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Abstract: Despite the global expansion of forest plantations in Chile, their effect on biology properties
of soil has still been only scarcely studied. Land use change in the Chilean Coastal Cordillera (36°
to 40° S) is mainly attributed to the conversion of native forest to agriculture and forest plantations
(Eucalyptus globulus and Pinus radiata de Don). The aim of this paper was to evaluate the changes
in microbial composition (PCR-DGGE) and enzyme activity after the substitution of a native forest
(e.g., Nothofagus spp.) by fast-growing exotic species and cropping. The most important factors that
influence the abundance and diversity of bacteria and the fungi community were the soil organic
matter (SOM) content, phosphorous (P-Olsen), calcium (Ca), boron (B), and water-holding capacity.
These variables can better predict the microbial community composition and its enzymatic activity in
the surface Ah horizon. Land use change also affected chemical soil properties of biogeochemical
cycles. However, to deeply understand the connection between chemical and physical soil factors
and microbial community composition, more research is needed. On the other hand, the expansion
of forest plantations in Chile should be subject to legislation aimed to protect the biological legacy as
a strategy for forest productivity as well as the soil microbial biodiversity.

Keywords: eucalyptus plantations; agricultural crops; land use change; biochemical soil properties;
soil biodiversity

1. Introduction

Increasing land conversion rates from native forest to forest plantations and agri-
culture land has led to the widespread and dramatic degradation of forest ecosystems
worldwide [1]. This has promoted a decline in forest biodiversity, primary productivity,
carbon sequestration, freshwater supply, ecological value, and ecosystem services [2—4].

Numerous reports have emphasized that changes in land use influence soil fertility and
soil organic matter (SOM) even for redox controls [5,6]. Many others, e.g., Baldrian [5], state
that SOM transformation depends on the soil microorganisms” activity, mainly fungi and
bacteria. The understanding of these microbe-mediated processes is critical in maintaining
the role of ecosystem services provided by forests [7], e.g., the biogeochemical cycles of
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carbon (C), phosphorus (P), and nitrogen (N). While plants are the key drivers of C uptake
from the atmosphere in forests, soil microorganisms play an essential role as symbionts,
pathogens, and organic matter decomposers, which influences the C turnover and the
availability of other nutrients [5,8]. Therefore, most research on forest soil ecology has
focused on fungi, which are considered the primary decomposers in forest soils because
of their ability to produce a wide range of extracellular enzymes [7,9]. Thus, fungi play a
pivotal role in P and C mobilization and sequestration in forest soil [10]. However, recently,
most studies have focused on bacteria’s role as the principal agents for the biogeochemical
cycling of forest ecosystems [5,7]. Bacteria are the primary natural agents involved in
nitrogen fixation [7,11], as well as being responsible for mineral weathering that releases
nitrogen and inorganic nutrients into the soil [11,12]. Accordingly, bacteria and fungi
should not be viewed separately [7].

Chile has the largest area of temperate forest in South America, comprising more than
half of the total area of the southern hemisphere [13]. Nevertheless, Chile’s temperate
forests are being harvested to supply the increasing global demand for wood and paper
products through its conversion to crop- and grassland, human settling, fires, selective
logging, and other logging practices [14]. Central Chile has lost more than 80% of its
original vegetative cover, making it the most deforested region in Latin America [15,16].
Therefore, soils have been eroded, and the ecosystem services provided by native forests
have been reduced, mainly in the soils of the Chilean Coastal Range [2,17-21]. Despite
this, the effects of land use change of native temperate rainforest on exotic plantations
in southern latitudes on soil microorganisms (fungal and bacteria diversity) and enzyme
activities have been scarcely studied [22,23]. This inevitably hampers the human ability
to mitigate anthropogenic influences on this unique ecosystem, as bacteria and fungi is
essential for the prediction of the forest response to future environmental conditions [24].

In this study, we investigated the impact of land use on soil enzyme activities and
microbial communities (abundance and diversity) of bacteria and fungi after replacing
native Nothofagus spp. forests, mixed with sclerophyllous species, with fast-growing exotic
species and crops in the Chilean Coastal Cordillera soils. We hypothesized that the soil
microbial community and enzyme activities are affected by the alteration of nutrient pools
induced by land use change from native Nothofagus forests to plantations under non-
intensive management. Thus, we want to answer the following research question: which
physicochemical properties factors explain the differences in the microbial community
composition and enzyme activities associated with land use practices (native forest versus
monoculture eucalyptus plantations and conventional agriculture)?

2. Materials and Methods
2.1. Site Description and Soil Sampling

This research was conducted in south-central Chile (37°18’ S and 73°28’ W) (Figure 1).
Soil samples were taken from different vegetation covers and land use areas. Four perma-
nent plots (25 m x 20 m) were delimited in a native forest (NF), a young plantation (YP),
an adult plantation (AP), and agricultural crops (AC). The NF was a degraded transition
forest of Nothofagus obliqua (Mirb) Oerst and sclerophyllous species (e.g., Cryptocarya alba
Mol. Looser, Lithraea caustica Molina Hook et Arn). The YP was a four-year-old second
rotation of Eucalyptus globulus Labill. The AP was a ten-year-old plantation of the first
rotation of E. globulus, and the AC was an agricultural area used to produce cereals (annual
crops) and potatoes. According to the USDA classification, the soil was a typical mesic
Humic Hapludults [25].
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Figure 1. Map of the study area and delimitation of the catchments. Red squares show the studied
areas: native forest (NF), young plantation (YP), adult plantation (AP), and agricultural crop (AC).

