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Abstract

Edaphic macrofauna must be better studied if we want to take advantage of their full potential for the restoration
of tropical ecosystems. We investigated changes in edaphic macrofauna density and diversity along a secondary
succession chronosequence in the Atlantic Forest. Our results show some clear patterns of change in soil macrofauna
along the chronosequence. Density did not increase along secondary succession, but was correlated with canopy cover.
Diversity was characterized by high dominance of social insects and evenness among other groups. We conclude soil
macrofauna has a high capacity to recolonize young forests and that its recovery is considerably fast compared to
other ecosystem transformations.

Keywords: edaphic macrofauna, richness, bioindicators, Seasonal Semidecidual Forest.

Densidade e diversidade da macrofauna edafica em uma cronosequéncia de
florestas tropicais em restauracio no Sudeste do Brasil

Resumo

A macrofauna edafica deve ser mais bem estudada se quisermos aproveitar todo o seu potencial para a restauracio
de ecossistemas tropicais. Nos investigamos as mudangas de densidade e diversidade da macrofauna edafica em
uma cronossequéncia durante a sucessao secundaria na Mata Atlantica. Nossos resultados mostram padrdes claros
de mudanga. A densidade ndo aumentou ao longo da sucessdo secundaria, mas foi correlacionada com a cobertura
de dossel. A diversidade foi caracterizada pela alta dominancia de insetos sociais e equidade entre os demais grupos.
Nos concluimos que a macrofauna edafica tem alta capacidade de recolonizar florestas jovens e que sua recuperagao
¢ relativamente rapida se comparada a outras transformagdes ecossistémicas.

Palavras-chave: macrofauna edafica, riqueza, bioindicadores, Floresta Estacional Semidecidual.

1. Introduction

Ecological restoration is now a global priority (Aronson
and Alexander, 2013), and millions of hectares need to be
restored in the tropics (Suding et al., 2015). Only in Brazil,
21.1 Mha of forests must be restored as legal a requirement
(Soares-Filho et al., 2014). The shifts in composition
and structure of vegetation during secondary succession
through natural regeneration and forest restoration are fairly
well-known, but knowledge associated with changes in soil
macrofauna is still limited. Soil macrofauna succession has
been studied much more in temperate than in subtropical
and tropical areas (ex: Meloni and Varanda, 2015; Frouz
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and Ali, 2004; Brown et al., 2009; Machado et al., 2015).
Ecological restoration implies in the recovery of not only
vegetation, but the whole set of attributes of the original
ecosystem, in which soil macrofauna is included. Thus, if
we want to infer if forest ecosystems are really being
restored by active restoration, we also need to evaluate
whether vegetation structure recovery is able to imply in
the reestablishment of the edaphic community.

Edaphic macrofauna have been considered as ecosystem
engineers, because they affect soil resources availability
and spatial distribution, acting by means of physical
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and biochemical processes, as well as creating habitats
for other organisms, by the construction of biogenic
structures and galleries, especially earthworms, ants and
termites (Lavelle et al., 2016). Despite their key role in
the functioning and development of ecosystems, edaphic
macrofauna is still poorly explored in ecological restoration
(Aratjo et al., 2010; Jouquet et al., 2014) and not commonly
included in evaluation of restoration success (Ruiz-Jaen
and Aide, 2005; Wortley et al., 2013).

Our objective was to answer the following question:
How soil macrofauna responds to changes in vegetation
of forests undergoing active restoration? To answer this
question, we investigated changes in macrofaunal community
density and diversity in a chronosequence formed by a
pasture, planted forests of different ages undergoing active
restoration, and a secondary forest remnant as reference.
Knowing that edaphic macrofauna responds to changes
in vegetation structure during secondary succession, that
canopy cover is a widespread indicator of early forest
growth (Suganuma and Durigan, 2014), that planted
forests are different from second growth forests during
the early stages (Brockerhoff et al., 2013), and that great
extensions of tropical forests are being actively restored
worldwide through plantations, we hypothesized that
soil macrofauna changes along with forest development
in restoration areas in the Seasonal Semidecidual Forests
of the Atlantic Forest biome.

