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Land-use change and specifically a change in the type of vegetation cover affects
soil morphology, chemistry, biology, and nutrient regimes. Numerous studies have
documented that in land-use conversions from agricultural land to forest, or from
plantations to restored natural savanna most soil attributes and functions undergo
changes. The purpose of the present study was to evaluate the changes brought
about by afforestation of degraded croplands and to understand the impact of forest
vegetation on soil evolution in a semiarid region where soils originally co-evolved with
a savanna biotope. We used long-term experiments (>40 years) of five tree species:
Pinus halepensis (PH), Pinus halepensis inoculated with ecto-mycorrhiza at planting
(PM), Pinus pinea (PP), Eucalyptus spp. (E), and Gleditsia triacanthos (G) and compared
these to an agricultural soil (A) at the same site near Santa Rosa, La Pampa in the
semiarid center of Argentina. Soil profiles were described, and samples taken for
chemical and physical analyses of soil properties [organic matter (OM), pH, cation
exchange capacity (CEC) and exchangeable cations, particle size distribution (texture),
aggregate stability (MWD), bulk density (BD), porosity (TP), and water holding capacity
(WHC)]. We found a strong effect of tree species on soil profile morphology, even
taxonomy, and on all studied variables. PM and G had highest OM, CEC, neutral
pH, higher TP, WHC, while PH, PP, and E had acid pH, lower base saturation, OM,
TP, and WHC. The effect of tree species on the soil profile was noticeable a depth
of about 40 cm, comprising the A and AC, but not the C horizons. The results
showed that to obtain reasonable results of OM sequestration under forest systems,
tree species should be chosen to include legumes to improve C/N stoichiometry
for C fixation, or inoculation with mycorrhiza to promote microbial transformation of
forest litter.
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INTRODUCTION

Land-use change and specifically a change in the type of
vegetation cover affects soil morphology, chemistry, biology,
and nutrient regimes. Numerous studies have documented that
in land use conversions from agricultural to forest systems
(Lemenih, 2004), or from plantations to restored natural savanna
vegetation (Johnson-Maynard et al., 2002) most soil attributes
and functions undergo changes. These changes are driven by
environmental factors (climate, parent material) and by the forest
species and management. Different forest species resulted in a
wide span of accrued soil organic carbon levels (Crow et al.,
2008; Gurmesa et al., 2013; Prescott and Grayston, 2013; Tang
and Li, 2013; Vesterdal et al., 2013). The effect of species also was
documented for changes in soil physical and chemical properties
such as pH, CEC, and nutrient status (i.e., N and P stocks) (De
Vries et al., 2003). A novel concept regarding soil development or
soil evolution is defining soils as extended composite phenotypes
that co-evolve with the biota associated to each soil in a process
of natural selection that provides benefits to those organisms
that adapt or “engineer” special habitats or niches within a
given soil environment (Phillips, 2009). This concept, based
on the notion of soils as “biomantles” or “excited skin” of
our planet (Phillips, 2009), is much more dynamic than the
traditional view of unidirectional soil development, dependent on
the combination of soil forming factors present in a determined
location. If soils were indeed extended composite phenotypes, a
strong biological change such as caused by the substitution of the
dominant vegetation species, should be reflected by significant
qualitative changes in soils (in addition to quantitative changes
in soil properties) as for instance an effect on soil morphology.
Some studies already pointed out that Corsican pine (Pinus
nigra) caused incipient podzolization in soils of Tuscany, while
at the same time this process was not observed under silver fir
(Certini et al., 1998).

In many areas of the world afforestation was promoted
to restore degraded agricultural lands (Masera et al., 2003;
Mendham et al., 2003; Farley et al., 2004; Niu and Duiker,
2006; Laik et al., 2009; Wei et al., 2013). However, in many
semiarid regions of the world original landcover were grasslands
or savannas, under which very fertile soils, typically Mollisols,
evolved. The Haplustolls, Calciustolls, and Paleustolls of the
central Argentinean Dry Pampas developed under savanna
vegetation, which consists of a dense grass layer of C3 short
bunchgrasses, forbs, and legume trees and shrubs. These soils
were converted to croplands by immigrants during the first half
of the past century, and like the history of the North American
farmlands, prolonged droughts triggered severe soil loss through
wind erosion during the 1930s and 1950s. Afforestation was
promoted to recover the degraded soils and the most ubiquitous
species were Aleppo pine, Stone pine, Black locust, and Eucalypt.
A previous study on afforested soil in this region (Riestra
et al., 2012) already reported on the effect of these species on
some soil chemical and physical properties, concluding that
legumes, such as Black locust, or the inoculation with mycorrhiza
in Stone pine stands were favorable for carbon sequestration
and soil structure.