In each study area, we randomly selected three different plots, and from each plot we
collected a composite sample (from five soil samples) from the Ah (0-20 cm deep approx.)
and Bh horizons (20-55 cm deep approx.), respectively. The sampling was repeated three
times per horizon (two horizons) and vegetation cover (four), totaling 24 soil samples. Soil
samples were transported to a laboratory where the soil was sieved (2 mm) and debris and
stones were removed. Visible coarse organic materials were removed through handpicking.
Afterward, soil samples were stored at 4 °C for biological analysis. For the total DNA
extraction and for further studies, soil samples were kept at —20 °C. Soil sampling were
performed in autumn 2015.
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Bulk densities were determined by pushing steel cylinders with a known volume
(200 cm?) into the undisturbed soil [26]. Soil weight was determined after drying it at
105 °C for 48 h. Soil texture was determined using the Bouyoucos method [27]. Soil
samples were analyzed for total organic C using the Walkley—Black method [28]. Soil
organic matter (g kg ') was determined from organic C, using a conversion factor of 1.724,
assuming that organic matter contains approximately 58% organic C [28]. Subsequently,
NO3~ (mg N kg~!) was extracted with 2 mol L~! KCI and determined by distillation with
Devarda alloy and titration with HySO4 (0.0025 mol LY, according to Sadzawka et al. [27].
Soil pH was measured in H,O at a 1:2.5 soil solution ratio, with a glass electrode pH meter,
following the methods described by Hirzel et al. [29]. Available phosphorus was extracted
with 0.5 M sodium bicarbonate (pH 8.2), according to Olsen et al. [30], and amorphous Al
and Fe were extracted with a 0.2 M ammonium oxalate/oxalic acid buffer of pH 3.0 [31] and
were determined using atomic absorption spectrometry (Shimadzu AA-6200, Germany).
To measure the bases, K, Ca, and Mg were determined according to Rivas et al. [32].

2.2. Soil Enzyme Activities

Enzyme and microbiological soil activities were measured over fresh soil samples
or stored for a short time at 4 °C. Samplings were carried out for two years every three
months (January 2014 to January 2016). According to Wu et al. Campo [33], the cellulase
activity was determined using carboxymethyl cellulase as a substrate. Soil cellulase activity
was determined spectrophotometrically at 595 nm and expressed as pg of glucose g~! dwt
24 h~1. Soil urease activity was determined by staining the ammonium released into the
incubation solution at 37 °C for two hours, according to Pinto-Poblete et al. [33], using urea
as substrate. Soil urease was determined spectrophotometrically at 660 nm after treating
the incubated soil sample with KCl and HCI. The soil urease activity was expressed as ug
NH4*-N g~! dwt 2 h~! of soil. The hydrolysis of fluorescein diacetate (FDA) was analyzed
according to Khadem et al. [34], using fluorescein diacetate (1000 pg mL 1) as substrate.
Fluorescein was measured with a spectrophotometer at 490 nm. The FDA activity was
expressed as g of fluorescein g~ 'dwt h~!. All activities were measured in triplicate.

2.3. DNA Extraction

Smaller soil samples of 0.2-0.3 g were processed for DNA extraction using the
PowerSoil® DNA Isolation Kit (MoBio Laboratories, Inc., Carlsbad, CA, USA) following
the manufacturer’s protocol and mechanical disruption via bead beating (FP120; Q-biogene
Inc., Carlsbad, CA, USA). The quality of DNA was evaluated by agarose gel electrophoresis.
Final DNA extracts were eluted into 50 mL of sterile H,O and stored at —20 °C. All DNA
analyses were conducted on 10-fold dilutions (working solution) held at —20 °C.

2.4. Microbial Community Analyses

The effect of soil land use on the composition of bacterial and fungal communities
was evaluated by polymerase chain reaction-denaturing gradient gel electrophoresis (PCR-
DGGE). For this, 16S rRNA and 18 rRNA genes were amplified using the primer sets
EUBf933-GC/EUBr1387 for bacteria and NS1/NS8 and NS7-GC/F1Ra for fungi. A PCR-
DGGE analysis was carried out as described previously by Jorquera et al. [35]. The PCR-
DGGE analysis was performed in a 9% (w/v) polyacrylamide gel with a gradient of 55 to
70% for bacteria and 30 to 60% (urea and formamide) for fungi. The electrophoresis was
run for 12 h at 100 V, after which the gels were stained with SYBR Gold (Molecular Probes,
in vitro gen Co.) for 30 min and photographed on a UV transilluminator. Each band
was inferred to represent a distinct operational taxonomic unit (OTU), and band intensity
was used to indicate relative abundance [36]. Representative bands in DGGE gels were
carefully cut out; run again in DGGE gel after re-amplification, to ensure that the excised
bands did not contain multiple bands; and then sequenced by Macrogen, Inc. (Seoul,
South Korea) [35]. The nucleotide sequences were assembled and edited in Sequencher®
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version 5.4.6. The sequences of the nearest species for each isolate were retrieved from the
Gen Bank database from the National Center for Biotechnology Information (NCBI).

2.5. Statistical Analysis

The results of PCR-DGGE were analyzed using the multivariate statistics software
Primer V.7 (Primer-E Ltd., Plymouth, UK). The PCR-DGGE band profiles were com-
pared, and the dendrograms were generated. The similarity matrix was calculated using
Bray-Curtis similarity and visualized using non-metric multidimensional scaling (nMDS)
(Primer-E Ltd., Plymouth, UK).

A two-way ANOVA was used to evaluate the effect of the soil land use and soil
horizons on the physic-chemical properties, richness, and Shannon-Wiener index of bacteria
and fungi. Regarding enzyme soil activities, a three-way ANOVA was used to evaluate
the effect of the soil land use, soil horizon, and season (for two years) (Table S1). All
databases were tested for variance homogeneity and normal distribution. The non-normal
distribution of data were transformed. In cases where a significant influence of soil use,
horizon, season, or the interactions between these factors was found, post hoc Tukey’s tests
were carried out to assess differences (p < 0.05). Additionally, Pearson’s correlation analysis
was performed on each of the response variables to determine which were correlated and
then to consider their use in model building (Table S2).