2. Material and Methods

We conducted this study in Itu, Sdo Paulo, Southeastern
Brazil (Figure 1). Most of the sampling was carried out at
Centro de Experimentos Florestais SOS Mata Atlantica
(23°20°S—47°20’ W), an experimental station with several
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ongoing forest restoration initiatives. This experimental
station comprises 526 ha (SOS Mata Atlantica, 2013), and
it is located in a transition zone between Mata Atldntica
[Atlantic Forest] (tropical forest) and Cerrado (savannah)
biomes (Veloso et al., 1991). The predominant native
vegetation type, at the experimental station, is the Seasonal
Semideciduous Forest, a closed-canopy forest in Atlantic
Forest biome with abundant deciduous and semi-deciduous
trees and shrubs, which lose their leaves during the driest
months (April to August). Annual precipitation is 1,331 mm
and 40 mm during the driest months. Temperature ranges
from 17.7 to 24.6 °C (Machado and Santos, 2003;
EMBRAPA, 2014) with rainy summer and a dry winter
(Alvares et al., 2013). There are four different types of
soil in the region: clay loam dystrophic acrisols (chromic),
rocky/coarse dystrophic acrisols (chromic), rocky/coarse
dystrophic and eutrophic acrisols (chromic), and clayey
dystrophic rhodic haplustox (Machado and Santos, 2003).

The chronosequence is represented by a pasture
(dominated by Urochloa spp.), forest areas of different ages
(8, 24, 48, and 84-month old plantations, representing a
gradient of restoration stages) undergoing restoration, and
a secondary forest for reference that has been protected
from degradation/disturbance from many decades.
The restoration sites were within a radius of 5 km and are
all within the Centro de Experimentos Florestais SOS Mata
Atlantica except the 8-month old plantation. Forest areas
of different ages undergoing restoration were deforested
and converted to coffee plantations several decades ago
(SOS Mata Atlantica, 2013). Prior to restoration, these areas
were converted to pastures dominated by Urochloa spp.
The restoration technique applied was the native seedlings
plantation, using a high diversity of native tree species at
3x3 m spacing (density of 1,111 seedlings per hectare).

2km

Centro de Experimentos
Florestais SOS

Mata Atlantica

Figure 1. Location of the studied sites in [tu-SP, Southeastern Brazil. P: pasture, F: secondary reference forest; 1-4: forest
restoration sites of 8(1), 24(2), 48(3) and 84(4)-month age. Site “1” is about 6 km away from the Centro de Experimentos

Florestais SOS Mata Atldntica.
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During the first two years, grass control was performed in
all restored areas using herbicide (glyphosate).

In each site, we randomly established five collection
points and obtained data for canopy cover, litter biomass,
and soil samples. At each collection point, we measured
the percentage of canopy cover (0-100%) using a spherical
densiometer, and established 25%25 c¢cm plots for litter and
soil collection. Litter samples were collected, dried at 65 °C
for 48 h and weighed to obtain dry litter biomass (g/m?).
After litter removal, we collected soil samples, within the
same plots, to the 15-cm depth according to established
protocols (Anderson and Ingram, 1993; Moreira et al., 2008).
We decided to collect to the 15-cm depth instead of 30 cm
depth, because some studies have shown that the highest
number of macrofauna organisms are found in the first 10 cm
(Barreta etal., 2006; Rossi et al., 2006; Vega et al., 2014).
Soil characteristics are available from a study performed in
the same land (Gutierrez, 2016). All samples were collected
in June 2014, during the cold dry season. Climatic data
are available in a historic database for the municipality
(EMBRAPA, 2017).

