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mountain landscapes of
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Land use changes cause soil degradation and loss of biodiversity, thereby
affecting ecological processes and soil-associated ecosystem services.
However, land use change impacts on soil health have received little attention
in the highland landscapes of the tropics. In this research, using the soil health
framework, we assessed the impact of native forest conversion to anthropic
systems (planted forests, pastures, and monocultures) on two ecosystem
services: biodiversity conservation and soil fertility in the highlands of northern
Ecuador. The biological dimension of our assessment focused on the diversity,
abundance, and biomass of soil macroinvertebrate communities as proxies to
soil functions, whereas soil chemical parameters were used to describe the soil
fertility. The soil invertebrate communities and soil chemical parameters were
studied in topsoil samples using 25 x 25 x 10 cm monoliths, obtained from 10
sampling sites randomly selected in each land use category. We hypothesized
that native forests would present more diverse and even soil macroinvertebrate
communities, and together with their soil chemical properties would indicate
better soil quality than anthropic environments. Our results showed that the
structure and composition of the edaphic macroinvertebrate communities
significantly differed among the studied land use categories. As predicted,
native forests presented greater values for richness, evenness and diversity of
soil biota than did the other categories, demonstrating a significant loss of
taxonomic biodiversity at order and genus levels. We also found a significant
reduction of trophic diversity in native forests converted to anthropic
environments. More trophic groups with greater abundances were found in
native forests, where predators and detritivores stood out as dominant groups,
indicating the good quality of the soil. The results from the soil chemical
parameters also confirmed the distinction in soil health between native forests
and anthropic environments. Our results highlight the risk associated with
current trends of native forest loss and conversion to anthropic systems in high
mountain ecosystems in the tropics, illustrating how these alterations could

01 frontiersin.org


https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/journals/forests-and-global-change#editorial-board
https://www.frontiersin.org/journals/forests-and-global-change#editorial-board
https://www.frontiersin.org/journals/forests-and-global-change#editorial-board
https://www.frontiersin.org/journals/forests-and-global-change#editorial-board
https://doi.org/10.3389/ffgc.2022.959799
http://crossmark.crossref.org/dialog/?doi=10.3389/ffgc.2022.959799&domain=pdf&date_stamp=2022-12-02
mailto:apguarderas@uce.edu.ec
https://doi.org/10.3389/ffgc.2022.959799
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/ffgc.2022.959799/full
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org

Guarderas et al.

10.3389/ffgc.2022.959799

cause biodiversity loss and degradation of the chemical attributes of soil
health. The findings of this research could contribute to the conservation
and sustainable management of mountain agricultural landscapes in the

study region.
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macroinvertebrates, soil ecosystem services, tropical mountain systems

Introduction

Considerable evidence demonstrates that the world’s
ecosystems are affected as a result of human activities
Millennium Ecosystem Assessment, 2005; Diaz et al., 2006,
with land use change being one of the most important
factors that transforms terrestrial ecosystems (Foley et al,
2005; Winkler et al., 2021). Conversion of native forests to
anthropic environments, such as agricultural land for food
production or to planted forest for timber extraction, has
generated alterations in vegetation cover and biodiversity
for various biomes and continents, negatively impacting
soils and their derived ecosystem services (Sylvain and
Wall, 2011; Nielsen et al., 2015; Veldkamp et al., 2020;
2020).
land use conversion is a major problem in the tropics,

Zarafshar et al., Soil degradation attributed to
affecting the overall resilience of the socio-ecological systems
(Delelegn et al., 2017; De Valenga et al., 2017).

Tropical mountain landscapes, such as the Ecuadorian
Andes, are characterized by complex topography, severe
intensity in weather conditions, and poor management practices
(Farley, 2007). The long history of land use transformation in
these landscapes, mostly shaped by agricultural and livestock
activities, has caused severe soil degradation (Lema, 2016;
Guarderas et al., 2022), affecting agricultural yield productivity,
food security, and the overall delivery of vital ecosystem services
(Suquilanda, 2008). In addition, today native montane forests
occur only as remnant patches, and these fragile ecosystems are
still highly threatened by land use changes (Gaglio et al., 2017;
Guarderas et al., 2022). Thus, understanding the magnitude and
trend of changes in soil quality due to land use conversion is
pivotal to promote sustainable and productive landscapes in the
Ecuadorian Andes (Nielsen et al., 2015).

Land use conversion can produce significant disturbances
in the soil environment (Lukina et al., 2011; Sylvain and Wall,
2011; Comerford et al., 2013). Soil moisture, structure, aeration,
pH, nutrient status, microbial biomass, enzymatic activities, and
the structure of edaphic communities are largely altered due
to land use changes and different soil management practices.
Therefore, soil health could be severely affected by land use
changes (Delelegn et al., 2017; Mann et al., 2019).
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“Soil health, also referred to as soil quality, is defined as the
continued capacity of soil to function as a vital living ecosystem
that sustains plants, animals, and humans” (Natural Resources
Conservation Service, 2022). According to Biinemann et al.
(2018), the functions of living soil could be defined as the
bundles of soil processes that underpin the delivery of ecosystem
services. This integrated view transcends the productivity-
oriented function of soils to wider frameworks that include
the maintenance of environmental quality and biodiversity
conservation. In addition, soil health is focused on the dynamic
soil properties that can be strongly influenced by management
and are mainly monitored in topsoils (0-25cm) (Karlen et al.,
2003). Soil health under different land uses can be assessed
using indicators that measure the properties of soil or plants
that provide clues about how well the soil can function. These
indicators should interact synergistically and could encompass
the physical, chemical, and biological attributes of soils (Karlen
et al,, 2003; Delelegn et al., 2017). However, quantifying soil
health is still dominated by chemical indicators, despite the
growing appreciation of the importance of soil biodiversity
(Lehmann et al., 2020).

The biological attributes of soil health are those associated
with the soil biota, in other words, its biodiversity, food web
structure, activity, and the range of functions it performs
(Biinemann et al., 2018). However, the remarkable biodiversity
harbored in soils has been poorly described, and even when
taxonomic information are available, less is known about the
functional roles of the great majority of these organisms within
the ecosystems they occur (Eisenhauer et al., 2017).