The relationship between soil variables, PCR-DGGE banding patterns, and enzyme
activities was used to identify the variables for predicting microbial measures through
multiple regression models. In this context, a PCA was carried out to explore the data and
detect variables representing the most variable contributions. Multiple regression models
were built for biological variables (enzyme activities and community attributes). All these
analyses were carried out in R v3.4.3 with RStudio v1.1.383. During modeling, predictors
were compared using correlation coefficients and their significance; multicollinearity was
avoided by carefully selecting non-redundant explanatory variables, which were highly
correlated with response variables. The modeling procedure was stepwise and manual,
using a combination of model building and simplification. The first model was built from
the null model (the mean), adding terms in order of explanatory power defined as the
change in the residual sum of squares, resulting from adding individual terms to the current
model. Only the response variables that presented significant correlations (p < 0.05) among
the explanatory variables were considered. Finally, the model-building process ended
when no more terms were significant, and the Akaike information criterion (AIC) was
reduced insofar as possible.

3. Results
3.1. Soil Physicochemical Properties

The physicochemical properties of studied soils under different vegetation (native for-
est, young plantation, adult plantation, and agricultural crop) are shown in Tables 1 and 2.
The four studied ecosystems presented different textural classes: NF and YP are grouped
as clay soils, while AP and AC as sandy—clay—loam soils in the Ah horizon. In the first
horizon, field capacity, and permanent wilting point differed under different vegetation
compositions; NF presented the highest field capacity and permanent wilting point, even
when adjacent to YP. No differences in bulk density were found among sites (Table 1).
Regarding the chemical characteristics of the different types of soils in the first horizon (Ah),
NF displayed the highest MOS, Mn, Zn, Cu, and N contents, compared with YP, AP, and
AC (Table 2). Nutrient contents were generally higher in clay soils than in sandy-clay—loam
soils (Table 2). In the Bt-h horizon, there were no significant differences among land uses
except for Al and Mn (Tables 1 and 2).
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Table 1. Physics soil properties of the native forest (NF), young plantation (YP), adult plantation
(AP), and agricultural crop (AC) in catchment soils. Similar capital letters do not differ significantly
between the two averages (Tukey’s test at 5% significance).

Soil O¢c PWP Pb Clay Silt Sand Soil Survey
Ecosystem
Horizon A g cm 3 o (USDA)
Al 403b 2944 1.252 50.112 23.33b 26.554 Cla
NE : 08 04 ~0.06 —031 023 ~028 y
Bh 422b 31.9¢ 1372 34814 15.27 2 49912 Sandv clav loam
. 08 04 ~0.03 032 023 028 ycay
Ah 27.4de 19.6f 1422 48.38b 37.09 d 14.54 8 Cla
y : —0.8 14 —0.04 032 025 ~033 y
P Bh 24.0¢ 179f 1462 50.94 b 29.91¢ 19.15f Sandv clav loam
- 07 —04 023 —031 —0.24 —058 yeay
333¢ 2824 1.322 36.38 48.73 b 14.89 8 .
B lty clay 1
op Ach ~15 04 ~0.39 —031 ~0.26 “os3  Siltyclayloam
Bh 43.7°P 54.0b 1.232 15.44 4241¢ 42,142 L
- 14 04 ~0.01 ~031 ~0.23 —0.58 oam
30.9 cd 25¢ 1.252 3227¢ 51.522 16.21f .
B Silty clay 1
AC Ach —07 —05 —0.01 ~0.33 ~0.23 —0.58 1ty cay foam
N 66.6 2 54,02 1.392 13.14 8 50.65 2 36.21°¢ Siltw loam
B- 19 04 —0.01 —0.31 —0.23 —0.33 y

Of.: field capacity; PWP: permanent wilting point; p,: bulk density; USDA: the United States Department of
Agriculture; A-h: A-horizon soil topsoil (0-20 cm depth approx.); B-h: B-horizon soil (20-55 cm depth approx).

3.2. Enzyme Activities

The soil enzyme activities for each season, land use, and horizon from 2014 to 2016
are presented in Figure 2. Different vegetation compositions or land use changes induced
alterations in the soil enzyme activities. NF showed the highest values in almost all soil
enzymes studied, especially contrasting NF versus AC in the A-h horizon. The enzyme
activities slightly decreased in B-h (Figure 2). Moreover, significant effects (p < 0.05) for land
use, horizon, season, and some significant interactions were found (Table S6). However,
significant interactions among the three factors (ecosystem, depth, and season) were found
only for cellulase
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Table 2. Chemical soil properties of the native forest (NF), young plantation (YP), adult plantation (AP), and agricultural crop (AC) catchments soils. Similar capital

letters do not differ significantly between the two averages (Tukey’s test at 5% significance).

Soil Base P- PO, B
Ecosystem Horizon MOS pH Cations Olsen N-NO03; Al K Ca Mg S Fe Mn Zn Cu B
(%) Cmol™ kg1 mg Kg~1 Saturation (%) mg Kg1
Ah 2754 562 2422 752 1392 0.23¢ 5.8¢ 64.82 23.02 1092 7274 280.7 2 16.02 354 1.22
NF - -1.6 —02 -25 -7.7 —0.78 —45 -1.9 —82 -15 —-55 -10.8 —245 -93 -15 —0.2
Bh 35P 542 40P 112 1.7bc 4292 7.5bc 32.3P 2202 262 3142k 33.3b 0.1b 0.8be 04Pb
- -16 —0.2 -25 —05 —04 —10.6 -23 -85 -32 -1.2 -19.3 —20.1 -0.2 —04 —0.2
Ak 6.1b 582 10.3P 212 1.5bc 16.8 abc 6.2° 47.32b 2792 15P 31.82 63.1° 1.0P 0.7 be 0.7 b
P : -1.6 -0.3 —6.1 -3.6 -1.3 —5.6 —22 -17 -23 -23 —33.7 —24.1 -15 —05 —0.2
Bh 14b 574 59P 022 0.6¢ 31.1ab 5.7¢ 29.5P 30.72 15P 24b 21b 0.0P 0.1¢ 03P
- -1.6 —0.2 -1.6 —04 -0.3 -159 -28 -17 -26 -03 -14 —243 —0.1 -02 -0.2
Ah 44Pb 572 109" 1.7 1.8bc 8.9bc 10.1b< 57.4 b 21.62 1.3P 7482 40.1° 0.8P 15P 0.62b
AP 3 -1.7 —0.1 -32 —0.1 —0.7 —-5.6 -22 —8.7 -1.8 -1 —194 -15.1 —0.2 -03 —0.2
Bh 34Pb 572 94Pb 122 3.5be 1192 10.4 be 52.6 &P 2332 13°b 53.0° 27.7b 0.7b 1.0bc 0.5 b
- —24 —04 -2 -0.8 -28 —6.9 —0.6 —41 -1.2 ~16 —288 —24.4 —0.8 —0.6 —02
Ah 39P 592 14.5 &b 5.0P 260 7.2be 52.62 55.1 &b 3152 15P 96.22 34.0P 140 1.3bc 0.4Pb
AC 3 -12 -0.3 —5.8 —14 —14 —-55 —6.2 —124 -9.7 —04 -19.2 —242 —0.1 —04 —0.2
Bh 5.4Pb 572 9.63b 1.6P¢ 08P 10.6 b< 36.42 28.6° 29.82 14P 77.22 24.1P 1.0P 1.2be 03P
- -25 —0.2 —22 —04 —14 -23 -27 -10.7 —13.2 —05 —174 —242 —0.2 -05 —0.2