The present study proposed to deepen our understanding
of the changes brought about by afforestation of degraded
croplands and to understand the impact of forest vegetation on
soil evolution and profile characteristics in a semiarid region
where soils originally co-evolved with a savanna biotope. We
therefore hypothesized that soils under different forest species
would show divergence in their chemical, physical, and biological
properties, even in the relatively short time span after this land
cover conversion took place. We also wondered whether the 50-
year time span was long enough to bring about morphological
changes in the soil profiles, and to which profile depth the effect
of forest species would reach.

MATERIALS AND METHODS

Site Description
The study was carried out at the provincial forest nursery
at Santa Rosa, La Pampa (Figure 1; Coordinates: 36◦34′17′′S;
64◦16′56′′W), on a sandy loam Entic Haplustoll (Usda and Nrcs,
2010). The soils are formed on quaternary aeolian loess deposits
forming extensive undulating plains (Zárate and Tripaldi, 2012)
in a semiarid climate with a mean annual temperature of 15.5◦C
and mean annual rainfall of 750 mm (Casagrande et al., 2006).
The original vegetation is a dry forest or savanna composed
of mainly legume trees of the Prosopis species (e.g., Prosopis
Caldenia, P. flexuosa) and a dense grass cover (e.g., Stipa tenuis,
Poa ligularis, Piptochaetium napostaensis).

The treatments corresponded to four tree species: Aleppo
pine, Pinus haleppensis (PH) and Pinus haleppensis inoculated
with ecto-mycorrhiza at planting (PM); Stone pine, Pinus pinea
(PP); Eucalypt, Eucalyptus spp. (E); and Black locust, Gleditsia
triacanthos (G). The inoculated Aleppo pine treatment was
included in the forest nursery trials since it was thought that
this might improve seedling vigor, seedlings were planted in soil
inoculated with mycorrhiza mycelia that were originally brought
from Croatia (Poduje, personal communication). It is to be noted
that in pine stands that were not grown on inoculated substrate
no evidence of fungi can be found. While there most likely
exist native ectomycorrhiza in the soils, apparently these do not
colonize conifers, perhaps since the native vegetation does not
include any coniferous species.

In addition, a control plot which had been cultivated and
planted to annual crops for the same time (Ag) was sampled,
resulting in six treatments. The size of each forested plot was
approximately 3 ha, and the tree distance were 3 by 3 m for PH
and PM, 3.5 by 3.5 m for PP, 3 by 3.5 m for E, and 4 by 4 m for
G (see Supplementary Material for a map of the forest plots). All
stands were more than forty years old at sampling, and had only
been pruned, but never cut or thinned. No weed control had been
practiced, and the lighter stands had a sparse grass cover.

Soil Sampling and Analytical Procedures
At each treatment site surface samples at two depth layers
(0–6 and 6–12 cm) were collected with steel cylinders with
a fixed volume of 1,060 cm3. For each treatment, 8 replicate
soil samples were taken at random, taking care that in the
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FIGURE 1 | Map of location of the sampling area and aerial view of the afforestation plots near Santa Rosa, La Pampa Argentina. The numbers indicate the
treatments: (1) Aleppo pine (PH), (2) Aleppo pine with ectomycorrhiza (PM), (3) Eucalypt (E), (4) Stone pine (PP), (5) Black locust (G), (6) Agriculture (Ag).

forest treatments sampling points were equidistant between tree
trunks. These samples were used to represent the A-horizon’s
chemical properties, considering that changes in land-use are
most like to be detected in the uppermost soil layers, and that
under soils under native and implanted forest show a strong
stratification of SOC and related properties (Noellemeyer et al.,
2008, 2006; Gili et al., 2010). In addition, a soil pit was dug in
each stand and the soil profile was described according to the soil
survey manual (National Soil Survey Center, 2012; Soil Survey
Staff, 2014). Soil samples were taken from the center of each
horizon for physical-chemical analysis. The sampling was carried
out in spring/summer 2008 and refers to the same treatments
described by Riestra et al. (2012).

Soil samples were oven-dried at 105◦C to constant weight,
and the dry weight of each soil core was used to calculated bulk
density (BD, Mg m−3) as follows:

BD = M/V

Where M is the dry weight of the soil contained in the cylinder,
and V is the volume of the cylinder. Soils in this region do not
contain stones or gravel, wherefore these are not considered in
the determination of BD.