The use of edaphic macrofauna as a soil indicator is
considered an advantage because they are the first to manifest
the changes that involve environmental disturbances (Cabrera,
2014). Soil diversity and macrofaunal biota play an important
ecological role in the functioning of the soil environment and
the belowground part of terrestrial ecosystems. They regulate
nutrient cycles, organic matter, mineralization, modification
of the soil structure, and water regime (Food Agriculture
Organization of the United Nations, 2015). In addition, soil
fauna is considered an appropriate bioindicator to measure
soil quality due to its sedentary characteristics, permanence
throughout the year, ease of measurement, and high sensitivity
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and rapid response to environmental stress. Monitoring soil
macrofaunal communities, in combination with chemical and
other biological soil properties, could improve the assessment
of soil health in a more integrative manner (Cabrera, 2014;
Lehmann et al., 2020).

Although the study of soil ecology is currently growing
in the scientific literature (Brown et al.,, 2001; Decaéns et al,,
2006; Nielsen et al.,, 2015; Eisenhauer et al., 2017), we need
better insight into soil chemical parameters and biodiversity to
determine the impacts on soil health in response to the altered
environments (Food Agriculture Organization, 2015). This need
is highlighted in tropical mountain landscapes where few studies
have been conducted (Lema, 2016).

Therefore, using the soil health framework, our study was
aimed at assessing the effect of land use change on soil fertility
and soil biodiversity conservation in the highlands of northern
Ecuador. We studied soils under native forests, as a reference
system, to compare the biological and chemical attributes of soil
with anthropic environments representative of the study area.
These land use types include planted forests to agricultural land
(characterized mainly by pastures and maize monocultures).
Specifically, our objectives were as follows: (1) to contrast the
structure and composition (diversity, abundance, and biomass)
of the edaphic macroinvertebrate communities at order and
genus levels, as well as by trophic groups, among land use
types and (2) to compare their soil chemical properties. In
addition, we aim (3) to assess how the soil chemical parameters
could affect soil macroinvertebrate communities among land
use types, by applying different multivariate analyses. We
hypothesized that native forests would present more diverse and
more even soil communities, and their soil chemical properties
would indicate better soil fertility attributes than soils under

anthropic environments.

Materials and methods

Study area

The study area includes an agricultural landscape located
in the mountainous area of northern Ecuador, which is
located in La Esperanza parish of Pedro Moncayo county
(longitude —78.25716, latitude 0.08222), covering an area
of 13 km?. This region is classified as pluvial and cold
temperate according to the Ministry of Environment of Ecuador
(Food Agriculture Organization, 2015). It has an annual mean
temperature of 14°C (+ 1.3 SD) (GAD Municipal Pedro
Moncayo, 2015). Seasonal variation of temperature is reduced,
while precipitation is bimodal, with two wet seasons from
February to May and September to November with monthly
average precipitation of 70 mm (£ 20.1 SD). The dry season
presents an average precipitation of 25mm (& 14.3 SD)
(Cdceres-Arteaga et al, 2018). The study sites exhibit an
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altitudinal range that varies between 3,000 and 3,600 m.a.s.l.
and the landscape is dominated by managed ecosystems, where
33.13% is represented by agricultural land, 23.28% by pastures,
21.92% by planted forests with exotic species, and 21.67% by
native forests (Supplementary Table 1) (GAD Municipal Pedro
Moncayo, 2015; Ministerio del Ambiente del Ecuador, 2016).
Agriculture activities in this region consist of small-scale low
input production systems, with the poor management practices.

Sampling design

We used a variation of the methodology of Fertility and
Tropical Soil Biology (Baillie et al., 1990; De Valenca et al,
2017) to investigate the effect of land use on the diversity of
soil invertebrates and the physicochemical parameters of soil
quality among four land use systems: (1) native forest, (2)
planted forest, (3) pasture, and (4) monoculture (Ministerio del
Ambiente del Ecuador, 2013; GAD Municipal Pedro Moncayo,
2015) (Supplementary Table 1). The natural forest was used as a
reference system.

The study region presents a spatially explicit pattern of
soil types that includes Entisols, Mollisols, and Inceptisols
(Ministerio de Agricultura y Ganaderia, 2017). To control for
this variable that could affect the results, the sampling design
focused on the Inceptisol soil type only, which represents more
than 60% of soils in the study area. This soil order is generally
fertile, young, less weathered and varies in depth from 1 to 2 m.
Inceptisols are considered high-activity clay soils (Veldkamp
et al., 2020). The soil texture of the study sites corresponds
to loam.

Ten sampling sites were randomly selected in each land use
category, with a distance of at least 50 m from each other. Within
each site, five monoliths (25 x 25 x 10cm) were obtained
with a separation of 10 meters along a 2 x 50m transect.
Prior to the excavation of the monolith, the leaf litter and the
existing vegetation cover above the soil layer were discarded. To
control the possible effects of elevation across land use types,
we established replicates along the altitudinal range (Figure 1).
However, due to the historical patterns of land use transition in
our study area, we could not find replicates for native forest at
lower elevation. We conducted two field sampling trips to cover
the rainy season, one in November 2018 when we conducted 4
transects of each land use category, and the other sampling trip
was carried out in February 2019, covering 6 transects of each
land use category.

Diversity of soil macroinvertebrates
In each monolith (Figure 1), all visible organisms (>2 mm)

of soil invertebrates were collected. Then, all the specimens
were divided into arthropods and worms according to their
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FIGURE 1

Study site location, representation of land use categories and diagram of the soil sampling scheme.

Pasture

type, weighed (balance accuracy 0.001 g), and transported to the
laboratory for counting and identification. Then, the arthropod
specimens were stored in a 50-ml plastic jar with 70% alcohol,
while worms were preserved using 4% formalin. The collection
of specimens is part of the research permit No. 007-2018-
RC-AD-FLO-FAU-DPAP-MA, granted by the Environmental
Authority of Ecuador.

