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Abstract

Monoculture of pine alters the soil fauna community structure, but forest farms,

mixed with natural areas, are restoring the original vegetation to protect, the diversity

and ecosystem functions. In restoration initiatives it is necessary to consider the soil

fauna. Thus, the aim of this study was to investigate how the process of restoration

of the soil community occurs over time in areas after pine harvesting. Areas in natural

regeneration with 4 and 10 years, pine plantations adjacent to these areas (repre-

senting previous use), and areas of natural forest (reference) were evaluated, it was

evaluated three areas per treatment, with six sampling points spaced 30 m apart,

totalling 18 sampling points for each treatment (n = 18). Soil mesofauna and macro-

fauna were collected through soil monoliths and pitfall traps. The comparison of the

statistical analysis was to check for changes in the soil fauna over time (4 and

10 years) compared with that observed in secondary forest areas. The study showed

that, along the natural regeneration time (4 and 10 years), it was observed increments

in the diversity and evenness of the soil community and a reduction in the dominance

of groups like Formicidae and increases in the community structure complexity with

the resurgence of micropredators/regulators (Collembola and Acari), litter trans-

formers (Oligochaeta, Diplopoda, Blattodea, Coleoptera (Larva), Diptera (Larva) and

Coleoptera) and predators (Pseudoscorpiones, Opiliones, Symphyla and Coleoptera)

after 10 years of natural regeneration, the areas have already recovered groups with

important ecosystem functions, but are not yet at the level of abundance, functional

diversity and community structure of native forest areas. The 4- and 10-year regen-

eration areas present major number of soil fauna groups of native forest (20 groups

in regeneration areas and 17 in the native forest areas). Even so, the forest showed a

major complexity of soil fauna community structure, evidenced by the diversity. This

study contributes to the understanding of natural regeneration for soil fauna along a

temporal gradient and these findings can guide the conservation of regional soil

fauna diversity.
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1 | INTRODUCTION

Forests currently cover 30.8% of the global land area, which repre-

sents 4.06 billion ha, of which 93% are of natural areas and 7% of

planted areas. In the three decades between 1990 and 2020, there

was the loss of 178 million ha (1.7%) of forest by agricultural expan-

sion and deforestation (FAO & UNEP, 2020). Despite the forest farms

supplying the global demand for wood, fuel, and cellulose, they also

affect native forests. So, like part of the sustainable management of

the forest farms around the world, countries like England, Scotland,

Wales, Canada, USA, Brazil and Chile, have adopted some initiatives

of management in mosaic forms that can provide natural vegetation

areas mixed with tree commercial areas, generating ecological corri-

dors and permanent biodiversity protection areas (França et al., 2022).

One of the most important reasons to maintain natural areas is

restoring and conserving natural forests that provide landscape con-

nectivity, carbon sequestration, biodiversity, water provision and soil

conservation. Nowadays, most natural areas are small fragments,

which threatens the offer of ecosystem services and the quality of life

on the planet (FAO & UNEP, 2020; França et al., 2022). Although

exotic forest farms are efficient wood production systems at South

Brazil, with extensive areas of commercial plantations mixed with

areas of Atlantic Forest (Oliveira & Oliveira, 2017), they have raised

concerns about the potential negative impacts on biodiversity and

ecosystem services.

Generally, the monoculture has negative impacts on local biodi-

versity due to the low diversity and complexity of the habitat (Eckert

et al., 2022). Cifuentes-Croquevielle et al. (2020), in a study con-

ducted in central Chile (temperate climate), observed loss of soil fauna

biodiversity in Pinus radiata plantations with lower abundance of

groups with specific functions, such as predators, and greater abun-

dance of generalist groups, when compared to the native forests.

They concluded that these changes in community structure point to

the process of homogenisation of soil fauna, with risk of losses or

reduction in the provision of ecosystem functions. In the same way,

Tulande-M et al. (2018) observed the reductions in soil macrofauna

abundance and richness immediately after the removal of Pinus patula

plantations. These authors highlighted the dominance of groups, such

as specialised saprophytes, capable of digesting lignin from pine resi-

dues, with effects on the diversity and evenness of the soil commu-

nity in these areas.

Pine harvesting promotes spaces without vegetation, with depo-

sition of residues of pine (barks and stumps) and litter (needles), and

these areas have been used for restoration of the original vegetation.

In these areas, environmental conditions are constantly changing, with

variations in soil temperature and moisture, loss of nutrients, partial or

total removal of litter, and acceleration of organic matter decomposi-

tion. All these factors can cause stress to the remaining soil fauna

(Amazonas et al., 2018; Siebers & Kruse, 2019).

Throughout the development of secondary forest, the complexity

of the areas increases in terms of vegetation and litter composition,

with expected effects on soil biota. The studies of Kooch et al. (2021)

and Eckert et al. (2022) in indigenous forests located into mosaic

areas, showed the establishment of detritivores groups and predators,

linking this fact with some special conditions. Some requirements to

this functional group's development were moisture, litter quality and

density, in addition to indirect effects of canopy cover as temperature

balance and better water retention. Soil fauna is an important compo-

nent in all ecosystems, especially those that are undergoing restora-

tion, since these organisms are capable of degrading and

redistributing litter, influencing nutrient cycling, besides to assisting in

the flow of water in the soil, aeration, structuring and moisture, ensur-

ing physical quality. In addition, predation of soil organisms contrib-

utes to biological regulation, sustainability of the soil food chain and

conservation of soil biodiversity (Bach et al., 2020; Franco

et al., 2016; Sankovitz et al., 2019).

The success assessment of processes related to the restoration of

areas after pine harvest is part of the management of the forests to

increase the natural spaces. In this case, it is necessary to consider the

aspects that encompass all components of the ecosystem, including

the restoration of the soil community and its ecosystem functions.

Natural regeneration of the areas after pine harvest is expected to

include, in addition to natural revegetation, the recovery of the diver-

sity and complexity of the soil fauna community because it is highly

necessary for maintaining their ecosystem services.

The aim of this study was to investigate (a) how the restoration

process of the soil community fauna happens after pinus harvesting

along a temporal gradient in natural regeneration areas at subtropical

soil conditions; (b) how structural and functional diversity changes and

which groups of organisms are the main representatives of such

changes. For this purpose, areas after pine harvest with 4 and

10 years of natural regeneration were studied, using adjacent areas of

pine plantations (representing previous use) and areas of natural for-

est as reference. The following hypotheses were tested: (a) the recov-

ery in abundance, richness and diversity of soil fauna and the increase

in its complexity in terms of groups can be observed between 4 and

10 years of regeneration; (b) at 10 years of regeneration, the process

of restoration of the soil community (abundance, functional diversity

and community structure) reaches levels close to those observed in

the native forest; (c) the effects of pine on soil fauna community are

represented by reductions in the abundance and diversity of groups

of soil macrofauna and mesofauna and by the promotion of domi-

nance of specific groups, which is reversed during the process of res-

toration of the soil biota.

2 | MATERIALS AND METHODS

2.1 | Study location

The study was carried out in the municipality of Bocaina do Sul, in the

southern plateau of Santa Catarina, Brazil, in a forest farm

(27�44004.700 S; 49�59036.700 W) belonging to Klabin S.A, forestry, cel-

lulose and paper industry. The region where the farm is located is

formed by native grasslands and remnants of Atlantic Forest, specifi-

cally the Mixed Ombrophile's Forest (MOF), located at an altitude of
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860 m. The climate of the region is humid mesothermal (Cfb) accord-

ing to Köppen's classification (Santa Catarina Government, 2021;

Carver et al., 2002). In Brazil, the restoration of areas of natural vege-

tation meets the need for conservation of the MOF, one of the phyto

physiognomies of the Atlantic Forest most threatened in terms of bio-

diversity, soil, and water resources. The Montane Forest, with alti-

tudes between 400 and 1000 m, is one of the formations of the MOF

that is at a high level of fragmentation (Fockink et al., 2022; Kersten

et al., 2015; Martins et al., 2017; Brazil, 2012). This fragmentation is

due to historical processes of intense exploitation of Brazilian pine

(Araucaria angustifolia) wood, in addition to deforestation for the

development of agriculture (Floriani & Fert Neto, 2011; Haddad

et al., 2015; Higuchi et al., 2012). After an intense period of wood

exploitation, reforestation with exotic species in the deforested areas

of the MOF was encouraged by government institutions. Since then,

there was intensification of forest plantations, especially with pine

species (Floriani & Fert Neto, 2011).