A-h: A-horizon soil topsoil (0-20 cm depth approx.); B-h: B-horizon soil (20-55 cm depth approx.). Different letters represent significant differences at p < 0.05.
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Figure 2. Potential soil enzyme activity under different vegetation types: native forest (NF), young
plantation (YP), adult plantation (AP), and agricultural crop (AC) across different seasons and soil
horizons (A): A-h horizon; (B) B-h horizon. Enzyme activities were performed from 2014 to 2016:
5-14= spring 2014; W-14=) winter 2014; S-15= summer 2015; A-15= autumn 2015; W-15= winter
2015; and S-16= spring 2016. Bars indicate + standard error. * p < 0.01.

Urease activity (mean + SE) across different seasons and soil horizons was significantly
higher in NF (187.82 + 22.37 pg NH; N g~! dwt™!) and YP (155.6 & 19.6 ng NH; N
g’1 dwt™1) compared with AP (51.4 +£7.9 uyg NH; N g’1 dwt 1) and AC (52.2 + 5.8 ug
NH; N g~ ! dwt!). Regarding FDA activity (mean + SE), this enzyme activity was the
most sensitive among changes in land use systems (Figure 2). From summer 2014 (S-15)
to winter 2016 (W-15), NF presented higher FDA activity (417.2 £ 23.4 pg of fluorescein
g~ ! dwt h™1!) than that shown by AC (105.6 + 17.9 pg of fluorescein g~! dwt h™!) and
YP (317.9 = 30.6 ug of fluorescein g~ dwt h~1). Non-significant differences were found
between YP and AP (358.14 30.2 pg of fluorescein g~! dwt h~1). On average, FDA and
urease activities were higher in NF, except for some exceptions. On the other hand, the
mean = SE of cellulase activity for the whole study period was 82.7 & 10.3 pg glucose g~
dwt 24 h=!in NF, 51.38 + 7.9 ug glucose g~ dwt 24 h~! in YP, 45.91 + 5.6 pug glucose g~ !
dwt24 h~1in AP, and 26.9 + 4.4 g glucose g~ ! dwt 24 h~! in AC. Cellulase activity was
significantly higher in NF than in plantation and agricultural soil (Figure 2).

3.3. Bacterial and Fungal Community Structure, Biodiversity Index, and Species Composition

Cluster analysis and non-metric multidimensional scaling (nMDS) studies were used
to find similarities (grouping) of bacterial and fungal communities among soils from the
studied land uses. In total, 61 unique PCR-DGGE banding positions were identified for
bacterial communities in both horizons (A-h and B-h) (S3 and 54), and 49 unique DGGE
banding positions for the fungal community were found in the two horizons throughout the
whole study (S5 and S6). The cluster analysis and nMDS from bacteria (Figure 3a and 3b,
respectively) showed a similarity of 80% between AP and AC. Moreover, NF is another
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group that shares 50% similarity only with AP and AC. YP is a different group. However,
in the second horizon, the cluster and nMDS analyses did not show a separation between
soils or land uses (Figure 4a,b).
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Figure 3. (a) Dendrogram and (b) non-metric multidimensional scaling (MDS) analysis of DGGE

profiles (16 rRNA genes) from soil bacterial communities of the A-h horizon in native forest (NF),
young plantation (YP), adult plantation (AP) and agricultural crop (AC).
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Figure 4. (a) Dendrogram and (b) non-metric multidimensional scaling (MDS) analysis of DGGE pro-
files (16 rRNA genes) from soil bacterial communities of the B-h horizon in NF (natural forest, namely
the Nothofagus Forest), YP (young plantation of E. Globulus), AP (adult plantation of E. Globulus), and
AC (agricultural crops).

The cluster analysis and nMDS analysis of the fungal community are shown in
Figures 5 and 6. Fungal community structures were less grouped to land use than bacterial
communities were. In the A-h horizon, the nMDS reveals that fungal communities varied
in their design among study areas, as the similarity was only 40%. The exception was AC
(Figure 5a,b), which was completely separated from the rest of the treatments. Nevertheless,
similitude in fungi communities between NF and YP was observed, possibly due to their
close location. In the second horizon (Figure 6), a minor separation of the NF, YP, and AC
communities was observed. The exception was AP, which was completely separated from
the rest of the treatments.
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Figure 5. (a) Dendrogram and (b) non-metric multidimensional scaling (MDS) analysis of DGGE pro-
files (18 rRNA genes) from soil fungal communities of the A-h horizon in NF (natural forest, namely
the Nothofagus Forest), YP (young plantation Of E. Globulus), AP (adult plantation of E. Globulus), and
AC (agricultural crops).
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Figure 6. (a) Dendrogram and (b) non-metric multidimensional scaling (MDS) of DGGE profiles
(18 rRNA genes) from the soil fungal communities of the B-h horizon of native forest (NF), young
plantation (YP), adult plantation (AP) and agricultural crop (AC).