The collected specimens were sorted and taxonomically
identified up to the genus level, using the specialized keys
(Merrit, 1996; Kitching, 2000; McGavin, 2000; Triplehorn
et al, 2005; Leibensperger, 2016). The abundance and
biomass of soil macrofauna were averaged among the 5
samples obtained along each transect and reported at the
taxonomical level of order and genus, while the biodiversity
measures were summed up among the subsamples within
each transect (De Valenca et al, 2017). In addition, each
classified in its trophic

specimen was corresponding

groups (predators, herbivores, omnivores, detritivores,

and parasites/hematophagous), as proposed by McGavin

(2000), Cabrera (2014), and Soliveres et al. (2016)
(Supplementary Tables 2, 3).
Frontiersin Forests and Global Change
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Soil chemical parameters

For the study of soil chemical parameters, surface soil
samples (0-10cm) were collected with a borehole every 10
meters along each transect. The soil sampling was carried out
after removing the leaf litter and the surface vegetation layer.
Then, the samples within the same transect were thoroughly
mixed to obtain 40 composite samples, representing all the sites
from the different land use types. From each composite sample,
500 cm® was extracted, placed in plastic bags and taken to the
Soils Laboratory of the Central University of Ecuador for further
analysis. In the laboratory, the following chemical parameters
were obtained: organic carbon, nutrients (Ca, P, K, N), and pH.
The pH was measured with a potentiometer in aqueous solution,
ratio 1:2.5. Organic carbon was obtained by Walkley-Black wet
combustion, while %N was estimated by the Kjeldahl method
and P by the colorimetrically-modified Olsen method with a
photocolorimeter. Nutrients (K, Ca) were measured by atomic
absorption spectrophotometry, using the PerkinElmer Analyst,
and the extraction solution was sodium bicarbonate (NaHCO3)
0.5N ata pH of 8.5 (Dominati et al., 2010; Lukina et al., 2011).
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Statistical analysis

The estimated richness of edaphic macroinvertebrates
at the genus level was measured with the nonparametric
estimators Chao 1, Bootstrap, and Jacknife 1 (Jiménez-Valverde
and Hortal, 2003; Villarreal et al., 2006) using EstimateS,
version 9.1 (Colwell, 2013). According to Magurran (2004),
the agreement of results obtained from different estimators
that use conservative to flexible approaches demonstrates a
robust sampling effort. Sampling completeness was considered
as the percentage of observed relative to the estimated richness
(Colwell and Coddington, 1994).

We used the Hill numbers approach, also known as true
diversity, as a framework for a reliable estimation of alpha
diversity of soil macrofaunal communities at the order and
genus level (Chao et al., 2014). This approach provides generality
and flexibility in controlling the effects of common and rare taxa
in biodiversity quantification. We estimated the three orders of
diversity within this approach: =0, q =1, and q = 2, which are
equivalent to species richness, Shannon diversity, and Simpson
diversity, respectively (Jost, 2006; Moreno, 2011).

To test whether the alpha diversity measures and soil
chemical properties differ between land use categories, we
conducted analyses of variance after verifying the parametric
assumptions using the Levene and Shapiro-Wilk tests. When
the assumptions were not met, Kruskal-Wallis tests were carried
out. If significant differences were detected in the analyses of
variance, post hoc tests were conducted using Tukey’s method.
To test whether the abundance, biomass, and richness of the
most represented trophic groups presented divergences among
land use categories, we applied Kruskal—Wallis tests and the
post hoc Wilcoxon rank sum test with continuity correction
for nonparametric comparisons. All analyses of variance were
conducted using JASP 0.16.3 software (JASP Team, 2020).

The of the
communities was described by rank-abundance curves at

structure edaphic  macroinvertebrate
the genus level, expressed in logarithm base 10 for each land
use category and plotted with GraphPad Prism 8.0.1 (GraphPad
Software, 1995). These plots highlight the differences in
signify the
assemblages with a higher dominance, while shallower slopes

evenness among assemblages. Steep curves
imply the higher evenness of the community (Whittaker,
1972; Whittaker et al., 2001). As reported by Magurran (2004),
ordination analysis is a very simple and intuitive meaningful
method of representing the differences among the samples
and communities, which describes beta diversity in terms of
compositional change. Therefore, ordination methods were
conducted for the beta diversity comparison of the edaphic
macrofauna communities across land use categories. First,
abundance data were transformed using the “total” option in
the decostand function within the R-vegan library, and then, the
Bray-Curtis dissimilarity index was estimated (Villarreal et al.,
2006). This index varies between 0 and 1, where 0 represents
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identical communities and 1 depicts communities that do
not share any genus. The resulting dissimilarity matrix was
used to perform the principal coordinates analysis (PCoA),
which were plotted for sites and genera. Finally, to determine
whether there were significant differences between the edaphic
macrofaunal communities, multivariate analysis of variance
with 999 permutations was carried out using the adonis
function, with land use as the explanatory variable. Likewise, the
soil chemical parameters were analyzed through the principal
component analysis (PCA) to describe the general patterns of
the soil environment across land uses (De Valenca et al., 2017).

To understand whether the edaphic macroinvertebrate
communities could be explained by the soil chemical parameters
recorded across land uses, we applied canonical correspondence
analysis (CCA) and redundancy analysis (RDA). For the CCA,
the relative abundance of soil macroinvertebrate fauna, at genus
level, was used as the biological matrix while the continuous
parameters of soil quality accounted for the environmental
matrix. For the RDA, the diversity metrics based on the
Hill numbers (richness, Shannon, and Simpson) made up the
biological matrix and, similar to the CCA, the explanatory
environmental dataset corresponded to the chemical parameters
of the soil.

For both the CCA and the RDA, the variables with the
most significant influence on the edaphic macroinvertebrate
community were chosen using a stepwise model based on the
“ordistep” function. In addition, the variance inflation factors
(VIFs) were estimated for each of the soil chemical variables,
when showing VIF values <10 the noncollinearity in the matrix
of environmental variables was demonstrated and maintained
for the final analysis. The variables selected in this way were
included in the final model to test whether the variation in
the matrix of biological variables is explained more by the soil
chemical variables than expected by chance. All multivariate
analyses were performed with vegan and were plotted with
ggplot packages in R (Hammer et al., 2001; Oksanen et al., 2019).

Results

Community composition of soil
macroinvertebrates by land use
categories

In total, 1,776 individuals of edaphic macrofauna were
and 21
orders (Table 1). From these, the most represented orders
were Coleoptera (beetles, 31%), followed by Haplotaxida

obtained, representing 50 genera, 42 families,

(earthworms, 29%), and Diplura (two-pronged bristletails,
10%). Other less abundant groups included the following:
Isopoda (woodlice), Aranae (spiders),

(stone centipedes), Diptera (flies), and Scolopendromorpha

Lithobiomorpha
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TABLE 1 Abundance (mean =+ standard error) of soil macroinvertebrates at order level across different land use categories.