Macrofauna (sensu Swift et al., 1979) was carefully
collected from soil samples and stored in containers using
70% alcohol. These individuals were later classified into
the level of higher taxonomic groups (Triplehorn and
Johnson, 2004; Ruiz and Lavelle, 2008), and counted to
obtain their density (individuals/m?). Since macrofauna
was determined to the level of higher taxonomic groups
and not to the species level, thus we used the number of
individuals per taxonomic group to calculate density.
The beta diversity index can be used to measure changes
in species composition or species replacement rate along
a gradient or transection. Beta diversity corresponds to
the diversity between habitats or any other environmental
variation and allows to describe how different or similar
two communities are regarding species composition.
Beta diversity will be higher when the different communities
share less species. We calculated this index as a measure
of diversity, to assess the differences of taxonomic
groups among study sites. We used Whittaker’s index
(BW), that ranges from 0, when samples have the same
species composition, to 2, the maximum difference in
species composition (Whittaker 1960, 1972). The index
is calculated as follows: BW = (c¢/a) — 1, where ¢ = total
number of species recorded in sampled plots; a = average
number of species in samples.

We transformed density data using a Box-Cox
transformation in order to meet ANOVA requirements.
We used diversity data and then we used these data to
build a rank-abundance curve to represent visually the
richness and the evenness of taxonomic groups (Whittaker,
1960). We used the Analysis of Variance (ANOVA) to
test differences in canopy cover, litter biomass, and soil
macrofauna density and diversity across the vegetation
chronosequence. For significant results, we performed
the Tukey test (0=0.05) to compare means. Pearson’s
correlation analyses were used to test correlations between
habitat characteristics and macrofaunal data. The above
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were performed in the Statistica 12 software (StatSoft®,
Tulsa, OK, USA). A multivariate cluster analysis was
done to identify similarities between sites, considering
soil macrofauna density and composition through the
Multi-Variate Statistical Package (MVSP) (Kovach
Computing Services®, Anglesey, Wales). In this analysis,
we used a matrix with the number of individuals per
taxonomic group in each plot across the chronosequence.
The analysis of the cluster was done using the unweighted
pair group method with the arithmetic mean (UPGMA)
method and the Euclidean distance measure.

3. Results

The percentage of canopy cover increased along the
chronosequence (ANOVA, p<0.001). The pasture had
low canopy cover, similarly to the 8-month old forest;
the 24-month old forest had an intermediate value; and
the 48- and 84-month-old forests and the reference forest
had the highest percentages of canopy cover (Figure 2A).
Litter biomass also increased along the chronosequence,
except for the fact that the amount of biomass in the pasture
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Figure 2. Mean (+ standard error) percentage of canopy
cover (A), dry litter biomass (B), and soil macrofauna
density (C) in studied sites (pasture, forest restoration
sites of four different ages after tree seedling plantation,
and secondary reference forest). Bars with distinct letters
indicate differences in the Tukey test (p<0.05).
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was higher than the amount in forest restoration sites,
but still lower than in the reference forest (Figure 2B).
Edaphic macrofauna density did not increase linearly along
the chronosequence. The reference ecosystem was the area
with the highest values for this parameter (Figure 2C).
We found positive correlation between canopy cover and
macrofauna density (Pearson, p=0.017, r=0.431), but not
between macrofauna density and dry litter biomass (Pearson,
p=0.760, 1=0.058) or diversity (Pearson, p=0.254, r=0.214).

The 2,778 collected individuals belong to 15 groups:
Arachnidae, Auchennorhyncha, Blattaria, Coleoptera,
Coleoptera larvae, Chilopoda, Dermaptera, Diplopoda,
Diptera larvae, Formicidae, Gastropoda, Heteroptera,
Isoptera, Lepidoptera larvae, Oligocheta, and Orthoptera.
Of'these, 2.5% were found in the pasture; 7% in the 8-month
old forest; 7.5% in the 24-month old forest; 8% in the
48-month old forest; 31% in the 84-month old forest; and
44% in the reference ecosystem. Most of the individuals
collected were Formicidae (81.9%), followed by Isoptera
(5.9%), and Coleoptera (1.6%). We found a great variation
in density in taxonomic groups in the sites, with no clear
pattern across the chronosequence (Table 1).