Bacterial and fungal richness and the Shannon-Wiener index are shown in Table 3.
The highest bacterial richness was found in NF (13.00), YP (13.00,), and AP (11.67) in the
A-h horizon. However, no differences between land use or between soil horizons (A-h and
B-h) were found. The highest Shannon-Wiener index of bacteria was found in NF (2.56)
and YP (1.86) in the Ah horizon; significant differences were observed between these only.
Regarding diversity indices in fungi, the richness index was higher in the B-h of NF (12.67)
and AC (11.67) (Table 3), but we only found significant statistical differences with respect
to AP. The Shannon-Wiener index was higher in the B-h of NF (2.47), although significant
statistical differences were only found with regard to AC (1.87) in the A-h horizon.

The bacterial and fungal species compositions in the study of different soil uses are
shown in Figures 7-10. According to the nucleotide similarity range between the sequences,
it was only possible to assign them at the genus level or lower (GenBank database). We
found nine bacteria operational taxonomic units (OUTs) in the A-h horizon. Eight of these
nine identified OTUs were present in NF, seven in YP, six in AP, and four in AC. However,
there were four OTUs in common (Figure 7). For B-h, the bacterial composition was higher
than in A-h, showing sixteen OTUs. They found fifteen bacteria in NF, nine in YP, ten in
AC, and ten in AP. Only four species in common were present in all four study areas, as
shown in Figure 8.
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Table 3. Richness and Shannon-Wiener index in A-h and B-h horizons in native forest (NF), young
plantation (YP), adult plantation (AP), and agricultural crop (AC).

Soil Richness Shannon-Wiener Index
Ecosystem Hori : ; : :
orizon Bacteria Fungi Bacteria Fungi
NF A-h 13.00 2 (0.00) 9.33 20 (0.87) 2.56 2 (0.00) 2.20 %P (0.09)
B-h 11.33 2 (2.60) 12.67 2 (0.33) 2.36 2P (0.24) 2.472 (0.05)
YP A-h 13.00 2 (0.01) 9.33ab (0.88) 1.86° (0.05) 2.18 b (0.10)
B-h 10.67 @ (2.19) 10.67 &b (1.20) 2.322b (0.18) 2.192b (0.13)
AP A-h 8.332(0.88) 7.00° (1.15) 2.11 2P (0.10) 1.91 2P (0.17)
B-h 11.67 2 (1.76) 7.67 ¥ (0.67) 2.45 2P (0.16) 1.94 2P (0.11)
AC A-h 8.002 (0.01) 7.330(0.88) 2.08 20 (0.00) 1.87°(0.11)
B-h 11.00 2 (1.53) 11.67 2P (1.86) 2.36 2P (0.15) 2.252P (0.15)

A-h: A-horizon soil topsoil (0-20 cm depth approx.), B-h: B-horizon soil (20-55 cm depth approx.). Different
letters represent significant differences at p < 0.05.

Figure 7. Bacterial taxa found in A-h horizon in native forest (NF), young plantation (YP), adult plan-
tation (AP), and agricultural crop (AC). Between brackets, the respective combinations among them
can be seen. Each number corresponds to a different OTUs. Uc Bacterium: uncultured bacterium.

1. Actinobacteria-
Streptomyces
2. Uc. Bacterium
3. Uc. Bacterium
6. Uc. Bacterium

Figure 8. Bacterial taxa found in B-h horizon in native forest (NF), young plantation (YP), adult
plantation (AP), and agricultural crop (AC). Between brackets, the respective combinations among
them can be seen. Each number corresponds to a different OTU. Uc Bacterium: uncultured bacterium.
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Figure 9. Fungal taxa found in the A-h horizon in native forest (NF), young plantation (YP), adult
plantation (AP), and agricultural crop (AC)., and between brackets, the respective combinations
among them can be seen. Each number corresponds to a different OTU. Uc Fungal: uncultured fungal.

AP

14. Ascomycota- S AC
Chlorociboria
12. Basidiomycota-
Tremellales

Figure 10. Fungal taxa found in the B-h horizon in native forest (NF), young plantation (YP), adult
plantation (AP), and agricultural crop (AC). Between brackets, the respective combinations among
them can be seen. Each number corresponds to a different OTU. Uc Fungal: uncultured fungal.

For fungi, the total number of OTUs identified in the first horizon was seventeen. Of
these seventeen OTUs, twelve were present in NF, seven OTUS in YP, eight OTUs in AP,
and seven OTUs in AC. Only two OTUs were common to all treatments (Figure 9). In B-h,
the number of identified OTUs was sixteen. Of these sixteen OTUs, thirteen were found in
NF, eleven in YP, nine in AP, and twelve in AC (Figure 10). There were six OTUs common
to all treatments.

3.4. Drivers of Richness, Shannon—Wiener Index of Bacterial, Fungal, and Enzyme Activities

The results indicate that there are significant correlations between certain soil fac-
tors and the two PCA axes. As shown in Figure 11, the percentage of “eigenvalue” for
the first axis and second axis of PCA are about 39.2% and 18.3% respectively. The first
component (39.2%, axis 1) was based on variation in SOM, N, P, Ca, S, Mn, Zn, Mg, Na,
and the sum of the bases Cu and B. The second component, accounting for 18.3% of the
variation, separated soil by silt, clay, sand, aluminum saturation, and Fe. According to
this multivariate exploratory analysis, the arrangement separated NF and YP from AC,
AP, and the spatial segregation of samples. Thus, NF was linked to higher fungi diversity,
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FDA, urease, S availability, and clay content. YP was linked to bulk density, richness B,
and Al concentration. AP and AC were mainly associated with PWD, field capacity, and
K saturation.
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Figure 11. Principal component analysis of soil location by physicochemical and biological properties.
Arrows represent each soil property’s relationship (direction and strength) to each soil sample in
both horizons (A-h and B-h). Native forest (NF), young plantation (YP), adult plantation (AP), and
agricultural crop (AC).

The predictive models for every index of diversity and enzyme activities are shown in
Table 4. For bacterial richness, the best model, according to the statistical significance level,
correlation among variables and reduced AIC value, may be predicted at 55%; variables
Ca and Zn were inversely correlated with bacterial richness, whereas NO3; ~, P-Olsen, and
available S were positively correlated. The Shannon-Wiener index of bacteria is explained
at 56% by the same variables and association as bacterial richness.