Land use of soil

TAXA Native forest Planted forest Monoculture Pasture
Indv. m~2 SE Indv. m~2 SE Indv. m~2 SE Indv. m~2 SE

Coleoptera 7.04 +1.81 4.88 +1.25 4.88 +1.81 12.48 +3.14
Haplotaxida 2.88 +1.36 1.52 +0.95 9.84 +4.26 13.44 +2.86
Diplura 5.04 +2.29 32 +0.81 0 0 0.08 +0.08
Isopoda 1.44 +0.42 4 +1.60 0 0 0 0
Araneae 1.52 +0.32 3.12 +0.87 0.08 +0.08 0.08 +0.08
Dermaptera 3.2 +1.11 1.04 +0.62 0.16 +0.10 0.08 40.08
Lithobiomorpha 24 +1.46 0.64 +0.35 0.24 +0.17 0.16 +0.10
Scolopendromorpha 2 +0.71 0.24 +0.17 0 0 0.16 +0.10
Diptera 0.72 +0.32 0.32 +0.24 0.4 +0.21 0.64 +0.28
Trombidiformes 1.76 +0.62 0.08 40.08 0 0 0 0
Julida 0.8 +0.31 0.08 +0.08 0.08 +0.08 0.08 +0.08
Hymenoptera 0.24 +0.17 0.08 $0.08 0.24 +0.17 0 0
Lepidoptera 0.24 +0.24 0.08 +0.08 0 0 0.24 +0.17
Stylommatophora 0.4 +0.17 0.08 +0.08 0 0 0.08 +0.08
Tylenchida 0.48 +0.34 0 0 0 0 0 0
Opilion 0.32 +0.13 0.08 +0.08 0 0 0 0
Orthoptera 0.16 +0.11 0.16 +0.10 0 0 0 0
Blattodea 0.08 +0.08 0.08 40.08 0 0 0 0
Hemiptera 0 0 0 0 0 0 0.08 +0.08
Scorpion 0 0 0.08 +0.08 0 0 0 0
Trichoptera 0 0 0 0 0.08 +0.08 0 0
Mean abundance 30.72 +1.80 19.76 +0.52 16 +1.80 27.6 +1.06

(centipedes), which represented <10% of the total abundance of
soil macrofauna registered (Table 1).

Compared to the reference system, diversity of soil
macroinvertebrate communities at the level of order was notably
reduced in pastures and monocultures (Table 1). From the 18
different orders found in native forests, only 8 were registered
in monocultures and 12 in pastures. Planted forest shared the
most orders observed in the reference system (Table 1).

Regarding abundance, the majority of the more-represented
orders of soil macroinvertebrates exhibited higher values in the
soils from native forests, ranging from 2 to 40 times higher than
the abundance found in the anthropic environments (Table 1).
Some noticeable exceptions were the abundance of Haplotaxida
(earthworms) and Coleoptera (beetles), which were two to three
times higher in pastures (13.44 ind/m?) and monocultures (9.84
ind/m?) than in the other land use categories (Table 1).

According to the shape of the rank-abundance curves,
the communities at the level of genus found in native and
planted forests were richer and presented shallower slopes
and then were more even than the pasture and monoculture

communities. Soil macrofaunal communities in pastures and
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monocultures were dominated by few taxa (Figure 2). Another
notable difference between the communities at this taxonomic
level was their composition; only 8 genera were shared between
all land use types. In pastures and monocultures, the most
dominant genera were Eisenia sp. Malm, 1877, Lumbricus sp.
Linnaeus, 1758, Naupactus sp. Dejean, 1821, and Heterogomphus
sp. Guérin-Méneville, 1851, which are classified under the
orders of Coleoptera and Haplotaxida, described above. In
native forests, the most represented genera were Holojapyx
sp. Silvestri, 1910, Forficula sp., and Naupactus sp.; while
in the planted forests, Armadillidium sp. Latreille, 1804,
Holojapyx sp., and Fufus sp. dominated the soil macrofauna
community (Figure 2).

Diversity of soil macroinvertebrates
across land use categories

The nonparametric richness estimators at genus level
(Chao 1, Jacknife, and Bootstrap) used in the present study
revealed a high degree of completeness of the sampling
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Naupactus sp., (D) Heterogomphus sp., (E) Lithobius sp., (F) Eisenia sp., (G) Scolopendra sp., (H) Trombicula sp., (I) Armadillidium sp., (J) Fufius
sp., (K) Julus sp., (L) Lumbricus sp., (M) Aspidolea sp., (N) Cheiracanthium sp., (O) Meloidogyne sp., (P) Arachnocampa sp., (Q) Eleodes sp., (R)
Naesiotus sp., (S) Phalangium sp., (T) Aphididae sp., (U) Cyrtotrachelus sp., (V) Euconulus sp., (W) Passalus sp., (X) Stomoxys sp., (Y) Tegenaria sp.,
(Z) Allonemobius sp., latt asp sp., (b) Ctenus sp., (c) Dermestes sp., (d) Ensifera sp., (€) Gasterophilus sp., (f) Gonipterus sp., () Leiobunum sp., (h)
Loxosceles sp., (i) Sitophilus sp., (j) Synoeca sp., (k) Enicmus sp., (1) Agriotes sp., (m) Calliphora sp., (n) Agrotis sp., (0) Chactas sp., (p) Cimex sp., (q)
Drosophila sp., (r) Aphrastus sp., (s) Centrotus sp., (t) Cydia sp., (u) Melyris sp., (v) Cecidomyia sp., (w) Hydropsyche sp., and (x) Trypoxylon sp.

Rank

effort for all land use categories (Supplementary Figure 1).
Although the asymptote was not reached, the level of
completeness exceeded 67%, being the sampling in the native
forest (more than 76% for all nonparametric estimators) the
one that obtained the best results to estimate richness at
genus level.

Edaphic diversity metrics at genus level (richness, Shannon,
and Simpson) showed statistical differences across land use
categories (Figure 3). Mean richness ranged from 8 (£ 5 SD)
in monocultures to 22 (& 6 SD) genera on average in
native forests. The highest richness values were observed
in native forests, followed by the planted forests, which
were statistically different from the other categories [ANOVA
F(3,36) = 9.047, p = 0.001; Figure 3]. The same statistical
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pattern was observed for the Hill numbers: Shannon (q =
1) [Kruskal-Wallis H(3) = 20.671, p < 0.001] and Simpson
(@ = 2) [Kruskal-Wallis H(3) = 20.672, p < 0.0] 01;
(Figure 3).