Part of the soil sample was sieved to 2 mm, and roots or any
other plant residue particles were excluded from the samples for
analytical determinations. Total organic carbon (OC, g kg−1)
was determined by wet oxidation with potassium dichromate
in sulfuric acid and colorimetric valuation (Skjemstad et al.,
2003) and total nitrogen was determined by the semimicro
Kjeldahl procedure. Both were made on 0–6 and 6–12 cm
samples separately, whereas pooled samples from both depth
layers (0–12 cm) were used for all other determinations. Particle

size fractions were determined by the Robinson Pipette method
and soil texture was obtained with the textural triangle (Gee and
Bauder, 1986). Particle density (PD, Mg m−3) analysis was carried
out using the standard pycnometer technique (Blake and Hartge,
1986), and total porosity (TP,%) was calculated as:

TP = PD/BD ∗ 100

Field capacity moisture content (FCM,%), and the moisture
retention at different tensions were determined using a sandbox
and pressure plates (Reynolds, 2007a).

The remaining sample that was not sieved through 2 mm
was placed in a battery of sieves with mean diameters of 8,
4, 3, 2, and 1 mm. The soil aggregates that were retained by
the largest sieve corresponded to the > 8 mm aggregate class,
while the ones that passed the 1 mm sieve were < 1 mm class;
both fractions were weighed and then discarded. The remaining
aggregate size fractions were: 4–8, 3–4, and 2–3, which were
utilized for determining the structural stability of the soil (De
Boodt et al., 1967). The structural stability index (SSI) was
calculated as the inverse of the mean weight diameter loss of the
different aggregate size fractions after wet sieving.

Additional 6 cylinders were extracted (244.1 cm−3) in the
A-horizons in order to determine the saturated hydraulic
conductivity (K) in the laboratory, using a constant load
permeameter in undisturbed samples (Reynolds, 2007a).
Infiltration rate was determined using the double ring
infiltrometer (Reynolds, 2007b), with a 21.5 cm inner diameter
and 30 cm outer diameter cylinder inserted 10 cm into the soil.
Four measurements were carried out at each site, on a 20 m
transect, with infiltrometers equidistant at 5 m and at equal
distances to tree trunks.
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Statistical Analysis
Data obtained from soil samples of the horizons described in
the soil profiles were not replicated and therefore no statistical
analysis was performed on them while the samples taken by
the steel cylinder had 8 replicates each and were analyzed by
one-way analysis of variance and Tukey test (p < 0.05) to
determine significant differences between means. A principal
component analysis (PCA) was carried to with the data of pH,
CEC, C/N, BD, SSI, and IR from replicated samples to establish
the relationships among variables and between these variables
and the different treatments. All statistical analyses were carried
out with InfoStat/P software (Di Rienzo et al., 2017).

RESULTS

Soil Morphology
Table 1 shows the morphological and chemical characteristics of
soil profiles under different forest treatments compared with an
agricultural soil as control. Profiles were similar with regards to
their total depth (106–140 cm), except for G, which was 200 cm
deep, and they also had a similar horizon sequence of A, AC,
C, Ck. All forest soils, except G, had organic horizons above the
mineral A-horizon, varying in thickness between 2 and 5 cm,
while E also had an Oe –horizon. PH and G developed stronger
A-horizons (A1, A2), which reached a depth of 30 and 50 cm,
respectively, while all other profiles had A-horizons that did not
exceed 24 cm depth.

The color of soil horizons varied between 10 YR 3/2 moist, and
10 YR 3/3 dry in surface soil, and 10 YR 3/4–5/3 moist, and 10 YR
4/4–5/3 dry in C-horizons (data not shown). Aggregate structure
followed a gradient from sub-angular blocks in A-horizons to
angular blocks in deeper ones. The exception was G where a
granular structure was found in the A1 horizon. This treatment
also showed most abundant roots in this horizon while these were
very scarce in all other profiles.