Concerning fungi, their diversity was better explained at 53% through the lineal and
negative association with NO3 ™~ and silt percentage in the soil and positive association
with field capacity. Regarding fungi abundance, NO3; ™~ and silt were inversely correlated,
whereas P-Olsen, sand, and field capacity were positively correlated with fungi abundance.
These variables may explain 65% of fungi abundance.

Regarding the variation in enzyme activity, it was found that more than 80% of the
variation in cellulase activity could be explained by the positive association among variables
P Olsen, N-NO3, and field capacity percentage. Conversely, a negative association was
observed between Mn, Zn, and sand. Urease activity was explained in 89% through a
negative association with SOM, Zn, and sand and a positive association with P Olsen,
Mn, Cu, and the richness of bacteria. The FDA hydrolysis is an indicator of total soil
microbiological activities; this enzyme activity was positively explained in 58% by only
two variables: the percentage of silt and available S (Table 4).
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Table 4. ‘Best’ models to explain variation in richness of fungi, the Shannon index of fungi, rich-

ness of bacteria, the Shannon index of bacteria, cellulose and urease activity, and FDA hydrolysis.

D.f. = degrees of freedom; RZ= proportion of the variance accounted for (tested by deletion from the

model); AIC = Akaike information criterion; root mean square error (RSE) = residual standard error.

Model Coefficient t-Value D.f. p-Value R? AIC
Null Model 23
(a) Bacteria Richness (RSE:2.95) 5 0.007 * 0.55 115.07
Intercept 9.29 6.89 1.90 x 1077 ***
N-NO; (mg Kg~1) 1.21 2.20 0.047 *
P Olsen (mg Kg™!) 0.89 2.36 0.029 *
Ca (mgKg™1) —0.58 —3.54 0.002 **
Available S (mg Kg~1) 1.05 1.73 0.101
Zn (mg Kg~1) —2.07 —2.85 0.010 *
(b) Shannon Bacteria (RSE:2.29) 5 0.007 0.56 3.115
Intercept 221 16.89 1.75 x 10712 ##
N-NO; (mg Kg~1) 0.10 1.97 0.064
P Olsen (mg Kg 1) 0.08 2.24 0.038 *
Ca (mgKg™1) —0.05 -3.20 0.005 **
Available S (mg Kg 1) 0.09 147 0.158
Zn (mg Kg~1) —0.18 —2.65 0.016 *
(c) Fungi Richness (RSE:1.84) 3 0.0013 0.53 113.4
Intercept 11.64 7.12 6.72 x 1077 #*+
N-NO; (mg Kg~1) —0.25 —2.56 0.0185 *
Silt (%) —0.13 —4.16 4.86 x 1074 #**
Field capacity (6fc) % 0.09 3.12 5.42 x 1073 **
(d) Shannon Fungi (RSE:0.19) 2 0.001** 0.65 —5.5
Intercept 2.52 15.17 1.07 x 10711 ##=
N-NO; (mg Kg~1) —0.08 —3.29 0.004 **
P Olsen (mg Kgfl) 0.06 2.67 0.015*
Silt (%) —0.13 —2.49 0.022 *
Sand (%) —0.11 2.18 0.042*
Field capacity (6fc) % 0.01 3.20 0.005 **
(e) Cellulase activity (RSE:8.40) 5 1.70 x 1075 #** 0.82 180.6
Intercept 40.79 5.38 491 x 1072
N-NO0; (mg Kg~1) —6.16 —3.09 0.006 **
P Olsen (mg Kg™') —4.49 —3.49 0.002 **
Mn (mg Kg~1) 0.16 —2.37 0.023 *
Zn (mg Kg~1) 13.43 6.51 5.30 x 1076 *+
Sand (%) —0.39 2.32 0.033 *
Field capacity (6fc) % —0.45 —2.95 0.008 **
(f) Urease activity (RSE:54.5) 7 1.09 x 1076 #** 0.89 276.2
Intercept 175.82 241 0.025 *
MOS (mg Kg~1) —28.19 -3.07 0.007 **
P Olsen (mg Kg_l) 42.64 4.68 0.000 ***
Mn (mg Kg~1) 2.610 3.67 0.002 **
Zn (mg Kg~! —36.56 -3.17 0.006 **
Cu (mgKg1) 72.80 2.37 2 0.030 *
Sand (%) —6.73 —6.20 0.000 ***
Richness_B 11.38 2.54 0.021 *
(g) FDA hydrolysis (RSE:72.64) 2 0.000 *** 0.62 276.2
Intercept 263.09 4.87 0.000 ***
Silt (%) 3.334 2.784 0.011*
Available S (mg Kg~1) 15.493 3.146 0.004 **

Statistical significance. codes: *** p < 0.001, ** p < 0.01, * p < 0.05.
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4. Discussion
4.1. Soil Microbial Diversity and Enzyme Activities Relationships with Physical and Chemical
Soil Characteristics

The negative impacts of monoculture timber plantations over soil biodiversity have
been little studied in Chile [17]. This investigation was carried out in monoculture planta-
tions implemented by small and medium farmers, whose management is less intensive than
that of large Chilean companies (e.g., large clear-cutting on steep slopes, the intensively
widespread use of chemicals to control competing vegetation, fire-clearing, destruction
of microhabitat diversity, etc.) [37]. However, despite the differences in the establishment
and management of plantations, the results of enzymatic activities have shown that land
use change induced alterations in the soil enzyme activities. Natural forest presented the
highest values in almost all soil enzymes studied, especially contrasting natural forest
treatment versus agricultural crops in A-h horizon. FDA activity was the most sensitive
indicator for assessing differences among land use systems [38].