The experimental arrangement tested consisted of areas of pine

plantation and regeneration with two ages, plus an area of natural for-

est control. For each treatment, three areas were selected as true rep-

licates, totalling 15 sampling areas (Figure S1, Table S1). The

permanent preservation areas (PPA) were 4 and 10 years old of natu-

ral regeneration after pine harvest; and the three adjacent areas with

pine plantation were 3 and 9 years old (commercial planting areas).

The forest farm studied has more than 30 years and has plantation,

natural regeneration, and secondary forest areas of different ages that

make up the forest mosaic. In each sampling area (15 in total), tran-

sects were established with six sampling points spaced 30 m apart,

totalling 18 sampling points for each treatment (n = 18) and, 90 sam-

ples in the total. The distance of 45 m was maintained between the

transects established in the regeneration and pine areas (Figure S2a);

in the areas of natural forest, only one transect per area was estab-

lished (Figure S2b).

The ages of regeneration and pine plantation areas represent the

more initial and more advanced phase of regeneration at the farm

with the same class of predominant soil, a Cambissolo húmico alumínico

(Inceptisol). The land use history and detailed characteristics of the

sampling units are presented in Table 1. As a complement, we add

more information about the areas with physical (Table S2) and chemi-

cal (Table S3) properties of soil in the study areas.

2.2 | Soil fauna collection and characterisation

Samplings for studying the soil fauna were carried out in the summer

of 2019 when the mean temperature varied between 17 and 26�C

with an average precipitation of 3.6 mm between the days of collec-

tion. We opted for one-time sampling and chose the summer to do

the sampling because it was the time with the best climatic conditions

to access the study areas. This is because seasonality may have less

impact in the study region given that the precipitation during the

months of the year is practically uniform, with no clear definition of a

period with or without rain, which is a characteristic of the region

where the study was carried out, the Southern Plateau of Santa Catar-

ina (Soccol et al., 2010). Soil fauna was collected at each sampling

point by soil monolith and pitfall trap methods. The monolith method

was used to collect soil and litter macrofauna, according to Anderson

and Ingram (1993). Pitfall traps were used to collect macrofauna and

mesofauna from the soil surface, as described by Baretta et al. (2014).

Soil fauna organisms were identified based on the most specific taxo-

nomic level possible, with the aid of a stereoscopic microscope with

50� magnification, according to Ruggiero et al. (2015). Formicidae

and Aphinidae groups were classified at the family level, Chilopoda,

Collembola, Diplopoda, Symphyla and Gastropoda at the class level,

and Oligochaeta as a subclass. Araneae, Blattodea, Coleoptera, Der-

maptera, Hemiptera, Isopoda, Opiliones, Orthoptera, Diptera and

Pseudoscorpiones groups were classified at the order level and Iso-

ptera at the suborder level.

TABLE 1 Land use history and characterisation of study areas.

Sampling unit History and characterisation

4 years of

regeneration

REGEN—4

Areas with Pinus taeda plantation until

2015.

Areas of PPA with natural regeneration

with 4 years, in the initial process of

secondary revegetation (shrubs, herbs and

grasses).

Soil covered by grasses, with some traces

of deposition of residues from pine harvest

(mainly stumps and branches).

10 years of

regeneration

REGEN—10

Areas with P. taeda plantation until 2009.

Areas of PPA with 10 years of natural

regeneration, in a more advanced

revegetation process in terms of time and

development of secondary vegetation (in

addition to shrubs and herbs, tree species

such as Mimosa scabrella).

Soil covered by grasses and litter from the

secondary vegetation, without traces of

residues from pine harvest.

Pinus plantation

adjacent to REGEN—4

PINUS—4

Areas with P. taeda plantation in 3rd

planting cycle, with age of 3 years.

Areas with pine trees of short stature.

Plantation with much of the soil uncovered,

but with some traces of residues from the

last pine harvest (mainly stumps and

branches).

Pinus plantation

adjacent to REGEN—
10

PINUS—10

Areas with P. taeda plantation in second

planting cycle, with age of 9 years.

Areas with pine trees of tall stature.

Plantation with the soil fully covered by

pine needles.

Natural Forest

FOREST

Natural vegetation, secondary forest with

approximately 30 years without any human

intervention.

No history of commercial plantation.

Areas with typical plant species of the

Montane MOF, including tree species such

as A. angustifolia and plants such as

Dicksonia sellowiana. Soil covered by litter

from these species.
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The total abundance of soil fauna and abundance per taxonomic

group were determined for the soil monolith and pitfall trap methods

(Table S4). For data analysis, the values of abundance of soil fauna

(total and for taxonomic groups) of the soil monolith and pitfall trap

methods were summed. Richness was evaluated jointly for the two

methods of soil fauna collection. Thus, the total richness of taxonomic

groups (total number of groups) was obtained, and the total abun-

dance of soil fauna organisms (total number of individuals) was deter-

mined for each area studied.

For more details, Tables S5 and S6 show the density (individuals

per m2) and abundance (individuals per trap) of soil fauna taxonomic

groups in the study areas, collected by soil monolith and pitfall traps,

respectively.

The relative abundance of taxonomic groups (RA), the percentage

abundance of each group relative to the total abundance of sampled

organisms, was also calculated (Table S7). The differences between

the relative abundances of groups from the 10-year and 4-year regen-

eration areas (RA of groups from REGEN—10 minus RA of groups

from REGEN—4) and between the relative abundances of groups from

the 10-year regeneration areas and the forest (RA of groups

from REGEN—10 minus RA of groups from FOREST) were also calcu-

lated (Table S8).

Soil fauna abundance and richness data were used to determine

the Simpson's dominance (D0), Shannon's diversity (H0), and Pielou's

evenness (J') indices, calculated by Past 4.03 software (Hammer

et al., 2001).

2.3 | Data analysis

To better understand the objective and hypotheses, the comparisons

performed between the areas based on the results of abundance, rich-

ness and diversity of groups of soil macro and mesofauna are

described below:

• REGEN—4 versus REGEN—10;

• REGEN—10 versus FOREST; REGEN—4 versus PINUS—4;

• REGEN—10 versus PINUS—10.

The objective with these comparisons was to check for

changes in the soil fauna over time (4 and 10 years) compared

with that observed in secondary forest areas. The abundance data

of the identified taxonomic groups were transformed to logarithm

(Log x + 1). Subsequently, they were subjected to multivariate per-

mutational analysis of variance (PERMANOVA) (using the Bray-

Curtis index of the data matrix), principal coordinate analysis

(PCoA) and similarity percentage analysis (SIMPER). Primer 6 &

Permanova software was used for multivariate analyses (Anderson

et al., 2008).

The objective of PERMANOVA was to check whether there were

differences between treatments, based on the measurements of

abundance of taxonomic groups (number of individuals per sampling

point). For this, a main and pair-wise test was performed, with the cal-

culation of the pseudo-F and p (p < .05). SIMPER analysis was used to

determine which taxonomic groups contributed the most to the dis-

similarity between treatments. In this case, only contributions greater

than 5% were considered. PCoA was performed to order the taxo-

nomic groups in the different treatments and to identify the groups

with the highest correlation with each treatment/sampling unit

(Pearson correlation >.2).