Soil Chemical Properties
Base saturation (BS) and carbon contents (C) of all A-horizons,
except E and PP, were well above the established limits for
Mollisols (> 50% BS and ≥ 1% organic matter) (Table 1).
The highest value for BS in A-horizons was found in G (97%),
followed by Ag (85%) and PH (70%), while the lowest values
corresponded to PP (49%) and E (49%), just below the threshold
to be classified as a mollic epipedon. These data matched with the
pH values, which were highest in Ag and G (both 7.0), whilst all
other forest A-horizons had more acidic pH, with lowest values
in PP (4.6) and E (4.9). The acidification of these profiles reached
a depth of about 30–40 cm, below which all profiles had similar
pH values of between 7 and 8. Cation exchange capacity values
also were higher in all A-horizons of forest soils, ranging from
17 to 20 Cmolc kg−1, compared to the Ag treatment (16 Cmolc
kg−1). Highest exchangeable Ca concentrations were found in the
A-horizon of G (13.8 Cmolc kg−1), and lowest ones corresponded
to PP and E (4.2 and 3.1 Cmolc kg−1, respectively).

The A-horizons also varied widely in their C contents in the
upper 6 cm, ranging from 7.6 g kg−1 in PP to 31.3 g kg−1 in

G (Table 1), and all forest treatments except PP, had higher C
contents than Ag (9.1 g kg−1).

The differences between forest and agriculture soils, as well as
among forest profiles were noticeable down to the AC-horizons,
below this depth (C horizons) all profiles showed similar values
in BS, C, pH, CEC, and exchangeable Ca. The high Ca values of
C-horizons, and correspondingly high BS (>100%) were due to
free Ca-carbonate that was not eliminated before exchangeable
cation extraction. The presence of free Ca-carbonate in the soil
mass varied among profiles from a depth of around 50 cm in PH,
PP and G to about 100 cm in Ag and E.

The comparison of OC and N contents in the replicated
samples (Table 2) revealed that PM and G had significantly higher
carbon (34.0 and 32.7 g kg −1, respectively) and nitrogen (4.4
and 4.8 g kg−1, respectively) contents in the uppermost layer
than the other forest treatments (PH 24.3 and 2.8, E 17.9, and
1.6, and PP 13.5, and 1.2 g kg−1 of C and N, respectively) and
the agriculture plot (9.3–0.8 g kg−1 for C and N, respectively)
(Table 2). The highest C/N ratios were found in E, PP, and
Ag (11.2, 11.3, and 11.3, respectively), and the lowest one in G
with 6.7, and PM and PH were intermediate with values of 7.1
and 8.7, respectively. Although PM and PH soils had different
OC and N contents, their C/N ratio was similar. However, in
the 6–12 cm depth layer there were no significant differences
among treatments for OC, with values ranging from 10.5 to
11.9 g kg−1, but N contents were significantly higher in PM
and G (0.98 and 1.02 g kg−1, respectively), resulting also in
lower C/N ratios for these treatments. In all forest soils a
strong stratification of OC and N was observed, for instance
topsoil OC in PM and G was 3 and 2.7 times higher than
OC in the 6–12 cm layer, respectively. This was not the case
for Ag (0.9 times higher), and of all forest treatments PP soil
was least stratified (1.2 times higher value in 0–6 than in 6–
12 cm).

Soil Physical Properties
Soil particle size distribution varied very little for the A horizons
of the treatments (Table 3) and all soils had a sandy loam
texture throughout their profiles (data not shown). The physical
conditions of the A-horizons differed considerably among the
treatments (Table 4). The highest bulk density was found, as
expected, in the Ag soil, and the lowest values were for the E
and G treatments. For the two Aleppo pine treatments, the one
with mycorrhiza showed lower BD, than the non-inoculated one,
which had a similar value as PP. Particle density was also different
among the treatments, although more similarities were found
than for BD. Thus, E had the lowest value, followed by PM (1.96
and 2.11 Mg m−3, respectively) while the highest PD was found in
G and Ag. Total porosity was highest in the G treatment (59.1%),
and the difference to the lowest values in the Ag, PH and PP
soils was more than 20% less porosity for the latter. The moisture
contents at field capacity were highest in G and PM, whereas PP
had an even lower value than the PM and Ag soils (11.9, 13.2, and
13.8%, respectively).

Similarly, the SSI was best in PM and G soils (1.26 and 1.30,
respectively), PH, E, and PP were intermediate (1.16, 1.13, and
0.96, respectively), while the Ag soil had a much inferior value
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TABLE 1 | Properties of the soil profiles under different forest species (total organic carbon-TOC; cation exchange capacity-CEC).