The macrofauna assemblages (beta diversity) differed
significantly across the land use categories (PERMANOVA,
pseudo-F = 5.0721, p = 0.001; Figure 4), demonstrating a clear
pattern between forested and non-forested sites. This pattern
was illustrated by the 2-dimensional ordination plot (PCoA;
Figure 4).

The community composition patterns observed in the rank-
abundance curves between land use categories were similar to
the results obtained in the PCoA (Figures 4A,B). For instance,
native and planted forest assemblages of soil macrofauna were
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(B) Principal coordinate analysis (PCoA) representing Bray—Curtis dissimilarity matrix at genus level.
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Multiple boxplots for (A) abundance, (B) biomass, and (C) richness for trophic groups of soil macroinvertebrates by land use category. Asterisks
illustrate the power of the levels of significance of the statistical tests: *p < 0.05; **p < 0.01; ***p < 0.001 and ns represents p > 0.05.

represented by a large number of taxonomic groups, which
were observed closer together in the PCoA ordination space.
Monoculture and pasture sites were better characterized by
less taxonomic groups, highly distinctive by the abundance
of earthworms (Eisenia sp. and Lumbricus sp.) (Figures 4A,B).
The first axis of the PCoA depicts the variability in soil fauna
assemblages across land use categories (Figures 4A,B). Native
and planted forests are clustered together in one side of the
First PC, whereas monocultures and pastures are grouped on the
other side of this axis.

Trophic group patterns of soil
macroinvertebrates

Detritivores, predators, and herbivores were the most
represented trophic groups in the edaphic macrofaunal
communities (Figure 5A). However, there were differences

in relative abundance, biomass, and richness between
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the land wuse categories. In general, relative abundance
and richness by trophic group presented similar patterns
between native and planted forests (Figures 5A,C). However,
the most abundant trophic group in native forests were
the predators, exhibiting significantly higher values than
26218, p < 0.01;
Figure 5A]. On the other hand, the edaphic macrofaunal

pastures and monocultures [H(3) =
communities in pastures and monocultures were similar
to each other and dominated by detritivores (Figure 5A),
but for this trophic group, the mean abundance in pastures
was significantly different from native and planted forests
[H(3) = 9.740, p < 0.05; Figure 5A]. Moreover, herbivore
abundance did not show significant differences among the
land uses.

Different patterns from those described for relative
abundance were observed when analyzing the biomass of
trophic groups (Figure 5B), showing a marked dominance by
detritivores, followed by an important component of herbivores
in all systems, particularly in monocultures and pastures
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(Figure 5B). However, only detritivores in planted forests

N 0 — o>~
showed significantly lower values than the other land uses [H(3) a b -q% -q% -q%
=12.068, p < 0.01] (Figure 5B). -
Finally, richness exhibited different results across the land [
use categories (Figure 5C). A significantly greater number of g ] ’ff*f é
genera within the predators [H(3) = 26.218, p < 0.001] was R
found in native and planted forests. Detritivore richness was
significantly lower in planted forests and monocultures than in " = Qe
native forests [H(3) = 10.546, p < 0.05; Figure 5C]. » 35 g 7
3
Soil chemical parameters %: ER
ERER R
Soil chemical properties showed significant differences ©
across the land use categories. In general, organic carbon, pH,
and the content of nutrients (N, Ca, and K) were significantly o o — o
higher in the native forest compared to anthropic environments, 7 % % ;H ;H
although the average values of pH and P did not show the
differences between pastures and native forests (Table 2). In g
contrast, P was the only parameter that was significantly higher S
in monocultures. All the soil chemical parameters studied were :: § £ 3 %
similar in planted forests and monocultures (Table 2). é - e =
Principal component analysis of the soil chemical properties
showed clear groupings based on the land use categories
(Figure 6). Most of the variation explained by the soil chemical e
parameters was represented in the first principal component axis i 7oA -«E %
(PC1, 58.58%), and a clear pattern of clustering of sites within
each land use category was observed on this axis. Native forests =
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C, N, and Ca were also found. Pastures were represented in 08)1 S g ’;rf é E .
the central region of the plot. In contrast, monocultures and 5 %O N3 R g
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the biplot, coinciding with the strikingly high values of P in g é
their soils. The biplot of the PCoA demonstrated a positive 2 z
correlation between organic carbon, Ca, and N, while a strong g = § § § E _;?):
negative correlation was observed among these variables with 2 oA ;E
P. These association patterns of soil structure variables were 5 Z ¢
clearly related to PC1. Complementarily, an important part of é . PR ;é
the variability of the multivariate dataset was explained by PC2 “Lj = 2233 §
(16.88%), which captured the variation of pH, C:N ratio, and g = %
micronutrients (especially K) (Figure 6) among sites. > z 8
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The canonical correspondence analysis demonstrated that g § %
the inertia that was successfully constrained by the explanatory § . 3 B g E ff
variables was 28%. From this percentage, constrained inertia ~ 3 g _:.S ‘—é‘ . 15 §
associated with CCA1 was 53% and CCA2 was 28%. Both axes 4 8 £ 2 g E 8:
significantly explained (ANOVA p < 0.002) the variation in =3 Z& 2 & E-
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Canonical correspondence analysis of the soil chemical parameters and the relative abundance of the edaphic macroinvertebrate community.
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<0.05; **p <0.01; ***p <0.001.
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relative abundance of the soil macroinvertebrates at genus level.
Therefore, there is a good representation of the relationship
between biological variables and soil chemical parameters.
According to the results of the ANOVA of the CCA, the main soil
chemical parameters that influenced the structure of the edaphic
macroinvertebrate community were organic carbon (p < 0.001),
followed by pH, and K (p < 0.01). In addition, this analysis also
identified that C:N and P significantly (p < 0.05) explained some
of the variations in the matrix of the relative abundance of soil
macrofauna analyzed (Figure 7, Supplementary Table 4).

The redundancy analysis demonstrated that soil chemical
parameters significantly explained 27% (ANOVA p < 0.05)
of the variation in diversity metrics of the soil macrofauna
community. The inertia associated with RDA1 was 25.606 and
RDAZ2 was 1.313. The main chemical parameters that influenced
the diversity of the edaphic macroinvertebrate community were
organic carbon (p < 0.01) and pH (p < 0.05) (Figure 8,
Supplementary Table 5).