3 | RESULTS

Total abundances of 2269 and 2011 individuals of soil fauna were

observed in the 4-year and 10-year regeneration areas, respectively.

The total abundance was equal to 1790 individuals in pine areas adja-

cent to the 4-year regeneration area and to 913 individuals in pine

areas adjacent to the 10-year regeneration area. In the natural forest,

the total abundance was equal to 1006 individuals.

Regarding richness, 20 taxonomic groups were found in the

4-year and 10-year regeneration areas, 17 groups were observed in

the forest, and, in the pine areas, 16 groups were found in those adja-

cent to the 4-year regeneration area and 15 groups were found in

those adjacent to the 10-year regeneration area.

The diversity and evenness of the taxonomic groups, represented

by the Shannon's diversity and Pielou's evenness indices, were higher

at 10 years than at 4 years of regeneration, whereas the Simpson

dominance index was higher at 4 years of regeneration (Table 2). The

Shannon's diversity and Pielou's evenness indices had higher values in

the forest than in the 10-year regeneration area. For the Simpson

dominance index, a higher value was observed in the 10-year regener-

ation area, compared to the forest (Table 2).

The Shannon's diversity index was higher in the regeneration

areas than in the pine areas. This result was observed for the 4-year

regeneration area and adjacent pine area and for the 10-year regener-

ation area and adjacent pine area. For the Pielou's evenness index, the

value was higher in the 4-year regeneration area than in the pine area,

and the 10-year regeneration area showed the same Shannon's diver-

sity index as the pine area. Regarding the Simpson dominance index,

TABLE 2 Diversity indices average of
the studied areas.

Indices REGEN—4 REGEN—10 FOREST PINUS—4 PINUS—10

Shannon's diversity—H0 1.02 1.45 1.72 0.65 1.09

Pielou's evenness—J' 0.53 0.68 0.81 0.39 0.68

Simpson dominance—D0 0.53 0.33 0.25 0.70 0.44

Note: For description of the areas, see Table 1.
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the values of the 4-year and 10-year regeneration areas were lower

than those found in the corresponding pine areas (Table 2).

PERMANOVA revealed significant differences (pseudo-F = 9.22;

p = .001) in the soil fauna community between the studied areas,

based on the total abundance in each taxonomic group. The pair-wise

test result indicated the separation between treatments in all compari-

sons performed, demonstrating that the differentiation of the soil

fauna community in terms of the abundance of taxonomic groups was

significant (Table 3).

The PCoA (Figures 1 and 2) showed a clear separation between

the areas, confirming the results of PERMANOVA. Along the regener-

ation time, the area with 10 years showed a higher correlation with

the soil fauna groups than the area with 4 years (axis 1 explains 30.5%

and axis 2 explains 15.4%). Acari, Coleoptera, Collembola and Isoptera

groups were the ones that most correlated with the 10-year regenera-

tion area (Figure 1a).

It was found that the groups correlated with the 10-year regener-

ation area were different from those observed in the forest (axis

1 explains 27.0% and axis 2 explains 17.5%). The groups with the

highest correlation with the 10-year regeneration area were Formici-

dae, Collembola and Blattodea; and the most correlated with the for-

est were Gastropoda, Isopoda, Diplopoda and Chilopoda (Figure 1b).

In relation to adjacent pine areas, the regeneration areas with

4 years (axis 1 explains 23.6% and axis 2 explains 20.5%) and 10 years

(axis 1 explains 39.4% and axis 2 explains 16.9%) had a higher number

of correlated groups than pine plantations, indicating a clear separa-

tion/difference between the areas in terms of community structure

(composition and abundance of groups). Formicidae, Collembola,

Coleoptera (Larva), Coleoptera and Araneae groups were correlated,

in terms of abundance, with the 4-year regeneration area (Figure 2a).

Conversely, Collembola, Acari, Formicidae, Coleoptera and Coleoptera

(Larva) groups were correlated, in terms of abundance, with the

10-year regeneration area (Figure 2b).

Collembola was the group responsible for 10.78% of dissimilarity

between 4 and 10 years of regeneration, while Isoptera was responsi-

ble for 10.57%, Acari for 9.23%, Coleoptera for 8.53%, Coleoptera

(Larva) for 7.77%, Formicidae for 6.84%, Blattodea for 6.77%, Araneae

for 6.33% and Aphinidae for 5.79% of dissimilarity between areas

(Figure 3a).

The Formicidae group was the one with the highest percentage

of contribution (15.57%) to the dissimilarity between the 10-year

regeneration area and the natural forest. The other groups that con-

tributed to dissimilarity were Collembola (9.51%), Isoptera (9%),

TABLE 3 Multivariate permutational analysis of variance
(PERMANOVA) in the studied areas.

REGEN 4 years versus 10 years

Pair-wise test pseudo-F p

REGEN—4 versus REGEN—10 2.09 .004*

REGEN versus FOREST

Pair-wise test pseudo-F p

REGEN—10 versus FOREST 2.80 .001*

REGEN versus PINUS

Pair-wise test pseudo-F p

REGEN—4 versus PINUS—4 2.36 .001*

REGEN—10 versus PINUS—10 3.89 .001*

Note: For description of the areas, see Table 1, * = significant (p < .05).

F IGURE 1 Ordering (principal coordinate analysis [PCoA]) of the abundance of taxonomic groups of soil fauna in the areas of regeneration
and natural forest. For description of the areas, see Table 1. Aphin = Aphinidae, Ara = Araneae, Blatto = Blattodea, Chilo = Chilopoda,
Coleop = Coleoptera, Coleop (L) = Coleoptera (Larva), Collem = Collembola, Derma = Dermaptera, Diplo = Diplopoda, Dipt (L) = Diptera
(Larva), Formic = Formicidae, Hemipt = Hemiptera, Isopo = Isopoda, Isopt = Isoptera, Symphy = Symphyla, Oligo = Oligochaeta,
Opilio = Opiliones, Ortho = Orthoptera.
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Coleoptera (Larva) (7.11%), Araneae (6.61%), Diptera (Larva) (6.50%),

Diplopoda (5.87%), Coleoptera (5.59%), Blattodea (5.49%) and Acari

(5.40%) (Figure 3b).

The main taxonomic groups, whose abundance was responsible

for the differences between the 4-year regeneration area and the

adjacent pine area, were Collembola, with dissimilarity of 14.75%, For-

micidae (11.39%), Coleoptera (Larva) (11.35%), Coleoptera (10.86%),

Araneae (8.30%), Acari (8.24%) and Isoptera (7.26%) (Figure 4a).

At 10 years of regeneration, the groups that indicated differences

from the pine plantation were Coleoptera (Larva), with dissimilarity of

11.83%, Coleoptera (11.29%), Isoptera (9.39%), Araneae (8.36%), Col-

lembola (8.17%), Acari (7.96%), Formicidae (7.85%), Blattodea (6.39%)

and Orthoptera (6.11%) (Figure 4b).

As for the relative abundance (RA) of the soil fauna in the regen-

eration process (Figure 5a), the groups Formicidae, and Collembola

stood out with RA of 72.76% and 10.75% at 4 years of regeneration

and RA of 34.71% and 26.75% at 10 years of regeneration, respec-

tively. At 10 years of regeneration, the Isoptera group (13.58%) also

stood out. In the forest, the main groups in RA were Collembola

(29.13%), Formicidae (10.54%), Acari (9.74%), Coleoptera (9.64%) and

Diptera (Larva) (15.11%).

