0.003)
Steep slope a 27.8 +2.8 47.5 + 3.2 19.3 £ 10.9 33.5+23 25.2 + 5.7
Gentle slope b 7.5+ 0.6 32.1 £ 8.8 17.8 £10.1 34.6 + 4.4 18.0 + 4.4
F=471(p=
0.038)
Different letters indicate significant differences between sectors (rows) and between rain treatments (columns).
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Candan and Broquen, 2009). However, Asano and Wagai (2014) showed
that the aggregate hierarchy in Andisols is present, but at smaller spatial
scales, and maintained by stronger forces due to higher concentrations
of OM and non-crystalline clays, in comparison to non-volcanic soils.
Despite the absence of allophane in our soils, the dramatic increase in
Fed < 53 found (Fig. 6) agrees with Asano and Wagai (2014), since the
main criterion to identify aggregate hierarchy is the aggregate break-
down and concurrent release of silt- and clay-sized particles only after
increased levels of dispersion energy (Oades and Waters, 1991).

The differences between Fed < 53, in comparison to F < 53 and Fd <
53, representing microaggregates occluded within macroaggregates,

12

were significantly greater in plantations than in the rangeland for the
steep-slope sites (Fig. 6a). These results suggest that plantations not only
increase POM but significantly increase the of
microaggregates.

formation

4.2. Erosion processes

4.2.1. Erosion and runoff rates

Potential erosion rates found in this study agree with similar simu-
lated rainfall assays conducted on different types of soils from the An-
dean Patagonian region (La Manna et al., 2016). The erodibility of these
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non-allophanic volcanic soils, both in the rangeland and plantations
where fresh litter and organic layers were removed, resulted in even
higher values than those recorded in steppe degraded soils with very low
OM contents (Rostagno, 1989). Studies on Andisols have shown their
high susceptibility to wind and water erosion when surface cover is
removed or degraded (Dahlgren et al., 2004; Mc Daniels et al., 2012;
Morales et al., 2013), and volcanic soils without non-crystalline clays
would be the most susceptible ones (La Manna et al., 2016).

In steep-slope plantations, erosion rates significantly decreased, in
comparison to the rangeland, even where fresh litter and organic layers
were completely removed (Fig. 7a). This result could be associated with
both the very high erodibility value found in the rangeland and the
positive changes registered in the mineral soil, which could generate
greater resistance to erosion.

In contrast, on the gentle slope, where rangeland soils are more
fertile and only slight changes were found in the afforested soil, the
potential erosion significantly decreased only when the soil remained
covered. When the soil cover was removed, potential erosion rates
approached the rates found in the rangeland (Fig. 7a).

Although runoff was highly variable, it was greater on the steep
slope, as expected, due to the effect of the slope on runoff and to the
greater soil porosity of gentle-slope soils, which would favour infiltra-
tion. The maximum values were recorded in the young plantations,
regardless of whether litter and organic horizon were removed or not,
while the mature plantations exhibited intermediate values (Table 4).
The increase in runoff in the plantations could be explained by the sig-
nificant increment in water repellency (Table 3), associated with hy-
drophobic compounds leached from pine litter (Doerr et al., 1998;
Jaramillo Jaramillo, 2005; Maia et al., 2010). The high organic values
found in the young plantations (Fig. 3) could explain the maximum
values of runoff, since water repellency increases in severity with
increasing soil organic carbon contents (Harper et al., 2000; Jaramillo
et al., 2000).

4.2.2. Relations between organic matter, soil aggregates and erosion
processes

OM losses do not follow the same pattern as erosion rates. Despite the
effects of plantations on erosion rates (Fig. 7a), OM losses in most sit-
uations were as high in plantations as in rangelands (Fig. 7b). These
results could be explained by the high enrichment of sediments with
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organic matter in afforestation, i.e., lower amount of sediments but rich
in organic matter. The OM enrichment ratio in sediments, which can be
understood as a soil depletion rate, was significantly higher in planta-
tions, in comparison to rangelands. While in rangelands values were
close to 1, in the forested plots they were always higher (Fig. 7c). In part,
these results could be related to potential erosion rates, since the
enrichment ratio of OM decreased with increasing soil loss (Schiette-
catte et al., 2008). The enrichment of sediments with organic carbon
varies widely, influenced by soil properties, such as texture, aggrega-
tion, initial OM content, as well as by rainfall intensities and micro-
topography (Hu et al., 2013). Erosion/deposition processes imply car-
bon distribution patterns in surface soil, varying according to soil
properties, land use and geomorphology (Boix-Fayos et al., 2009; Kirkels
etal., 2014). In our study, the OM loss was positively correlated with the
difference between the fraction lower than 53 pm after complete
dispersion (Fcd < 53) and without or with weak dispersion (F < 53, Fd
< 53), suggesting that OM loss by erosion is enhanced by the formation
of soil microaggregates.