Discussion

Our findings suggest that the conversion of native forests to
anthropic environments, especially to agricultural land (pastures
or crops), causes biodiversity loss and degrades soil fertility.
These results are in line with other studies conducted in tropical
mountain systems (Delelegn et al., 2017; De Valenca et al., 2017;
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Zhang et al., 2017; Perez et al.!). Biodiversity loss was evident
when structure and community composition of soil macrofauna
were compared among the land use categories. As we expected,
native forests showed the significantly higher values of alpha
diversity metrics than pastures and monocultures. However, our
reference system presented soil macrovinvertebrate assemblages
as diverse as those found in planted forests, a result that was
not expected. Moreover, our study demonstrated taxonomic
diversity depletion at genus and order levels as a result
of native forest conversion to agricultural land. The length
of the abundance range curves of soil macroinvertebrates
registered in native and planted forests almost doubled those
found in pastures and monocultures. Strikingly, from the
18 distinct orders of soil macroinvertebrates found in native
forests, only half were found in pastures and even less
in monocultures. Additionally, our findings from the PCoA
showed the differences in soil community composition across
the land use categories. Native and planted forests depicted
similar communities, which differed from those found in
pastures and monocultures, a result also reflected in the
permutation analysis of variance using distance matrix, where
the aforementioned finding was statistically verified.

1 Perez, A, Acosta-Lopez, C., Buitron, S., Guarderas, P. (2022). 'Land use
changes alters the diversity and composition of soil bacteria in an Andean

landscape of northern Ecuador’, Microbiology Society. (submitted).
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Differences in the structure and community composition
of soil macrofauna among the land uses demonstrated in our
study would likely be related to the degree of human disturbance
in managed ecosystems (Lukina et al., 2011; Sylvain and Wall,
2011). A change in vegetation structure, such as the total or
partial removal of its biomass due to land use conversion,
can produce significant disturbances in the physical, chemical,
and biological properties of soil (Ruiz et al., 2010; De Valenca
et al., 2017; Solorzano Flores, 2020). In turn, changes in the soil
ecology could alter habitat conditions and resource availability
for different groups of soil dwellers, who are sensitive to the
changes in their environment (Rousseau et al., 2013). For
example, the similarities observed between native and planted
forests’ soil fauna could be explained by the low level of
physical disturbance in these land use types. Generally in the
highlands of northern Ecuador, exotic species (Eucalyptus sp.
and Pinus sp.) were planted mainly to restore deforested and/or
degraded landscapes—and to a lesser extent for commercial
purposes (Farley, 2007). Therefore, after their establishment,
vegetation cover and the associated litter production do not
substantially change in planted forests, a condition that is
shared with native forests. Studies have shown that vegetation
cover and litter production are the main factors that control
the composition and distribution of soil fauna (Guangbin and
Xiaodong, 2007; Zhou et al., 2022). In forested soils, these factors
may have provided habitats to evade natural enemies and more
resources to thrive (Shrewsbury and Raupp, 2006; Guangbin and
Xiaodong, 2007).

Moreover, in this study, the less-disturbed systems—
which correspond to native and planted forests exhibited
high overall taxonomic diversity in addition to richness
of predators, represented by centipedes (Lithobiomorpha,
Scolopendromorph) and spiders (Aranea). Previous work
in tropical systems (Halffter and Arellano, 2002; Cabrera
and Lopez, 2018) has demonstrated that soils protected
from surface disturbance, such as forest and fallows, favor
the development of taxonomically and functionally diverse
macroinvertebrate communities (De Valenca et al., 2017). These
forested ecosystems are characterized by low soil disturbance,
representative root biomass and soil plant cover, in addition to
abundant leaf litter—providing complex topsoils where balanced
food webs and abundant predators can thrive (Manhies et al.,
2013; De Valenga et al., 2017).

Our results from pastures and monocultures demonstrate
a simplification pattern in soil community composition. High
abundance and biomass of one trophic group (detritivores),
mainly represented by some beetles (Coleoptera) and
earthworms (Haplotaxida), depict soils under agricultural
land in our study region. Intensively managed agricultural
land, characterized by tillage, the application of pesticides
and fertilizers, soil compaction, and the harvest of plant
biomass have caused simplification of edaphic communities
(Menta, 2012; Thiele-Bruhn et al., 2012). In these disturbed
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systems, species capable of withstanding stress predominate
and rare taxa decrease or disappear (Brown et al, 2001;
Decaéns et al, 2006). This result could be explained by the
ability of some soil species (especially earthworms) to tolerate
the disturbance associated with land preparation, planting,
and even contamination caused by pesticides (Halffter and
Arellano, 2002; Araneda, 2016; De Valenca et al, 2017;
Eisenhauer et al., 2017). Another complementary explanation
of the high representation of detritivores in agricultural land
could be related to higher inputs of manure and higher
biomass of plant roots available to decomposers of soil organic
matter (Ernst and Emmerling, 2009).

Another interesting result, related to the biological attributes
of soils, was the lack of ants or termites in all topsoils studied
across the land use categories in the highlands of northern
Ecuador. These arthropods are the most commonly cited
examples of soil engineers across all biomes (Lavelle et al., 2014).
This result could be related to altitudinal limitations of these
groups in our study sites (Brussaard et al., 2013), although this
cannot yet be proven by our data.

Our findings related to soil chemical parameters of the
topsoil layer (0-10cm) demonstrated a strong degradation of
soil fertility as a result of native forest conversion to anthropic
environments: a result consistent with the findings from
Lemenih et al. (2005). As expected, we found significantly higher
values in many chemical properties that characterized healthy
soils (total C, total N, and nutrient availability) in native forests
compared to anthropic environments. Only phosphorus was
found in less quantity in native forests, while in monocultures
and planted forests, this nutrient had a significant greater value.
This result coincides with the study of Escobar et al. (2017)
that states that finding P in high quantities is expected in the
soil of monoculture systems. Agricultural systems with a large
amount of phosphorus added by mineral fertilization tend to
accumulate this nutrient as a function of the time that the soil has
been used for cultivation (Delelegn et al., 2017). Furthermore,
the lower values of soil chemical parameters observed under
the agricultural sites would likely be explained by a lack of soil
cover, high levels of tillage disturbance, an accelerated rate of soil
organic matter decomposition, and increased erosion (Delelegn
etal., 2017).