Treatment Horizon Depth TOC pH Ca2+ Mg2+ Na+ K+ CEC Base saturation

cm Cmolc kg−1 (%)

Pinus halepensis Oi 0–4 – – – – – – – –

PH A1 4–18 18.1 5.5 6.7 1.9 0.6

2.2 17.2 67

A2 18–30 8.1 5.8 6.7 2.8 0.6 2.7 15.2 84

ACb 30–55 4.6 7.1 7.6 2.8 0.6 2.1 16.4 80

CKb 55–107 – 7.9 25.5 0.9 0.7 1.3 16.8 168

Pinus halepensis with mycorrhiza PM Oi 0–4 – – – – – – – –

A 4–21 29.7 6.3 8.0 2.3 0. 2.5 19.2 70

ACd 21–40 9.5 6.8 7.1 3.2 0.6 2.8 18.4 75

C 40–73 – 7.1 9.8 2.7 0.6 2.5 17.6 89

Ck 73–116 – 8.0 27.2 0.8 0.7 2.3 16.8 185

Eucalyptus spp. E Oi 0–3 – – – – – – – –

Oe 3–5 – – – – – – – –

A 5–20 11.8 4.9 3.1 2.3 0.8 2.3 17.2 49

AC 21–40 8.6 5.5 4.9 2.9 0.8 2.4 16.0 69

C 40–97 – 7.7 8.5 2.3 0.6 2.0 16.8 80

Ck 97–106 – – – – – – – –

Pinus pinea PP Oi 0–2 – – – – – – – –

A 2–24 7.6 4.6 4.2 2.0 0.7 2.6 19.2 49

AC 24–47 4.7 5.0 5.4 2.3 0.5 2.6 19.2 56

Ck 47–139 – 7.9 25.9 1.3 0.7 2.7 19.6 156

Gleditsia triacanthos G A1 0–18 31.3 7.0 13.8 1.7 1.4 2.6 20.0 97

A2 18–50 9.3 6.4 7.1 1.9 1.2 2.6 19.6 65

ACk 50–71 3.9 7.8 24.1 0.9 0.4 2.7 19.2 146

Ck 71–200 – 8.2 25.9 2.1 0.5 2.9 19.2 164

Agriculture Ag Ap 0–27 9.1 7.0 8.0 2.3 0.6 2.7 16.0 85

AC 27–47 4.5 6.8 5.8 2.8 0.6 3.0 14.8 83

C 47–104 – 7.9 8.9 3.6 0.6 1.6 16.0 92

CK 104–127 – 8.1 24.6 1.3 0.6 1.6 16.0 176

Samples were taken from the center of the horizons.

(0.47). In short, Ag and PP soils had the worst physical condition,
while the best soil structure was found in G and PM.

The hydraulic properties (Figure 2) reflected the differences in
soil structure and porosity. The best hydraulic conductivity was
found in PM and G soils (17.5 and 15.4 cm h−1, respectively),
and the lowest conductivity corresponded to E and Ag soils
(2.7 and 5.8 cm h−1, respectively). The difference in magnitudes
was important since PM had 6.5 times and G 5.7 times the
hydraulic conductivity of the soil under eucalypt forest. Similarly,
the infiltration rate was lowest in E and PP (111- and 78-mm h−1,
respectively), which represented on average 2.7 times less than the
best treatments (PH, PM, and G).

The principal component analysis (Figure 3) explained 90.7%
of the variability of the chosen variables (pH, CEC, C/N, SSI,
BD, and IR). The first PC was defined positively by C/N and
BD, and negatively by CEC, SSI, and IR, while the second PC
was primarily defined by pH and IR (Table 5). Among the forest
treatments, G and PM were associated with high IR, CEC, and
SSI, while on the opposite side PP an E were associated to high
C/N and BD. An intermediate position was shown by PH. On the
second PC, Ag and to a lesser degree G were different from the

other treatments and more related with higher pH while E and
PP were in the opposed segment of the bi-plot, indicating lowest
pH values and IR. The correlation matrix among the original
variables (Table 6) showed that SSI and BD were strongly and
negatively related (R2 = –0.93) as was to be expected, like the
negative relation between BD and IR (R2 = –0.74). However,
these indicators of soil structure were also related to chemical
properties such as CEC (BD vs. CEC: R2 = –0.72) and C/N
(IR vs. C/N: R2 = –0.94; and C/N vs. BD: R2 = 0.91). This
indicated that soil physical, biological, and chemical indicators
were interrelated and connected.