The OM enrichment of sediments from plantations was associated
with enrichment in fine fractions (Figs. 8 and 9), in agreement with
other studies (Costantini and Loch, 2002). Studies on the distribution of
soil organic carbon within particle-size fractions of volcanic soils in
Mexico showed that soil organic carbon was mainly associated with the
silt-size fraction (Covaleda et al., 2011).

The enrichment in fine fractions found in sediments may be related
to the formation and removal of soil aggregates. Thus, the maximum
enrichment ratios were found in the young plantations on the steep
slope, where OM content in sediments was up to five times as high as soil
OM (Fig. 7c). This young afforestation showed the greatest changes in
OM fractions (Fig. 4a, Table 3), and soils needed high dispersal forces to
allow the breakdown of aggregates (Fig. 6a). Interestingly, some soil
samples from this afforestation showed high pH NaF values, suggesting
the presence of imogolite (Table 3). The presence of non-crystalline
clays could also favour soil aggregation (Matus et al., 2014) and the
interaction between fine particles and OM, increasing the OM enrich-
ment ratio in sediments.

These results suggest that the improvements in OM, particularly in
POM and OM associated with stable aggregates, and the formation of
soil microaggregates favour the loss of OM when the soil undergoes
erosion processes. These results agree with those of other studies on
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volcanic soils, suggesting that erosion processes involve the detachment
of soil microaggregates, which could be mobilised with no previous
dispersion (Poulenard et al., 2001; Rodriguez Rodriguez et al., 2002,
2006).

However, in rangelands with lower values of OM, OMag; and POM
(Fig. 3) and low surface soil aggregate stability (Table 3), no selective
removal of fine particles was found. On the contrary, erosion involved
the loss of single particles, mainly coarse and very coarse sands (Fig. 8)
or probable macroaggregates rich in fine sands (Fig. 9a). In fact, soils
from the gentle-slope rangeland showed significantly higher contents of
coarse and very coarse sands than the upper-slope rangeland soil. This
result might explain why coarse-textured soils were the most erodible
ones in rangelands developed on different soils (La Manna et al., 2016).
It is well known that volcanic porous sands are considered a light frac-
tion (Nanzyo and Kanno, 2018), susceptible to erosion.

Our results suggest a close and complex relationship between soil
OM, aggregation, soil vulnerability to erosion, and OM losses in affor-
ested volcanic soils, modifying OM dynamic. Although plantations in
these coarse-textured soils were found to be effective in controlling
erosion, with low potential erosion rates when the soil remained
covered, even on steep slopes, the sediments were highly enriched in
OM. The improvement in labile OM fractions and aggregate formation
associated with plantations, mainly in the less fertile soils, may increase
the risk of erosion of microaggregates rich in OM and fine textural
fractions. Therefore, misguided forest management and logging strate-
gies can involve large losses of carbon in these volcanic soils.

5. Conclusions

Changes in soil OM associated with afforestation greatly varied
depending on the initial soil OM contents and the age of the plantation.
Less fertile soils showed significant positive changes, with increments in
OM, POM and OM associated with stable macro and microaggregates.
The more fertile soils on the gentle slope also showed positive changes in
OM associated with the afforestation, but these changes were more
erratic and, mostly, of low magnitude. On the other hand, older plan-
tations did not imply an increase in soil OM, at least in the first centi-
metres of the soil. These results, varying according to the age and initial
OM content, agree with the great variation in results found in studies
from Patagonia, which do not allow clear trends to be established
regarding the increase in OM associated with coniferous plantations.

The rise in POM and microaggregation found in afforestations
seemed to favour OM loss by erosion when the soils remained uncov-
ered. Erosion in afforestation involved the removal of microaggregates
rich in OM and silt fractions; in contrast, coarse and very coarse sand
single particles were mainly lost in the rangelands.

Afforestation replacing degraded rangelands may control erosion in
these highly erodible soils, as long as the soil remains covered. Other-
wise, the loss of soil enriched in OM can favour soil carbon depletion.
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