In addition, we found that pH was highest in native
forest soils. This result is in line with the studies by Urrego
(1996) and Veldkamp et al. (2020), where topsoils under
natural forests exhibited a higher pH than other land use
categories. Moreover, our findings are consistent with the study
conducted by Heitkamp et al. (2014) in the Central Andes.
They demonstrated that the decrease in vegetation cover, as
a result of forest conversion to rangeland systems, enhanced
soil weathering and leaching rates, which in turn cause soil
acidification. Distinct natural and anthropic processes lead to
decreased soil pH (Goulding, 2016). However, in the agricultural
land of our study region, a combination of these factors may
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explain the observed lower pH values. The opening of the system
(more water percolating in the soil profile), disrupted biological
cycles (lower return of Ca in the topsoil through litterfall), and
nitrogen fertilization, containing acidifying products, might be
the major driving factors for the acidification pattern detected in
monocultures (Hao et al., 2020).

Our results highlighted a wide variation in the fertility
parameters of pasture sites. Half of them had patterns similar
to those observed in native forests, and although the rest of
the sites resembled the conditions present in monocultures,
the mean values showed significant differences for some soil
chemical properties evaluated (total C, total N, and soil organic
matter) compared to monocultures. These differences could
be attributed to the history of land use, where soils recently
converted to pastureland would present better conditions of
soil fertility. Other contributing factors would be related to the
differences in grass root biomass, levels of disturbance by tillage,
and the addition of nutrients from organic wastes of livestock
in the system. Mann et al. (2019) demonstrated that grass and
mixed perennial-annual cropped fields presented higher levels in
physicochemical and biological parameters of soil quality than
more intensely managed fields, such as undiversified grain and
vegetable crops.

We did not observe differences in soil chemical properties
between plantations with exotic tree species (such as Eucalyptus
spp.) and the degraded monoculture sites. These two land uses
presented significant lower values in most of the chemical soil
properties (organic carbon, N, K, Ca, and pH) than native forest,
suggesting a strong degradation on soil fertility. Regarding the
effect of native forest conversion to plantations with exotic tree
species (such as Eucalyptus spp.) on soil properties, different
investigations present contrasting findings. Some studies suggest
a positive impact in degraded and treeless lands by increasing
litter input on the soil surface (Yitaferu et al., 2013). On the other
hand, many other studies demonstrated the high demand for soil
nutrients of Eucalyptus plantations as a result of the combined
effect of fast growth and the inability to fix nitrogen (Zegeye
etal., 2011), causing detrimental effects on soil properties (Liang
etal., 2016; Coca-Salazar et al., 2021). Our results are consistent
with the latter findings. This would imply that reforestation
efforts using exotic plants do not contribute to improving soil
fertility (Liang et al., 2016; Veldkamp et al., 2020).

The divergent results of topsoil macrofauna diversity and
soil chemical properties among land uses are remarkable.
However, the effect of land use change on the soil biota and
the soil chemical properties showed some differences. Although
native forests stood out for presenting a greater diversity of
soil biota and significantly higher values for chemical quality
variables than the other land use typologies studied, the edaphic
communities in the reference sites presented similarities with
those found in planted forests. It appears that taxonomic
diversity and composition in the soils studied are determined
by a combination of factors, where acidification, soil nutrients,
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vegetation cover, and litter production seem to be relevant.
Although, as vegetation cover and litter production were not
measured directly, it is necessary to incorporate these variables
to better understand the driving factors that influence the
dynamics of edaphic communities in response to the altered
environments of Andean landscapes.

Our results from the CCA and the RDA showed that a
significant amount of variation in the community composition
and diversity of soil macroinvertebrates was explained by soil
chemical parameters. These results demonstrated a connection
between biological attributes and chemical properties of topsoils,
which likely affect soil health (De Valenca et al, 2017).
On one side, the CCA showed that relative abundances of
different genera of soil macrofauna were significantly affected
by pH, organic matter, C:N, and phosphorus. We observed
distinct soil assemblages associated with high levels of pH
and organic matter, attributing that the characterized native
forests. In contrast, high levels of phosphorus were associated
with communities characterized by earthworms mostly found
in monocultures and pastures, which was in line with the
findings of other Andean systems (De Valenca et al., 2017).
Furthermore, RDA demonstrated that all diversity metrics
(richness, Shannon, and Simpson) of soil macrofauna were
significantly explained by pH and C. The first axis of both
multivariate analyses demonstrated a clear distinction between
forested and agricultural sites and represented pH and nutrient
variations, whereas the second axis was mostly defined by C:N,
which was not explained by land use, suggesting a variation
present in all land use categories.

Our findings are consistent with many studies that
have reported that soil abiotic conditions interact with soil
biodiversity (Lauber et al, 2008; Bardgett and Van Der
Putten, 2014; Tibbett et al, 2020). In this study, the orders
Lithobiomorpha and Scolopendromorpha, which belong to
the class Chilopoda, have higher mean abundances in the
native forest than in the other typologies. This typology in
turn has high values of organic matter, organic C and N.
Therefore, it can be inferred that the presence of chilopods
demonstrates the good quality of the soil in the native forest.
In contrast, we found a higher abundance and biomass of
earthworms associated with more acidic soils (pastures and
monocultures), and this result differs from the well-documented
reduction of earthworm abundance with a decrease in soil
pH (Urrego, 1996; Veldkamp et al, 2020). However, this
contrasting result, especially in pastures, could be explained by
the species composition among earthworms. Generally, topsoil
communities are dominated by epigeic earthworms, who feed
on plant litter and are less affected by pH (Duddigan et al,
2021). Since the taxonomic resolution of our research was at the
genus level, further identification at the species level could better
elucidate this issue. Moreover, we found that high values of
phosphorus concentration on soils (characteristic of agricultural
land) were negatively correlated with pH. According to
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Le Bayon and Milleret (2009), earthworm abundance and
composition could directly or indirectly influence C, N, and P
dynamics. Earthworms are keystone soil organisms in regulating
nutrient cycling by their feeding and burrowing activities, as well
as by their metabolism and metabolic wastes. But these possible
interactions need further study. The higher soil fertile conditions
in pastures may be mediated by the presence of earthworms.