Between 4 and 10 years of regeneration, there was a 38.05%

reduction in the RA of Formicidae (Figure 5b). Isopoda, Dermaptera,

Gastropoda and Chilopoda groups also showed reduction in RA

between 4 and 10 years, which means that at 4 years of regeneration

there was higher RA of these groups and that there was loss of RA

F IGURE 2 Ordering (principal coordinates analysis [PCoA]) of the abundance of taxonomic groups of soil fauna in the regeneration areas and
adjacent pine areas. For description of the areas, see Table 1. For description of the taxonomic groups, see Figure 1.

F IGURE 3 Percentage of contribution of soil fauna groups to dissimilarity* between regeneration areas and native forest. For description of
the areas, see Table 1. ds = dissimilarity, vs = versus. For description of the taxonomic groups, see Figure 1. *Determined by SIMPER analysis.

6 CASARIL ET AL.



over the regeneration time. On the other hand, Collembola, Isoptera

and Acari groups had increments of 16%, 12.56% and 2.24% in RA

over the regeneration time, between 4 and 10 years. For the other

groups, Pseudoscorpiones, Opiliones, Symphyla, Oligochaeta, Hemi-

ptera, Diplopoda, Aphinidae, Blattodea, Orthoptera, Araneae, Coleop-

tera (Larva), Diptera (Larva) and Coleoptera, there were also increases

in RA throughout regeneration.

The 10-year regeneration area had higher RA than the forest

for the groups Formicidae and Isoptera, and the differences of RA

between the areas for these groups were 24.17% and 6.32%, that

is, this is the increase of RA of the regeneration area compared to

the forest (Figure 5b). Other groups found in the 10-year regenera-

tion area showed higher RA in this area compared to the forest:

Dermaptera, Opiliones, Symphyla, Hemiptera, Aphinidae and

Araneae.

For Diptera (Larva), Acari, Coleoptera and Collembola, the

10-year regeneration area had lower RA, and the difference of RA

between the areas is �14.61%, �5.56%, �4.67% and �2.37%, that is,

this is the reduction of RA in the regeneration area compared to the

forest (Figure 5b). Other groups that had lower RA at 10 years of

regeneration compared to the forest were Isopoda, Pseudoscorpiones,

Gastropoda, Oligochaeta, Diplopoda, Chilopoda, Blattodea, Orthop-

tera and Coleoptera (Larva). The values of abundance of the taxo-

nomic groups of the soil fauna, RA and the difference in RA between

regeneration areas and the forest are presented in Tables S7 and S8,

respectively.

For the RA of the soil fauna in the pine area compared to the

4-year regeneration area, the Formicidae, Collembola and Coleoptera

groups stood out both in the 4-year regeneration area (RA of 72.76%,

10.75% and 5.24%, respectively) and in the adjacent pine area (RA of

82.12%, 3.13% and 6.15%, respectively) (Figure 6a).

Collembola, Formicidae and Acari stood out in the pine area adja-

cent to the 10-year regeneration area, with RA of 56.19%, 28.92%

and 6.35%; in the 10-year regeneration area, these groups had RA of

26.75%, 34.71% and 4.18%, respectively (Figure 6b).

4 | DISCUSSION

Changes in the structure of the soil fauna community were observed

over the time of natural regeneration, between 4 and 10 years after

the removal of pine. It was observed increments in the diversity and

evenness of the soil community and reduction in the dominance of

groups in a spontaneous recovery way over time. Thus, the first

hypothesis of this study was confirmed. The increments in the diver-

sity and evenness of the soil community represent the increase in the

complexity of the community. Moreover, these richness and abun-

dance of soil fauna allow other groups (like predators) to be estab-

lished in areas, generating intraspecific interactions (Tulande-M

et al., 2018; Zuo et al., 2021).

The fact of having greater richness and abundance of soil fauna

allows the ecosystem to have more services being performed, such as

the provision of nutrients to plants and better aggregation and physi-

cal quality of the soil (Chamorro-Martínez et al., 2022). The greater

complexity and interactions between species guarantee greater resil-

ience and stability to the soil ecosystem (Maggiotto et al., 2019). This

is the expected scenario in restored areas, soils with high quality and

health, that is, soils with a continuous supply of essential ecosystem

services and with maintenance of the biodiversity of soil fauna and its

food chain (Hatten & Liles, 2019).

The increase in the complexity of the soil fauna community struc-

ture is mainly the result of changes that occurred in the abundance of

groups that are part of the soil fauna richness, throughout the area

recovery process. In this sense, changes in the community structure

are observed at 4 and 10 years of recovery, the main groups that

determined dissimilarity, between the 4 and 10 years of regeneration

F IGURE 4 Percentage of contribution of soil fauna groups to dissimilarity* between regeneration areas and adjacent pine areas. For
description of the areas, see Table 1. ds = dissimilarity, vs = versus. For description of the taxonomic groups, see Figure 1. *Determined by
SIMPER analysis.
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were Collembola, Isoptera, Acari and Coleoptera. These groups were

the ones that most correlated with the 10-year regeneration area and

showed relative abundance gains throughout the natural regeneration

process. In terms of magnitude of dissimilarity, Collembola and Iso-

ptera were the most relevant to separate the areas, an indicative that

groups were the best indicators to evaluate the regeneration areas

along the time in the context of the present study. However, it is

important to cite the group Formicidae, it wasn't one of the groups

with show major dissimilarity between the areas, but the Formicidae

group showed the highest reduction in relative abundance between

the 4 and 10 years of regeneration. This fact certainly affected the

reduction of dominance and increase of equability of the soil fauna

community during the time of regeneration, compared to the 4 and

10 years of regeneration. So, Formicidae could be another important

indicator group in regeneration areas after pinus harvesting. Forest

harvesting has negative effects on soil biota through the changes in

litter quality, nutrient leaching and changes in soil chemical and physi-

cal properties (Kudrin et al., 2023). In this sense, because of the

changes caused by harvesting activity, in the beginning of the restora-

tion of the areas, is expected that within the Collembola and Acari

community, the survival of only the species that can live with the

impacts of the harvest in soil. Some Collembola species can survive

with less resources in open areas, despite the reduction of vegetation

and organic matter decomposition products. The same happens with

the Acari group, they can reduce their population twice as much as

Collembola as a result of the harvest of conifer forests (Kudrin

et al., 2023). Nonetheless, they can survive with a smaller population

and species richness, in areas with less available nutrients, like carbon

F IGURE 5 Relative abundance (RA, %) of taxonomic groups of soil fauna in regeneration areas and native forest (a), and differences in the RA
between the 4-year and 10-year regeneration areas and between the 10-year regeneration area and the forest (b). For description of the areas,
see Table 1.

8 CASARIL ET AL.



and nitrogen, and with reduction in physical quality of soil (Kudrin

et al., 2023; Pelaez-Sanchez et al., 2023).

This whole context can help us understand the smaller contribu-

tion of Collembola and Acari to the regeneration 4 years after the pine

harvest because despite persisting, this would not be the most favour-

able environment for these groups. However, along the forest restora-

tion of soil, there are changes in litter composition and in the forms of

organic matter, these changes also promoted the development of the

microbial community. The litter and microbial community area are

the main drivers that shape the springtail community, as they are

directly linked to the nutritional resources of this group (Russell &

Gergócs, 2019). The mite community is also related to the soil micro-

biota, especially the fungal biomass (Kudrin et al., 2023). So, over time,

after 10 years of regeneration, the population of Collembola and Acari

can find better conditions to develop and therefore there are

responses in the greater contribution of these groups to the total

abundance of the soil fauna.

Regarding the relative abundance of Isoptera, this group can be

one of the specialists that are able to degrade the pinus harvest resi-

dues, because they manage to degrade the wood (Brown et al., 2015;

Wijas & Atkinson, 2021). The gains in the abundance of this group

during the regeneration process can be connected to your capacity to

use materials rich in lignin, and hard to degrade, like food source.