The beta-diversity analysis showed great diversity of
one group in all study sites (represented by Formicidae);
intermediate abundance of six groups; and low abundance
of seven taxonomic groups in our study sites. Overall, the
24- and the 84-month old forests had higher richness with
14 taxonomic groups each (Figure 3). Forests undergoing
restoration had higher dominance of one group (Formicidae),
intermediate dominance of four groups, and low dominance

of the others. The reference forest is marked by high
dominance of one group (Formicidae), which represents
over 90% of individuals while the other groups account
less than 1% together. In contrast, the overall dominance
is lower in the pasture, where evenness is much higher
and the relative abundance curve has a less steep slope
(Figure 3). The cluster analysis grouped the reference
forest and the oldest forest undergoing restoration; and
also grouped the other restoration sites together, despite
the slightly different composition of the 24-month old
forest; and isolated the pasture (Figure 4).
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Figure 3. Rank-abundance curve for taxonomic groups
of soil macrofauna found in the chronosequence studied.
8M=8-month-old; 24M=24-month-old; 48M=48-month-old;
84M=84-month-old; REM=Reference forest; PAS=Pasture.
Numbers 1-14 refer to the number of different taxonomic
groups in each area.

Table 1. Number of individuals per taxonomic groups of soil macrofauna in studied sites.

Study sites .
Taxonomic Forests undergoing restoration Relat'l ve
Reference  Total density
groups Pasture 8 24 48 84 forest (%)
month-old

Arachnida 0 3 1 15 2 4 25 0.9
Auchennorhyncha 0 0 0 0 1 0 1 0.0
Blattaria 1 0 3 11 2 1 18 0.6
Chilopoda 0 1 0 3 7 12 23 0.8
Coleoptera 9 13 10 5 4 3 44 1.6
Coleoptera larvae 14 10 11 6 20 11 72 2.6
Dermaptera 1 0 3 6 0 3 13 0.5
Diplopoda 4 0 4 0 4 3 15 0.5
Formicidae 23 158 112 155 659 1,168 2,275 81.9
Gastropoda 0 0 1 0 2 2 5 0.2
Heteroptera 4 5 3 13 3 0 28 1.0
Isoptera 0 0 35 0 130 0 165 5.9
Lepidoptera larvae 4 0 1 0 0 0 5 0.2
Oligocheta 5 6 15 2 19 7 54 1.9
Orthoptera 0 0 1 1 0 0 2 0.1
Diptera larvae 0 2 0 3 5 0 10 0.4
Other invertebrates 3 1 7 5 7 0 23 0.8
Total (individuals) 68 199 207 225 865 1,214 2,778 100
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Figure 4. Clustering analysis for macrofauna density and diversity in the studied sites.

4. Discussion

We found clear patterns of change in soil macrofauna
along the chronosequence studied. Soil macrofauna density
did not increase linearly along the chronosequence, but it was
correlated with increase in canopy cover. Overall diversity
is characterized by high dominance of social insects and
evenness among the other groups.

Vegetation cover helps avoiding the loss of soil
macrofauna and stimulates the activity of ecosystem
engineer functional groups: Oligochaeta, Formicidae,
and Isoptera (Barros et al., 2003). Besides, canopy cover
is an important ecological parameter directly related to
litter production, which maintains microclimate conditions
more stable. Our results corroborate our hypothesis that
macrofauna changes along with changes in vegetation.
Also, positive correlation between macrofauna density and
canopy cover indicate that canopy cover can be considered
a good parameter to infer macrofauna density in systems
similar to our study sites.