On the other hand, the cluster analysis and nMDS from bacteria showed a similarity
of 80% between adult plantation and agricultural crops; additionally, the natural forest is
another group that shares a 50% similarity only with adult plantations and agricultural
crops. However, in the second horizon, the cluster and nMDS analyses did not show a
separation between soils or land uses. Moreover, fungal community structures were less
grouped by land use than bacterial communities were. In the A-h horizon, the nMDS reveals
that fungal communities varied in their structure among study areas, as the similarity was
only 40%. In the second horizon, a minor separation of NF, YP, and AC communities was
observed, with the exception of the treatment of adult plantations, which was completely
separated from the rest.

Soil characteristics showed that the sites (located too close to each other inside the
same micro watershed) with contrasting land use had significant differences regarding
abiotic and biotic properties (Tables 2 and 3, Figure 2). Other studies suggest that land-use
change to forest plantations affects soil microbial communities [22]. Furthermore, this
research showed differences relative to biodiversity and richness (bacterial and fungal)
when the natural forest is changed to eucalyptus plantations or agricultural crop use
(Table 3). However, no significant differences between them were found. Similar results
were reported by Gans [39] and Singh et al. [40].

Additionally, no significant differences between soil horizons relative to the microbial
responses to forest land-use change were found, although both soil horizons present
differences regarding soil physical and chemical properties and enzymatic activities. This
may be due to the abundant understory present in unmanaged plantations, which arises
from the original regeneration and germination of species naturally due to seed deposition
by birds and other animals. The thriving understory can be attributed to the existence
of native species observed at the limits of the plantations, which may serve as biological
legacies and a refuge for indigenous microorganisms and animals. Additionally, the
existence of remnants of native forest in landscapes dominated by forest plantations should
be a priority for the contribution of plantations to biodiversity to be effective [41].

On the other hand, as litter composition is constantly changing, new species become
more dominant, aiming at the decomposing cellulose-rich litter, such as eucalyptus [42].
Nevertheless, additional long-term field and in situ research appears necessary to be carried
out on plantations; they must be performed under different management intensities and
in such a way that they permit the assessment of the impacts of forestry management
practices over the composition and functions of the soil microbial community. Carrying
out such studies would greatly contribute to a better understanding of the mechanisms
involved in the changes of diversity and richness of fungi, bacteria, and other organisms
during the development of plantations. Moreover, these studies would provide a scientific
basis for implementing sustainable forest management practices in a forestry model that is
faced with climate change.
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4.2. Models That Explain Variation in Biodiversity of Bacterial and Fungi and Enzymatic Activity

Our study has revealed robust associations between microbial structures and several
edaphic properties, such as NO3~, P-Olsen, Mn, Cu, Zn, S, soil texture, and field capacity
(see Table 4). Specifically, we found that enzyme activities were significantly affected by
soil texture, with clay content showing a positive correlation and sand content displaying a
negative correlation. Clay content favors enzyme activity, whereas sandy soils with lower
water retention potential are less favorable. Indeed, higher clay content could enhance mi-
crobial activity since extra-cellular enzymes can be stabilized in organo-mineral complexes,
which confers more resistance to denaturation by temperature and proteolytic attack [38,43].
One key finding in our study is that water content at field capacity positively impacted
fungal and bacterial diversity and enzyme activity. This variable can be considered to be
one of the most critical parameters regulating biological activities in soil, and similar results
were provided by Janson and Hofmockel [44]. Changes in water availability can influence
soil organisms through complex interactions, such as the dissolution of nutrients, soil
temperature regulation, water pore saturation, and the indirect regulation of gas fluxes
to the atmosphere. A decrease in soil water potential can reduce solute diffusion and
the size of water-filled pore space, increasing soil aeration [43,45]. It should be noted
that Widyati et al. [46] state that the elimination of the undergrowth produces a reduction
in soil and water nutrients, since water and nutrients retention is carried out by plants
belonging to the undergrowth. Thus, Jansson et al. [44] stated that understanding the
parameters governing the impact on the microbial community is essential to understand
climatic changes and their effects on soil functions. As previously stated, undergrowth
vegetation plays a fundamental role in forestry ecosystems and produces changes in the
micro-environments and nutrient cycle (Yang et al., 2019). Under plantation-intensive
management, undergrowth vegetation is often eliminated, since plants belonging to the
undergrowth are often considered to compete with plants belonging to the upper canopy.
We found slight differences regarding the type of microorganisms that dominate each
studied area (Figures 4-6). This differs from results shown by a number of other stud-
ies, which demonstrated that the composition and structure of microbial communities
are strongly related to abiotic and biotic factors, soil substrate properties (e.g., C and N
pools), tree species composition, and diversity [47]. This is important since small microbial
biomasses or community structure changes could affect SOM turnover and nutrient cycling.
Forest land use changes can displace native species and the indigenous microbiota [48].
According to the calculated models, the pattern of soil microbial profiles among the four
land uses could be attributed to the differences in N (N-NOs) and P nutrient pools, soil
textural class, and soil water storage capacity. As stated in this study, N and P pools were
lower in AP compared to NFE. Moisture content should be considered a potential driver for
microbial biomass and contrasting community structures; these results agree with those
of Vinhal-Freitas et al. [49]. Accordingly, Liu et al. [42] state that underground biological
processes may be regulated by soil nutrients and water availability, which affects soil
microbial community composition and the activities of various hydrolytic enzymes within
forestry ecosystems.