Likewise, land use change could affect soil chemical and
biological interactions in different ways, leading to cascading
effects on other elements of the system. For instance,
belowground communities are tightly linked to aboveground
communities through multiple trophic interactions, at different
scales and across the whole range of ecological processes that
ultimately govern ecosystem functioning (Eisenhauer et al,
2017). Veldkamp et al. (2020) suggest that deforestation leads
to drastic changes in inputs of litter organic residues, which
may modify the soil microclimate, its biological activity, and
decomposition rates. Differences in microclimates between
native forests and other land uses were recorded by Guamén
Travez and Guarderas (In press), which may affect ecological
processes taking place in topsoils (Gehlhausen et al., 2000;
Montejo-Kovacevich et al,, 2022). However, further integrated
approaches that incorporate climate variations and other
environmental parameters are needed to understand the
cascading relationship among biodiversity, ecological functions,
and the provision of soil ecosystem services (Leibensperger,
2016). Notwithstanding, we argue that shifts in soil community
structure and biodiversity loss, generated by anthropogenic land
use, may be mostly related to the changes of habitat structure
(e.g., tree density, canopy cover), microclimatic conditions (e.g.,
temperature, humidity, light intensity, and incidence), and the
disruption of ecological interactions among species (Gehlhausen
et al., 2000; Ko$uli¢ et al., 2016).

In our study, we controlled for the soil taxonomy
(Inceptisols) and soil texture (mostly loams); therefore, we
envisioned that our findings would mostly uncover the effects
of the land use changes on soil quality parameters. However, the
proportion of variance that is not explained by our study could
be attributed to the differences in land use history and variability
of other topographic variables such as slope or aspect across our
study sites (Lavelle et al., 2014). Although our sampling design
incorporated altitudinal variation throughout the study area,
replicates of native forests were not found at lower elevations
due to the land use history patterns. However, the similarities
between native forest and planted forest, especially in the
diversity and composition of soil macrofaunal communities,
suggest that an altitudinal range of hundreds of meters is not
a determining factor in high mountain areas above 3,000 m.a.s.l.

Our findings, consistent with other studies (Lavelle et al.,
2014), also propose the irreplaceable value of native forests as
biodiversity reservoirs. This study contributes to expanding the
soil biodiversity knowledge in mountain landscapes of Ecuador,
especially in remnant forests where few studies have been
undertaken. However, our analysis focused on the taxonomic
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diversity of soil macrofauna at order and genus levels; therefore,
more effort is required to elucidate the belowground species
biodiversity, which has not yet been fully described (Eisenhauer
et al., 2018; Phillips et al., 2019).

Landscape management
implications

The findings of this research could contribute to the
conservation and sustainable management of mountain
agricultural landscapes in the study region. This should
involve the management for restoring ecological processes and
ecosystem services at the plot and at the landscape scale, by
integrating plants and soil biota characteristic of native forests,
as well as diminishing soil disturbance practices in agricultural
systems (The Intergovernmental Science-Policy Platform on
Biodiversity and Ecosystem Services, 2018).

For instance, there are clear indications that managing
agroecosystem diversity within farms by higher amendments,
promoting soil organic matter and beneficial soil fauna, assuring
the maintenance of crop productivity and support for vital
ecosystem services will improve the soil quality (Letourneau
et al, 2011). However, an important guiding principle of
landscape restoration implies the definition of conservation and
ecosystem service’ outcomes (Reed et al.,, 2013). For example,
our results demonstrated that planted forests appear to support
similar assemblages of soil macrofauna as native forests, but
limited soil fertility. Thus, a restoration initiative framed in the
soil health framework would imply improving both biodiversity
conservation and soil fertility in degraded agricultural land.
Therefore, it should emphasize the use of native plants and soil
fauna occurring in the region landscape.

Another approach spatial
arrangement and connectivity at the landscape scale (Lavelle
et al, 2014; Landis, 2016). Studies have suggested that the
ecological quality of a homogenous matrix in an agricultural

complementary involves

landscape could be highly enhanced by the addition of
seminatural elements (Lavelle et al., 2014). For instance, setting
aside relatively undisturbed natural systems such as native
forests and connecting them with agricultural land through
corridors may provide the sources of soil biodiversity, which
could recolonize depleted soils under agricultural management
(e.g., soil vegetation and macrofauna) (Nieminen et al,
2011). In addition, the spatial arrangement of pastures, which
demonstrated better soil quality, alongside monoculture plots
can support the recovery of soil macrofauna populations.

As described by Lehmann et al. (2020), the terminology,
concept, and operationalization of soil health are still evolving
to address the concerns over biodiversity, water quality, climate,
recreation, and human and planetary health beyond humans.
Likewise, appropriate soil health indicators should involve
biological, chemical, and physical properties to measure soil
multifunctionality and should be integrated into informative
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soil health indices, which are still under development. We
are aware that our research only evaluated two dimensions
of the soil health approach: soil fertility and biodiversity
conservation. However, we envision that the inclusion of soil
invertebrates, as biodiversity indicators, in combination with
chemical attributes could contribute to expand the use of the
soil health approach in soil assessment and management to
attempt longer term sustainability challenges related to multiple
ecosystem services.

Conclusion

This study shows clear differences in soil chemical properties
and in the structure and composition of edaphic macrofaunal
communities between anthropic land use categories and the
reference natural system. Biodiversity loss was evident when
structure and community composition of soil macrofauna
were compared amongst land use categories. As we expected,
native forests showed significantly higher values of alpha
diversity metrics than pastures and monocultures. However,
our reference system presented soil macrofaunal assemblages
as diverse as those found in planted forests, a result that
was not expected. Then, the biodiversity dimension of our
assessment demonstrated a clear pattern between forested and
non-forested sites.

Our findings related to soil chemical parameters of the
topsoil layer (0-10cm) demonstrated a strong degradation of
soil fertility as a result of native forest conversion to anthropic
environments. As expected, we found significantly higher values
in many chemical properties that characterized healthy soils
(total C, total N, nutrient availability) in native forests compared
to anthropic environments. However, for this dimension we did
not detect the patterns of forested and non-forested sites found
for soil invertebrate diversity.

A significant amount of variation of the community
and diversity of
was explained by soil chemical parameters. These results

composition soil macroinvertebrates
demonstrated a connection between biological attributes
and chemical properties of topsoils, which likely affect soil
health. However, because soil invertebrate communities did
not change between native and planted forest, even when
chemical parameters of soil fertility were significantly different
between them, suggests that other driving factors should be
playing a more important role than soil chemical parameters
in the establishment of the invertebrate communities in these
highland landscapes.
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