With respect to Formicidae, changes in the community structure

of this particular group are expected over the time of restoration of

altered systems. The tendency of the soil community structure of sites

that have undergone forest harvest is to have Formicidae species

resistant to soil degradation, capable of inhabiting open spaces and

that include colonising groups (T�auşan et al., 2017). The resistance of

Formicidae to disturbances in the soil environment and the possibility

of the existence of colonising species coming from nearby areas can

help explain the high relative abundance of this group at the beginning

of natural regeneration. However, over time and with the changes in

the environment under restoration, new species tend to be more

adapted and dependent on dense vegetation and the favourable con-

ditions of soil temperature and moisture are expected (T�auşan

et al., 2017). Thus, changes in habitat may have selected Formicidae

species, reducing the dominant species and maintaining those that

adapted to changes in the habitat, leading to reduction in the relative

abundance of the group over the time of natural regeneration.

During the natural restoration is expected the succession and

changes in vegetation (Nielsen, 2019). The vegetal species has influ-

ence in the process that regulates nutrients, energy and, conse-

quently, in the community of soil organisms. This because, changes in

vegetation, also changes litter, and its characteristics (nutrients, lignin

and tannin contents) and, especially litter transformer organisms influ-

ence litter decomposition, and, depending on its characteristics to set-

tle down (Four et al., 2019; Nielsen, 2019). Between 4 and 10 years

of recovery of the areas it was observed changes and recovery of the

abundance of litter transformers (Oligochaeta, Diplopoda, Blattodea,

Coleoptera (Larva), Diptera (Larva) and Coleoptera) (Brown

et al., 2015).

The benefit of establishing groups of litter transformers is not

only in the fragmentation and transformation of organic matter that

affect the flow and availability of nutrients in the soil, but also in the

changes thin soil fauna food chain, by favouring the establishment of

other functional groups (Frouz, 2018; Nielsen, 2019; Domínguez-

Hayda et al., 2019).

F IGURE 6 Relative abundance (RA, %) of the taxonomic groups of the soil fauna in the regeneration areas and adjacent pine areas. For
description of the areas, see Table 1.
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Litter transformers play a crucial role in enhancing microregula-

tors establishment, as they often arrive first from other groups such

as microherbivores and fungi consumers, in areas of succession or res-

toration. This is correlated with changes in litter quality. Epigean

springtails arrive before springtails that consume fungi, due to their

ability to disperse. Predatory mites species are attracted by the

increase in the population of microherbivores, which provides great

amount of microorganisms biomass in the soil (Nielsen, 2019). Our

study observed that Collembola and Acari contributed less to soil

regeneration 4 years after the pine harvest, but they contributed more

to the total abundance of soil fauna. In this sense, given the context

presented, the recovery in litter transformer groups may have collabo-

rated. Litter transformers also help to sustain higher trophic levels by

being regulated by predators, and their recolonisation in recovering

areas attracts predator groups (Domínguez-Hayda et al., 2019). Har-

vesting tree plantations alters macrofauna habitats (including macro-

predators), mainly in the surface of soil. However, with a decade of

recovery, these groups may be restored (Siira-Pietikäinen &

Haimi, 2009). Overall, litter transformers play a vital role in maintain-

ing soil biodiversity and promoting the overall health of ecosystems.

In the present study, throughout the natural regeneration, was

observed the recovery of predators' groups like Pseudoscorpiones,

Opiliones, Symphyla and Coleoptera (Brown et al., 2015). This is prob-

ably influenced by the recovery in the soil fauna habits, and due to

the recovery of the abundance of litter transformers. In classic food

webs they are at the top of the chain, which increases the complexity

of the structure of the soil fauna community, regulating soil fauna

groups (Brown et al., 2015; Correia, 2002; Lavelle, 1997).

It is important to mention that the process of recolonisation of lit-

ter transformers and predators in post-pine harvest areas, after

10 years of regeneration, may have been possible by the reduction of

the Formicidae, a group that, when dominant in the community struc-

ture, competes for resources with other faunal groups (Vicente

et al., 2010).

Considering the native forest as a reference, their soil fauna com-

munity structure represents an ideal to be achieved by the process of

natural regeneration after pine harvest. This is observed throughout

the regeneration process in comparison with the native forest is that

10 years after the removal of pine, the areas have already recovered

important ecosystem functions. Nevertheless, the contribution of

functional groups to the soil fauna community structure is still differ-

ent from that found in the native forest. Therefore, the second

hypothesis can only be confirmed in part because there are indica-

tions of restoration of the soil community in terms of abundance,

diversity and community structure, but without yet reaching levels

close to those observed in the native forest.

Other studies of recovery have shown that the complexity of the

soil fauna community structure is not recovered at the level of natural

forests even after 10 to 20 years. Domínguez-Hayda et al. (2019) in a

tropical climate, evaluated post-coal mining areas with recovery of the

surface layer of soil with forest soil and planting of native species and

found that the richness and structure of the forest level did not

recover after 20 years. Siira-Pietikäinen and Haimi (2009) in a

temperate climate, evaluated the soil fauna community, 10 years after

harvesting coniferous forests. They concluded that after 10 years of

spontaneous recovery of areas only 30%–40% of macrofauna could

be restored, related to organic matter, because of the remotion of the

humus layer of topsoil. These authors highlight the importance of

the upper soil layer and soil cover for the recovery of the structure of

the soil fauna community.

Forests in the context of the Atlantic Forest need approximately

65 years to recover and reach high levels of recovery of plant species

dispersed by animals and can take up to 157 years to reach a mature

forest with endemic plant species (Liebsch et al., 2008). In the context

of this study, we found that 10 years of restoration represents little

time in terms of recovery to reach a mature forest. Even the natural

forest area, used as a reference, despite being a forest in a higher

stage of recovery, also represents a young succession (approximately

30 years). It should be noted that an initial succession forest is differ-

ent from a succession forest with a longer recovery or conservation

time (Liebsch et al., 2008). The differences in the forest habitat in

10 years of restoration and in conservative native forest results in dis-

tinct soil fauna community structures, as some of the results show.

The main characteristic found for the soil fauna community in

pine areas, studied as a reference for previous use of regeneration

areas, was the concentration of abundance and richness in a few taxo-

nomic groups, which indicates the dominance of specific groups of

organisms. However, as already mentioned, this process can be

reversed by restoration of the soil fauna diversity over the regenera-

tion time, so the third hypothesis of the study is accepted.

In this sense, were observed some characteristics for the soil

fauna community in pine areas in the subtropical soils, that needles of

Pinus taeda is not a food resource capable of supporting the wide

diversity of macro and mesofauna organisms (Pech et al., 2021). Ortiz

et al. (2022) also observed low diversity of the soil fauna community

in Pinus elliottii areas in subtropical soils, due to the low quality of food

resources provided by pine needles. They also reported negative

effects on the abundance of organisms from the litter-transforming

group (e.g., Coleoptera, Diplopoda and Isopoda).

The reduction in diversity of soil fauna enhance the dominance of

some soil fauna groups. In pinus areas, the dominance of some soil

fauna groups impacts the richness and the abundance of other with

important functions in soil (Cifuentes-Croquevielle et al., 2020). That

is evident from the data analysis, abundant groups in the areas, having

the most impact on the dissimilarity of pine area and 4-year regenera-

tion were Collembola and Formicidae, abundant groups in the areas,

followed by Coleoptera (Larvae) and Acari, groups with less relative

abundance in the pinus area and bigger relative abundance in 4-year

regeneration.