DISCUSSION

The fact that soil texture showed no meaningful variation among
soil profiles indicated that parent material and its particle size
distribution was sufficiently similar as to be able to attribute
differences in chemical and physical properties to the effect of
land use and forest species. The data obtained showed that the
effects of the five forest treatments on the original Haplustoll soil
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generated significant differences in the morphology of their soil
profiles and their chemical and physical attributes.

The most important divergences were seen under E and
PP forestations, where acidification of the A and AC horizons
resulted in a change in the taxonomic classification, assigning
these soils to the Alfisol soil order, due to the fact that

TABLE 2 | Total organic carbon (OC), total nitrogen (N) contents and carbon to
nitrogen ratio (C/N) in the 0–6 cm and 6–12 cm depth layers of A-horizons under
the five forest treatments (PH, Pinus halepensis; PM, Pinus halepensis with
mycorrhiza, E, Eucalyptus spp.; PP, Pinus pinea; G, Gleditsia triacanthos) and the
agriculture plot (Ag).

Treatment Depth
(cm)

OC N C/N

0–6 6–12 0–6 6–12 0–6 6–12

g kg−1

PH 24.3b 10.5a 2.76b 0.78b 8.7b 13.5a

PM 34.0a 11.2a 4.37a 0.98a 7.9bc 11.4b

E 17.9c 10.3a 1.60c 0.72b 11.2a 14.3a

PP 13.5d 10.5a 1.20c 0.76b 11.3a 13.8a

G 32.7a 11.9a 4.84a 1.02a 6.7c 11.7b

Ag 9.3e 10.3a 0.84d 0.88ab 11.3a 11.7b

Different letters within a column indicate significant differences among means
(p < 0.05).

TABLE 3 | Particle size distribution and texture class in the uppermost 0–12 cm of
A-horizons under the five forest treatments (PH, Pinus halepensis; PM, Pinus
halepensis with mycorrhiza, E, Eucalyptus spp.; PP, Pinus pinea; G, Gleditsia
triacanthos) and the agriculture plot (Ag).

Treatment Sand Silt Clay Texture class

(g kg−1)

PH 620a 226a 145a Sandy loam

PM 640a 223a 123a Sandy loam

PP 645a 218a 136a Sandy loam

E 638a 221a 117a Sandy loam

G 653a 214a 121a Sandy loam

Ag 659a 209a 131a Sandy loam

Different letters within a column indicate significant differences among means
(p < 0.05).

with less than 50% base saturation a soil does not classify
as a Mollisol (Soil Survey Staff, 2014). The calcium loss
and acidification brought about by coniferous forest species
has been shown in other climatic and soil conditions, and
several mechanisms including an increase in organic acids, acid
deposition, and absorption of nutrients have been proposed
as the reasons for this (Mareschal et al., 2010). It has also
been shown that poor leaf litter quality contributes to the
absence of a burrowing earthworm community, which retards
leaf litter decomposition and, consequently, leads to forest-
floor build-up and soil acidification (Schrijver et al., 2012).
Certini et al. (1998) attributed the acidity of stemflow under
pine to cause the leaching of cations and organic matter. Both
these latter processes most likely occurred in the Eucalypt and
Stone pine plots of our experiment. Similar trends of enhanced
acidification under Eucalypt plantations have been reported
in Ethiopian abandoned farmland soils, where the authors
concluded that soil properties deteriorated under Eucalypt
(Lemenih, 2004). While this deterioration was strongest in the E
and PP soils, PH also had an acid pH and lower base saturation
than the G and Ag soils. A general and stronger trend of leaching
of base cations and subsequent acidification in forested lands
compared to grasslands was the result of a long-term assessment
in Canadian soils (Cho et al., 2019). Our results showed that
soil acidification will occur even in calcareous soils that were
originally covered by grassland steppes or savannas. The scarcity
of results on afforestation effects on steppe soils makes is difficult
to estimate whether this trend can be generalized. However,
Jobbágy and Jackson (2003) also found that afforested grassland
soils of the humid Pampas suffered acidification and calcium
loss to a depth of between 35 and 60 cm. In our case the only
legume among the forest species and the mycorrhiza-inoculated
pine were able to retain base cations and conserve a neutral to
slightly alkaline pH, similar to the values of the natural grassland
Mollisols of this region (INTA et al., 1980). This might be related
to differences in other chemical and biological properties the G
and PM soils, compared to the E, PP and PH treatments. The
former had significantly higher carbon and nitrogen contents in
the topsoil compared to the latter, and lower C/N ratios indicating
that the litter quality and nitrogen availability were improved in G
and PM, while E, PP, and PH had lower quality litter and lower N
inputs. Högberg (2007) reported that most boreal and temperate

TABLE 4 | Soil physical properties of the upper 6 cm of A-horizons of forest (PH, Pinus halepensis; PM, Pinus halepensis with mycorrhiza, E, Eucalyptus spp.; PP, Pinus
pinea; G, Gleditsia triacanthos) and agricultural (Ag) soil profiles at the Santa Rosa site.