The bacterial phyla identified in this study include Actinobacteria, Bradyrhizobium,
Alphaproteobacteria, and Betaproteobacteria, among others, which are known to be abun-
dant in soil [50]. Proteobacteria and Acidobacteria are recognized as key players in the
soil carbon cycle due to their capacity for cellulose and lignin degradation [51]. In partic-
ular, acidobacteria has garnered significant interest due to its unique physiological traits,
including its diverse carbon utilization strategies, its role in iron cycling, its production
of antimicrobial compounds, and its ability to assimilate nitrogen. These aspects make
Acidobacteria a key player in soil biogeochemical cycles and an important target for further
research. Microorganisms are essential for the global N cycle, and denitrifying bacteria are
abundant and widespread in forest soils. Their genes have been found in bacterial strains
belonging to Actinobacteria, Proteobacteria, and Firmicutes, as well as in other bacterial
phyla [52]. In accordance with these bacterial phyla, for example, there are some well-
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known groups of nitrogen-fixing Actinobacteria, such as Frankia, which can fix nitrogen,
solubilize and immobilize forms of phosphorus, and can produce phytohormones, such as
indole-3-acetic acid, indole-3-pyruvic acid, gibberellins, and cytokinins, improving organic
matter decomposition by releasing cellulases, xylanase, glucanases, lipases, proteases, and
other enzymes [53]. The Bradyrhizobium class plays a role in N fixation, oxidizing ammo-
nium to produce nitrite in soil. The Gemmatimonas significantly increased in healthy soils
and can participate in C cycling in soil [54] and N fixing. Other representative species, such
as Streptomycetes, play an important role in the mineralization processes of SOM. They
are able to degrade a wide range of complex organic compounds, such as lignin, cellulose,
chitin, and proteins. Streptomycetes are also able to produce enzymes that can solubilize
minerals, such as phosphates. They can increase the availability of these minerals for plant
growth. Overall, Streptomycetes are important members of soil microbial communities and
play a crucial role in the mineralization processes that drive nutrient cycling and ecosystem
functioning [55]. Regarding fungal community, identified dominant groups correspond
mainly to two phyla, Basidiomycota and Ascomycota, in both horizons. Glomeromycota
and Agaricomycetes were also dominant in A-h Horizon. The low level of endemism, as
defined here as OTUs, in the study area may be attributed to the proximity of the plots.
Specifically, there is a high degree of overlap between the AC and AP plots, as well as
between the NF and YP plots. On the other hand, we must consider the technique used in
this study, namely DGGE, which is able to provide valuable information on the dominant
groups of microorganisms in a sample, although it may not be able to detect low-abundance
groups. Other techniques, such as next-generation sequencing, may be needed to fully
characterize microbial communities in further studies. Ensuring the preservation of mi-
crobial diversity and functionality is of utmost importance as it plays a critical role in
sustaining essential ecological processes. Moreover, it also aids in predicting the impacts of
global climate change on ecosystem functions [56,57]. Losing indigenous microorganisms
with critical functions may have significant consequences for the ability of ecosystems to
function sustainably [58]. A recommendation is that watersheds must have a permanent
tree or shrub cover, preferably native and from the original forest or its biological legacies.
They should be located mainly at gorges, streams, and river headwaters and connected
to riparian areas of the basin. The biological legacies in forests are often considered mi-
nor components of original or previous vegetation, such as green trees, surviving plant
parts (including propagules), dead wood, organic soil, and other surviving organisms [59].
Retaining forestry during harvesting is ecologically important because it emulates the
“biological legacies” generally found in stands following natural disturbances [60].

In this way, such a silvicultural system could effectively satisfy socio-economic
needs (e.g., timber production and no timber production) without significantly compro-
mising biological conservation, offering a profound potential to help achieve ecologically
sustainable forest management. As proposed in this paper, the understory within forestry
plantations or biological legacies may absorb the harmful effects of forestry monoculture
management to a considerable extent. However, it is essential to establish unambiguous
regulations that clearly outline the rules and requirements. The current legislation only pro-
vides general guidelines, leaving room for interpretation and loopholes that large forestry
companies exploit to maintain their profits at the expense of environmental sustainability.
Compulsory collaboration should be a key component of any effective regulation, ensuring
that all parties involved, including businesses and communities, work together towards the
common goal of preserving natural resources. It is imperative to prioritize the long-term
well-being of the environment over short-term financial gains, especially in the case of
the Chilean forestry model, where the exploitation of natural resources has led to severe
ecological damage. Therefore, the implementation of robust regulations that facilitate
mandatory collaboration among all stakeholders is crucial to address the environmental
challenges faced by Chile’s forestry industry.
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5. Conclusions

The results of the study indicated that land use change in the Chilean Coastal Cordillera
affects the soil microbial composition and soil enzyme activities when native Nothofagus spp.
forests are replaced by fast-growing exotic species and crop land. The hypothesis that
physicochemical properties drive these changes was tested. Soil organic matter content
along with inorganic P (P-Olsen) and physical characteristics such as water holding capacity
influenced the abundance, diversity, and structure of bacterial and fungal communities.
Other nutrients, such as Ca and B, were also important. Natural forests exhibited higher
enzyme activity compared to other land uses, suggesting that nitrogen and carbon cycling,
as well as overall microbial activity slowdown in plantations and agricultural soils.

Microbial soil communities of forest plantations, natural forests, and agricultural crops
were similar, suggesting that taxonomic composition does not significantly differ among
habitats. These results could suggest that native forests surrounding other soil uses could
act as microbial reservoirs buffering land conversion. However, further research is needed
to explore this possibility. Additionally, it is important to highlight that the management
approach adopted in the forest monoculture areas is not intensive, which promotes the
growth of an understory with a high presence of native species that survive thanks to the
low planting density and it could be the cause of not having found differences.

In Chile, there is a significant knowledge gap regarding the impact of land use changes
on microbial soil communities” biodiversity at the landscape level. This knowledge gap is
particularly concerning given that over 60% of Chile’s land area is devoted to intensively
managed plantations. To mitigate the negative impacts of the present forestry model over
indigenous native microbiota, it is crucial to propose legislation aimed at protecting the
remaining natural forest in both Condilleras. For better strategies to be included in the
legislation we need, first comprehensive soil sampling strategies that target large-scale areas
and incorporate modern molecular techniques, such as metagenomics, metaproteomics, and
metatranscriptomics. Secondly, it is essential to include native ecosystems at different stages
of alteration in these investigations to better understand the impact of land use changes on
microbial diversity. Finally, analyses of plantations under intensive management, which
dominate the central-southern landscape in Chile, should be a priority in future research
efforts. By focusing on these areas, we can begin to bridge the knowledge gap and develop
effective conservation strategies that prioritize the preservation of indigenous microbial
communities in Chile.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/£14050938 /51, Table S1: Phylogenetic assignment bacteria of major
DGGE bands Bacteria A-h horizon; Table S2: Phylogenetic assignment bacteria of major DGGE
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(c) urease activity.
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