The development of a soil fauna community can appear as a suc-

cession of groups that reach maximum abundance levels (which can

generate dominance) or, groups that maintain their abundance levels

over time (Kaufmann et al., 2002). We highlight dominance of soil

fauna groups that, in the 4-year regeneration area, the dominant

group was Collembola, in the pine area adjacent to the 4-year regen-

eration area, the dominant group was Formicidae.
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The mosaics and surrounding corridors play a crucial role in the

colonisation of recently revegetated sites as a fauna pool and dis-

persal routes (Harta et al., 2021). Regeneration and 4-year-old pine

plantation are recently revegetated areas, the regeneration area by

the development of spontaneous vegetation and the pine area

by planting trees. Therefore, these are young areas, with recent habi-

tat changes. Regarding the surroundings, the areas are part of a forest

farm in a diverse mosaic of native vegetation in different stages of

recovery and conservation, in addition to pine plantations of different

ages. There is an immense variety of ecosystems very close to the

regeneration areas and 4-year-old pine trees, as can be shown. For

Harta et al. (2021), this heterogeneity is decisive for the dispersal of

springtails, mainly epigean, capable of actively migrating in the soil.

The colonisation and movement of the Formicidae group within

forest mosaics can be influenced by soil cover, as some species prefer

more open locations, with low tree canopy coverage. A drier environ-

ment favours feeding and breeding, while more humid environments

due to greater canopy coverage could cause fungal infections to dam-

age nest sites. Therefore, it is believed that certain ant species can

migrate from one area to another depending on the habitat character-

istics that are more favourable to them (Palladini et al., 2007). Ants

and springtails have an important role in colonisation of new areas,

they can be the pioneers and the groups that injure soil fauna recov-

ery in young areas with recent alterations. Furthermore, the impor-

tance of nearby areas as sources of resources for colonising groups

stands out, enabling their dispersion to nearby areas.

In the pine area next to the 10-year regeneration area, the

dominant group was Collembola, in the 10-year regeneration area,

despite the considerable relative abundance of this group, it did not

show dominance. It is possible that there is high density of Collem-

bola in pine areas, because some species of the group may be

favoured by this environment, mainly due to soil cover (Chang

et al., 2017). In the pine area, there were areas covered by pine

needles, which provided an environment with soil cover and protec-

tion. In the thick layer of litter formed by pine needles, there is

greater moisture retention in the soil (Yang et al., 2021). It is

noticed that the pine plantation has a soil habitat that favours the

establishment mainly of springtails that live on the soil surface (epi-

gean and hemiedaphic). In this sense, it is reported that some epi-

gean and hemiedaphic springtails may have intense colonisation

activity in pine plantations, coming from nearby habitats such as

natural forests (Kovac et al., 2005). Collembola also uses fungal

hyphae as a food source, and pine areas are a favourable environ-

ment for this resource (Campi et al., 2015; Hodge, 2014). Because

of these characteristics, pine plantations can be beneficial to the

development of groups such as Collembola.

However, in addition to understanding the reasons for the domi-

nance of Collembola in pine areas, it is necessary to understand the

reduction in the relative abundance of the group between pine and

regeneration. In the pine area, as seen, the springtail community struc-

ture was favoured by habitat conditions, as previously commented.

However, with the pine harvest, this environment is mainly impacted

by the removal of the ground cover. In this sense, Rousseau

et al. (2018, 2019) and Addison et al. (2003) mention that when a

community of the Collembola group is affected by the pine harvest,

especially by the removal and reduction of organic cover, the restora-

tion time of the community is long, and it can take many years for

recovery. If we look at the recovery of the Collembola group through-

out regeneration, we will see that it makes sense. The Collembola

group increased its relative abundance between 4 and 10 years of

regeneration, but it has not yet reached the level of abundance of a

natural forest.

The other groups that were important for the dissimilarity

between pinus and 10-year regeneration, were Isoptera, Coleoptera,

Coleoptera (Larvae), Blattodea and Acari. These groups increased their

relative abundance in 10-year regeneration when compared with the

adjacent pinus. In this sense, only a few specialised groups are able to

metabolise the litter formed by needles and this material is not a food

resource capable of sustaining the wide diversity of macro and meso-

fauna organisms of subtropical soils (Ortiz et al., 2022; Pech

et al., 2021). So, the groups Isoptera, Coleoptera, Coleoptera (Larvae),

Blattodea and Acari may have increased their abundance throughout

the regeneration due to the improvements in food sources, coming

from the natural regenerated vegetation.

An environmental concern regarding harvesting is that biodiver-

sity decreased. Another concern is about the homogenisation of soil

fauna groups by conducting monocultures such as pine, for long

periods (Addison et al., 2003; Cifuentes-Croquevielle et al., 2020). The

concern is that the soil fauna community will not be able to restore

itself naturally, that is, through natural regeneration and that the

homogenisation of the community cannot be reversed, impacting

the systemic functionality of the soil. However, the present study

showed that natural regeneration of the soil fauna after pinus harvest,

starts quickly and changes in the community structure already, in a

short time scale (4 years) and, over time, changes follow, with

advances towards the recovery of soil fauna. This study also indicates

that even after 10 years of natural regeneration, have already recov-

ered groups (micropredators/regulators, litter transformers and preda-

tors), it is important to continue monitoring the recovery processes of

the soil fauna because, with this time of regeneration, the soil commu-

nity structure has not yet reached the level of natural forest areas.

The main changes in the community structure throughout natural

regeneration were the reduction of dominant groups and the increase

of important functional groups such as micropredators/regulators, lit-

ter transformers, and predators.

ACKNOWLEDGEMENTS

Financial support, data information and concession of study areas

from Klabin SA is acknowledged. C.E.C. is grateful for scholarship

granted by Fundação de Amparo à Pesquisa e Inovação do Estado de

Santa Catarina (Edital 03/2017). Financial support from Fundação

de Amparo à Pesquisa e Inovação do Estado de Santa Catarina

(FAPESC 2021 TR896) is acknowledged.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflicts of interest.

CASARIL ET AL. 11



ORCID

Camila Elis Casaril https://orcid.org/0000-0003-1295-4971

Luís Carlos Iuñes de Oliveira Filho https://orcid.org/0000-0002-

9010-481X

Mireli Moura Pitz Floriani https://orcid.org/0000-0003-0067-1042

Dilmar Baretta https://orcid.org/0000-0001-8219-1362

Osmar Klauberg-Filho https://orcid.org/0000-0002-7733-9745

REFERENCES

Addison, J. A., Trofymow, J. A., & Marshall, V. G. (2003). Abundance, spe-

cies diversity, and community structure of Collembola in successional

coastal temperate forests on Vancouver Island, Canada. Applied Soil

Ecology, 24, 233–246. https://doi.org/10.1016/S0929-1393(03)

00090-8

Amazonas, N. T., Viani, R. G. A., Rego, M. G. A., Camargo, F. F.,

Fujihara, R. T., & Valsechi, O. A. (2018). Soil macrofauna density and

diversity across a chronosequence of tropical forest restoration in

southeastern Brazil. Brazilian Journal of Biology, 78(3), 449–456.
Anderson, J. M., & Ingram, J. S. I. (1993). Tropical soil biology and fertility: A

handbook of methods. CAB International.

Anderson, M., Gorley, R. N., & Clarke, K. R. (2008). PERMANOVA + for

PRIMER user manual (Vol. 1, pp. 1–218). Primer-E.

Bach, E. M., Ramirez, K. S., Fraser, T. D., & Wall, D. H. (2020). Soil biodiver-

sity integrates solutions for a sustainable future. Sustainability, 12(7),

2662. https://doi.org/10.3390/su12072662

Baretta, D., Bartz, M. L. C., Fachini, I., Anselmi, R., Zortéa, T., & Maluche

Baretta, R. D. C. (2014). Fauna edáfica e sua relação com variáveis

ambientais em sistemas de manejo do solo. Revista Ciência Agronômica,

5, 871–879.
Brazil, Câmara dos Deputados. Lei Nº 12.651. (2012). Dispõe sobre a

proteção da vegetação nativa. Diário Oficial da União.