Treatment Bulk density Particle density Total porosity Field capacity moisture content Structural stability index

Mg m−3 % % w/w

PH 1.12b ± 0.10 2.14ab ± 0.14 47.9c ± 3.51 12.2bc ± 2.04 1.16b ± 0.33

PM 1.05c ± 0.12 2.11b ± 0.06 50.4b ± 5.53 14.2a ± 1.05 1.26a ± 0.45

E 0.97d ± 0.09 1.96c ± 0.11 50.8b ± 4.22 14.2a ± 1.52 1.13b ± 0.55

PP 1.13b ± 0.04 2.20ab ± 0.07 48.9bc ± 1.49 11.9bc ± 0.73 0.96c ± 0.18

G 0.96d ± 0.10 2.35a ± 0.11 59.1a ± 3.22 13.9a ± 2.40 1.30a ± 0.53

Ag 1.21a ± 0.05 2.24a ± 0.09 45.5c ± 3.17 11.6c ± 0.93 0.47d ± 0.12

SD values are shown as ±. Different letters within a column indicate significant differences among means (p < 0.05).
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FIGURE 2 | Hydraulic conductivity (K, cm h−1) and infiltration rate (IR, mm h−1) in the five forest treatments (PH- Pinus halepensis, PM- Pinus halepensis with
mycorrhiza, E-Eucalyptus spp., PP-Pinus pinea, G-Gleditsia triacanthos) and the agriculture plot. Different letters indicate significant differences among means
(p > 0.05), bars indicate SD.

FIGURE 3 | Bi-plot of the principal component analysis for the five forest treatments and the agricultural soil. Variables are pH, cation exchange capacity (CEC),
infiltration rate (IR), structural instability index (SSI), bulk density (BD), and carbon to nitrogen ratio (C/N).

forests are nitrogen limited and respond with higher carbon
sequestration to anthropogenic nitrogen inputs. The N-limitation
in E, PP and PH might therefore be one of the reasons for their
lower carbon contents, due to the restriction this imposes on
microbial activity. This has been shown for agricultural soils in
this region, where crop sequences without legumes accumulated
litter on the soil surface, but had lower topsoil carbon contents

(Frasier et al., 2016), similarly Almagro et al. (2021) found that
higher N availability in residues promoted C and N stabilization
in soil aggregates. In the PM soil, the enhanced decomposing
activity due to the presence of ectomycorrhiza facilitated the
nutrient cycling and carbon stabilization in the soil, as has been
reported for different types of forests (Wallander et al., 2011;
Clemmensen et al., 2013; Li et al., 2015). Lin et al. (2017) found
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TABLE 5 | Correlation between the original variables and the principal
components.

PC 1 PC 2

IR −0.86 0.42

CEC −0.72 −0.39

pH −0.37 0.89

C/N 0.98 −0.19

SSI −0.83 −0.51

BD 0.97 0.19

Variables are pH, cation exchange capacity (CEC), infiltration rate (IR), structural
instability index (SSI), bulk density (BD), and carbon to nitrogen ratio (C/N).

TABLE 6 | Correlation between variables used in the principal component
analysis.

IR CEC pH C/N SSI BD

IR 1

CEC 0.34 1

pH 0.63 0.04 1

C/N −0.94 −0.6 −0.52 1

SSI 0.54 0.67 −0.18 −0.71 1

BD −0.76 −0.72 −0.19 0.91 −0.93 1

Variables are pH, cation exchange capacity (CEC), infiltration rate (IR), structural
instability index (SSI), bulk density (BD), and carbon to nitrogen ratio (C/N).

that trees which live in symbiosis with ectomycorrhiza usually
have greater forest-floor C stocks, but also might accrue more
C in the mineral horizons as occurred here in the case of PM
compared to its uninoculated counterpart, PH. The authors
attribute this to the fact that ectomycorrhiza on one hand have a
lower decomposition rate than other soil microorganisms, and on
the other hand they can take up organic N compounds from soil
organic matter, thus enabling the transformations of low-quality
forest litter. This also seems to explain the slightly lower C/N
ration in the PM soil compared to PH.