Brown, G. G., Niva, C. C., Zagatto, M. R. G., Ferreira, S. A., Nadolny, H. S.,

Cardoso, G. B. X., Santos, A., Martinez, G. A., Pasini, A., Bartz, L. C.,

Sautter, K. D., Thomazini, M. J., Baretta, D., Silva, E., Antoniolli, Z. I.,

Decaëns, T., Lavelle, P. M., Sousa, P., & Carvalho, F. (2015). Biodiversi-

dade da fauna do solo e sua contribuição para os serviços ambientais.

In L. M. Parron, J. R. Garcia, E. B. Oliveira, G. G. Brown, & R. B. Prado

(Eds.), Serviços ambientais em sistemas agrícolas e florestais do Bioma

Mata Atlântica (Vol. 25). Embrapa.

Campi, M. G., Maubet, Y. E., & Britos, L. (2015). Mycorrhizal fungi associ-

ated with plantations of Pinus taeda L. from the National University of

Asunción, Paraguay. Mycosphere, 6(4), 486–492.
Carver, S., Mikkelsen, N., & Woodward, J. (2002). Long-term rates of mass

wasting in Mesters Vig, northeast Greenland: Notes on a re-survey.

Permafrost and Periglacial Processes, 13(3), 243–249.
Cifuentes-Croquevielle, C., Stanton, D. E., & Armesto, J. J. (2020). Soil

invertebrate diversity loss and functional changes in temperate forest

soils replaced by exotic pine plantations. Scientific Reports, 10(1), 7762.

Chamorro-Martínez, Y. C., Torregroza-Espinosa, A. C., Moreno

Pallares, M. I., Pinto Osorio, D., Corrales Paternina, A., & Echeverría-

González, A. (2022). Soil macrofauna, mesofauna and microfauna and

their relationship with soil quality in agricultural areas in northern

Colombia: ecological implications. Revista Brasileira Ciência do Solo, 46,

e0210132. https://doi.org/10.36783/18069657rbcs20210132

Chang, L., Wang, B., Liu, X., Callaham Jr., M. A., & Ge, F. (2017). Recovery

of collembola in Pinus tabulaeformis plantations. Pedosphere, 27(1),

129–137. https://doi.org/10.1016/S1002-0160(15)60099-6
Correia, M. E. F. (2002). Relações entre a diversidade da fauna de solo e o

processo de decomposição e seus reflexos sobre a estabilidade dos

ecossistemas. Embrapa Agrobiologia, 156, 33.

Domínguez-Hayda, Y., Velásquez, E., Carmona, J., Lavelle, P.,

Chavez, L. F., & Jiménez, J. J. (2019). Evaluation of reclamation success

in an open-pit coal mine using integrated soil physical, chemical and

biological quality indicators. Ecological Indicators, 103, 182–193.
https://doi.org/10.1016/j.ecolind.2019.04.015

Eckert, M., Gaigher, R., Pryke, J. S., Janion-Scheepers, C., & Samways, M. J.

(2022). Timber plantations do not homogenize soil arthropod diversity

but do alter species composition. Geoderma, 428, 116190. https://doi.

org/10.1016/j.geoderma.2022.116190

FAO & UNEP. (2020). The state of the world's forests 2020. Forests, biodi-

versity and people. FAO & UNEP. https://doi.org/10.4060/ca8642en

Floriani, G. S., & Fert Neto, J. A. (2011). Trajetória do uso do solo por flor-

estas na região dos campos de Lages. Revista de Ciências Agroveterinár-

ias, 10(2), 93–102.
Fockink, G. D., Zangalli, D., Oliveira, E., Luz, G. M. P., Silva, A. S.,

Floriani, M. M. P., Nicoletti, M. F., & Kanieski, M. R. (2022). Ecological

indicators of passive restoration in South Brazil's Atlantic Forest areas

with former Pinus taeda L. plantations. Ecological Engineering, 179,

106604. https://doi.org/10.1016/j.ecoleng.2022.106604

Four, B., Ardenas, R. E. C., & Dangles, O. (2019). Traits or habitat? Disen-

tangling predictors of leaf-litter decomposition in Amazonian soils and

streams. Ecosphere, 10(4), e02689.

França, L. C. J., Arcebi, J. W. J., Silva, C. S. J., Monti, C. A. U., Ferreira, T. C.,

Santana, C. J. O., & Gomide, R. L. (2022). Forest landscape planning

and management: A state-of-the-art review. Trees, Forests and People,

8, 100275. https://doi.org/10.1016/j.tfp.2022.100275

Franco, A. L. C., Bartz, M. L. C., Cherubin, M. R., Baretta, D., Cerri, C. E. P.,

Feigl, B. G., Wall, D. H., Davies, C. A., & Cerri, C. C. (2016). Loss of soil

(macro)fauna due to the expansion of Brazilian sugarcane acreage. Sci-

ence of the Total Environment, 563–564, 160–168.
Frouz, J. (2018). Effects of soil macro- and mesofauna on litter decomposi-

tion and soil organic matter stabilization. Geoderma, 332, 161–172.
https://doi.org/10.1016/j.geoderma.2017.08.039

Haddad, N. M., Brudvig, L. A., Clobert, J., Davies, K. F., Gonzalez, A.,

Holt, R. D., Lovejoy, T. E., Sexton, J. O., Austin, M. P., Collins, C. D.,

Cook, W. M., Damschen, E. I., Ewers, R. M., Foster, B. L., Jenkins, C. N.,

King, A. J., Laurance, W. F., Levey, D. J., Margules, C. R., …
Townshend, J. R. (2015). Habitat fragmentation and its lasting impact

on Earth's ecosystems. Science Advances, 1(2), e1500052.

Hammer, Ø., Harper, D. A. T., & Ryan, P. D. (2001). Past: Paleontological

statistics software package for education and data analysis. Palaeonto-

logia Electronica, 4(1), 4–9.
Harta, I., Simon, B., Vinogradov, S., & Winkler, D. (2021). Collembola

communities and soil conditions in forest plantations established

in an intensively managed agricultural area. Journal of Forestry

Research, 32(5), 1819–1832. https://doi.org/10.1007/s11676-020-

01238-z

Hatten, J., & Liles, G. (2019). Chapter 15—a ‘healthy’ balance—the role of

physical and chemical properties in maintaining forest soil function in

a changing world. Developments in Soil Science, 36, 373–396. https://
doi.org/10.1016/B978-0-444-63998-1.00015-X

Higuchi, P., Silva, A. C., Ferreira, T. S., Souza, T. S., Gomes, J. P.,

Silva, K. M., Santos, K. F., Linke, C., & Paulino, P. S. (2012). Influência

de variáveis ambientais sobre o padrão estrutural e florístico do com-

ponente arbóreo, em um fragmento de Floresta Ombrófila Mista Mon-

tana em Lages, SC. Ciência Floresta, 22(1), 79–90.
Hodge, A. (2014). Interactions between arbuscular mycorrhizal fungi and

organic material substrates. Advances in Applied Microbiology, 89,

47–99.
Kaufmann, R., Fuchs, M., & Gosterxeier, N. (2002). The soil fauna of an

alpine glacier foreland: Colonization and succession. Arctic, Antarctic,

and Alpine Research, 34(3), 242–250. https://doi.org/10.1080/

15230430.2002.12003491

Kersten, R. A., Borgo, M., & Galvão, F. (2015). Floresta Ombrófila Mista:

Aspectos fitogeográficos, ecológicos e métodos de estudo. In P. V.

Eisenlohr, J. M. Felfili, M. M. R. F. Maria Melo, L. A. Andrade, & J. A. A.

Meira Neto (Eds.), Fitossociologia no Brasil: Métodos e estudos de casos.

Editora UFV.