The C/N ratios observed in these forest soils were considerably
lower than those reported from a study on European forest
soils under different tree species, where black locust forest floor
had a ratio of less than 20, while evergreen trees had higher
ones (>30). In the mineral topsoil these ratios were lower, for
instance an average ratio of 17.6 was found for Aleppo pine
(Cools et al., 2014). But these authors also found a strong effect
of environmental conditions such as mean annual temperature
and precipitation, indicating that warmer and drier climates
generally had lower soil C/N ratios than cold and humid regions.
Soil type also influenced C/N, with lowest values in Chernozem
and Kastanozem A horizons. The soils of the present study
would be classified as Kastanozem (IUSS et al., 2015) and under
natural savanna vegetation have C/N ratios between 6 and 8
(Noellemeyer et al., 2006).

The amount of carbon stored under Eucalypt and Stone pine
forest was lower than under Black locust and ecto-mycorrhiza-
inoculated Pine plantations, while the Aleppo pine soil had an
intermediate value of OC and showed an intermediate position
with regards to other soil properties analyzed by the PCA. The

strong correlations between biological (C/N), chemical (CEC,
pH), and physical properties (SSI, IR) showed that all three
dimensions of soil fertility are interrelated and that the effect of
the vegetation to sequester more carbon also results in improved
soil structure and chemical properties. The strong feedback
between soil physical and biological processes in these soils was
already shown by Fernández et al. (2019) in a comparison of
natural vegetation and agricultural sites.

Soil physical properties under the different forest species
also showed significant divergence. Lower organic C stocks
and pH, and consequently less Ca2+ in the soil solution for
colloidal stabilization, affected soil structure and pore system
(Rawlins et al., 2016; Helliwell et al., 2017). Therefore E,
PP, and PH had consistently poorer values for soil physical
quality indicators (i.e., higher BD, lower porosity, lower SSI)
than G and PM. This reflects the strong interaction between
soil pores and soil carbon processes (Kravchenko and Guber,
2017). The deficient hydrological integrity of the soils under
E, PP, and PH is clear from their extremely low hydraulic
conductivity and infiltration rates, compared to PM and G,
indicating high runoff even in rainfall events with low intensity.
The low infiltration and hydraulic conductivity are strongly
conditioned by the poor soil structure, including pore size
distribution and morphology (Fernández et al., 2021). This is
probably aggravated by the hydrophobicity of the forest floor
under these species. Ellerbrock et al. (2005) found that for
soil organic carbon contents <10 g kg−1 wettability increased
with OC content, while it decreased for OC contents >10 g
kg−1, but they also attributed wettability to organic matter
composition, presumably the higher lipid contents of the
litter floor under eucalypt and conifers would cause higher
water repellency (Mataix-Solera and Doerr, 2004; Bodí et al.,
2013). However, the hydrophobicity also depends strongly on
the soil moisture content, and stronger water repellency was
observed at lower moisture contents (Greiffenhagen et al.,
2006), which would be aggravated by the fact that evergreen
trees were shown to have a drier soil regime since the
throughfall rate of rainwater is lower than in deciduous trees
(Augusto et al., 2015).

Thus, in terms of chemical, biological, and physical fertility
afforestation with Eucalypt and uninoculated conifers did not
result in an improvement. On the contrary, these species
deteriorated soil quality, similar to the results of Liu et al. (2021),
who concluded that the use of native shrubs and grasses was
more effective for restoring soil fertility on degraded croplands
than afforestation.

CONCLUSION

Our results confirmed that Eucalypt and Pine plantations
without ectomycorrhiza have a deleterious effect on soil
biological, chemical, physical conditions, and on the soil profile
morphology, resulting in a different taxonomic order for these
soils, due to their low base saturation. On the other hand,
the soils under Black locust and Aleppo pine with mycorrhiza
showed significantly better physical and hydraulic conditions,
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which is to be expected given their higher organic matter
and nitrogen contents, and lower C/N ratio, indicating that
microbial activity was not limited by substrate quality nor by
habitat restrictions. The inoculation of pine with ectomycorrhiza
and the higher nitrogen availability under the legume species
resulted in a positive change of soil biological and physical
conditions, enhancing the importance of biological activity for
essential soil functions to be preserved. However, considering the
scarceness of information of the effects of plantations on steppe
and grassland soils, further studies are needed to confirm the
proposed processes and effects caused by different forest species
on dryland Mollisols.
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