12 CASARIL ET AL.

https://orcid.org/0000-0003-1295-4971
https://orcid.org/0000-0003-1295-4971
https://orcid.org/0000-0002-9010-481X
https://orcid.org/0000-0002-9010-481X
https://orcid.org/0000-0002-9010-481X
https://orcid.org/0000-0003-0067-1042
https://orcid.org/0000-0003-0067-1042
https://orcid.org/0000-0001-8219-1362
https://orcid.org/0000-0001-8219-1362
https://orcid.org/0000-0002-7733-9745
https://orcid.org/0000-0002-7733-9745
https://doi.org/10.1016/S0929-1393(03)00090-8
https://doi.org/10.1016/S0929-1393(03)00090-8
https://doi.org/10.3390/su12072662
https://doi.org/10.36783/18069657rbcs20210132
https://doi.org/10.1016/S1002-0160(15)60099-6
https://doi.org/10.1016/j.ecolind.2019.04.015
https://doi.org/10.1016/j.geoderma.2022.116190
https://doi.org/10.1016/j.geoderma.2022.116190
https://doi.org/10.4060/ca8642en
https://doi.org/10.1016/j.ecoleng.2022.106604
https://doi.org/10.1016/j.tfp.2022.100275
https://doi.org/10.1016/j.geoderma.2017.08.039
https://doi.org/10.1007/s11676-020-01238-z
https://doi.org/10.1007/s11676-020-01238-z
https://doi.org/10.1016/B978-0-444-63998-1.00015-X
https://doi.org/10.1016/B978-0-444-63998-1.00015-X
https://doi.org/10.1080/15230430.2002.12003491
https://doi.org/10.1080/15230430.2002.12003491


Kooch, Y., Ghorbanzadeh, N., Wirth, S., Novara, A., & Piri, A. S. (2021). Soil

functional indicators in a mountain forest-rangeland mosaic of north-

ern Iran. Ecological Indicators, 126, 107672. https://doi.org/10.1016/j.

ecolind.2021.107672

Kovac, L., Raschmanová, N., & Miklisová, D. (2005). Comparison of collem-

bolan assemblages (Hexapoda, Collembola) of thermophilous oak

woods and Pinus nigra plantations in the Slovak karst (Slovakia). Pedo-

biologia, 49(1), 29–40.
Kudrin, A., Perminova, E., Taskaeva, A., Ditts, A., & Konakova, T. (2023). A

meta-analysis of the effects of harvesting on the abundance and rich-

ness of soil fauna in boreal and temperate forests. Forests, 14, 923.

https://doi.org/10.3390/f14050923

Lavelle, P. (1997). Faunal activities and soil processes: Adaptive strategies

that determine ecosystem function. Advances in Ecological Research,

21, 93–132.
Liebsch, D., Marques, M. C. M., & Goldenberg, R. (2008). How long does

the Atlantic Rain Forest take to recover after a disturbance? Changes

in species composition and ecological features during secondary suc-

cession. Biological Conservation, 141, 1717–1725. https://doi.org/10.
1016/j.biocon.2008.04.013

Maggiotto, G., Sabatté, L., Marina, T. I., Fueyo-Sánchez, L.,

Londoño, A. M. R., Porres, M. D., Rionda, M., Domínguez, M.,

Perelli, R., & Momo, F. R. (2019). Soil fauna community and ecosys-

tem's resilience: A food web approach. Acta Oecologica, 99, 103445.

https://doi.org/10.1016/j.actao.2019.103445

Martins, P. J., Mazon, J. A., Martinkoski, L., Benin, C. C., &

Watzlawick, L. F. (2017). Dinâmica da vegetação arbórea em Floresta

Ombrófila Mista Montana antropizada. Floresta e Ambiente, 24,

e00097014. https://doi.org/10.1590/2179-8087.097014

Nielsen, U. N. (2019). Soil fauna assemblage succession and restoration. In

Soil fauna assemblages (pp. 246–267). Cambridge University Press.

Oliveira, Y. M. M., & Oliveira, E. B. (2017). Plantações florestais: Geração de

benefícios com baixo impacto ambiental. Embrapa.

Ortiz, D. C., Souza, T. A. F., Pech, T. M., Bartz, M. L. C., Baretta, D.,

Siminski, A., & Niemeyer, J. C. (2022). Soil ecosystem changes by vege-

tation on old field sites over five decades in the Brazilian Atlantic For-

est. Journal of Forestry Research, 33, 667–677.
Palladini, J. D., Jones, M. G., Sanders, N. J., & Jules, E. S. (2007). The recov-

ery of ant communities in regenerating temperate conifer forests. For-

est Ecology and Management, 242, 619–624. https://doi.org/10.1016/
j.foreco.2007.01.074

Pech, T. M., Fockink, G. D., Siminski, A., & Niemeyer, J. C. (2021). Role of

soil fauna to litter decomposition in pine stands under Atlantic Forest

biome. Ciência Florestal, 31(4), 1849–1866. https://doi.org/10.5902/
1980509852839

Pelaez-Sanchez, S., Schmidt, O., Proto, M., & Courtney, R. (2023). Inverte-

brate communities (Collembola and Acari) in soil cover treatments for

mine tailings in a long-term field experiment. Land Degradation &

Development, 34(15), 4728–4740. https://doi.org/10.1002/ldr.4805
Rousseau, L., Venier, L., Aubin, I., Gendreau-Berthiaume, B., Moretti, M.,

Salmon, S., & Handa, I. T. (2019). Woody biomass removal in harvested

boreal forest leads to a partial functional homogenization of soil meso-

faunal communities relative to unharvested forest. Soil Biology and Bio-

chemistry, 133, 129–136. https://doi.org/10.1016/j.soilbio.2019.02.021
Rousseau, L., Venier, L., Fleming, R., Hazlett, P., Morris, D., & Handa, T. I.

(2018). Long-term effects of biomass removal on soil mesofaunal com-

munities in northeastern Ontario (Canada) jack pine (Pinus banksiana)

stands. Forest Ecology and Management, 421, 7525–7583. https://doi.
org/10.1016/j.foreco.2018.02.017

Ruggiero, M. A., Gordon, D. P., Orrell, T. M., Bailly, N., Bourgoin, T.,

Brusca, R. C., Cavalier-Smith, T., Guiry, M. D., & Kirk, P. M. (2015). A

higher level classification of all living organisms. PLoS One, 10,

e0130114. https://doi.org/10.1371/journal.pone.0119248

Russell, D. J., & Gergócs, V. (2019). Forest-management types similarly

influence soil collembolan communities throughout regions in

Germany—A data bank analysis. Forest Ecology and Management, 434,

49–62. https://doi.org/10.1016/j.foreco.2018.11.050
Sankovitz, M. A., Breed, M. D., & Mccreery, H. F. (2019). Effects of Formica

podzolica ant colonies on soil moisture, nitrogen, and plant communi-

ties near nests. Ecological Entomology, 44(1), 71–80.
Santa Catarina Government. (2021). Conheça SC/ Municípios—Bocaina do

Sul, 2019. https://www.sc.gov.br/conhecasc/municipios-de-sc/

bocaina-do-sul

Siebers, N., & Kruse, J. (2019). Short-term impacts of forest clear-cut on

soil structure and consequences for organic matter composition and

nutrient speciation: A case study. PLoS One, 14(8), e0220476. https://

doi.org/10.1371/journal.pone.0220476

Siira-Pietikäinen, A., & Haimi, J. (2009). Changes in soil fauna 10 years

after forest harvestings: Comparison between clear felling and green-

tree retention methods. Forest Ecology and Management, 258, 332–
338. https://doi.org/10.1016/j.foreco.2009.04.024

Soccol, O. J., Cardoso, C. O., & Miquelluti, D. J. (2010). Análise da pre-

cipitação mensal provável para o município de Lages, SC. Revista Brasi-

leira de Engenharia Agricola e Ambiental, 14(6), 569–574.
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