In tropical degraded areas or secondary forests in
early-successional stage, the edaphic fauna is exposed
to a stressful environment, nutrient poor conditions,
compacted soils, and unstable conditions of moisture
and temperature. These features change along secondary
succession as soils recover. Soil macrofauna responds
to changes in vegetation along secondary succession
(Meloni and Varanda, 2015), such as structural changes
(Decaens et al., 1998), increases in plant biomass, and
vegetation diversity and complexity (Menezes et al., 2009),
and to increases in organic matter (Burger and Knoll,
2011). The conditions that soil organisms are subjected
to are very different, with the open area with great litter
biomass in the pasture in one extreme; the forested areas
of increasingly higher canopy cover and litter biomass
in forests undergoing restoration in the middle; and the
shaded area with greatest litter biomass in the reference
forest at the other extreme. These different environments
and amounts of resources cause soil macrofauna to vary
in density and diversity. We did not find a linear increase
in macrofauna density as forests age towards values found
in the reference ecosystem, which is not in accordance
with other studies (Merlim, 2005; Meloni and Varanda,
2015). The abundance and diversity of macrofauna can
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be influenced by variation in litter quantity and quality
(Sayer et al., 2010). The high amount of litter in the
pasture site may have biased the results explaining why
soil macrofauna was not correlated to litter biomass.

Ants and termites were the most abundant group in all
sites. This is a common pattern in the literature, but is also
pointed out as a possible result of the sampling method
(TSBF) that could overestimate the abundance of these
groups of aggregated distribution if sampling is done near
nests. The high abundance of Formicidae is predominant
in most terrestrial ecosystems (Machado et al., 2015),
especially in tropical forests. This group was found to be
the most numerous in studies done in the Atlantic Forest
(Toledo, 2003; Menezes et al., 2009).

We did not classify ants into morphospecies and
functional groups, but the gradual increase of individuals in
the chronosequence may indicate greater species richness.
Leal et al. (2012) states that fragment size and tree density
are important variables predicting species richness and
functional diversity. Also, the substitution of species and
changes in the ecosystem vegetation type can offer more
sites for nesting, like undecomposed twigs that have fallen
on the soil (de Souza et al., 2012), besides the increase in
quality and quantity of feeding resources.

Ants may promote the improvement of physical
and chemical characteristics of soils (Ruiz and Lavelle,
2008), increasing organic matter, nitrogen, phosphorus,
and potassium (Carlson and Whitford, 1991; Petal, 1978).
Their presence may facilitate the establishment of other
functional groups in the ecosystem, such as the mutualist
associations with scales, aphids, and cicadas (Sternorrhyncha
and Auchennorrhyncha) (Lee, 1985; Way and Khoo, 1992).

Isoptera was the second most numerous taxa. Formicidae’s
and Isoptera’s dominance in this forest type was previously
reported. Previous research reported a higher number of
ants and termites in the dry season compared to the wet
season, which might explain our results found, since we
have collected during the dry season (Menezes et al., 2009).

The number of Coleoptera decreased along the gradient,
being more numerous in younger forests. A similar pattern
was found in the Araucaria Forest, another forest type of
the Atlantic Forest biome (Merlim, 2005). Oligochaeta
generally represents the largest portion of animal living
biomass in soil (Lee, 1985), but they are known to migrate
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vertically deeper in soils during dry periods (Bouche and
Gardner, 1984), meaning that density and diversity could be
higher if we had sampled in the wet period. Other studies
have found lower abundance of earthworms in dry periods
(Menezes et al., 2009). This group was equally present in
all areas. Worms are one of the most active components
of soil macrofauna, affect positively the growth of plants,
perform biological control, decompose organic matter and
promote not only nutrient cycling but also the formation
and aggregation of soil particles. Despite their importance
and active role, the Oligochaeta are subjected to habitat
perturbation and contamination.

There was a very low abundance of Chilopoda compared
to other groups. This taxon is commonly more abundant in
older ecosystems, which is in accordance to the fact that
these organisms are mainly found in litter and are more
common in ecosystems with high canopy cover (Ruiz
and Lavelle, 2008). The oldest restoration might have the
greatest diversity of predators and a more complex trophic
structure (Begon et al., 2006). Considering that predators
exert strong influence on species abundance, their presence
could be a reflex of the increasing structural complexity
of the vegetation.

The clustering analysis grouped the 84-month-old
forest with the reference forest. This may indicate that the
soil macrofauna community is being recovered, and that
7 years after tree seedlings plantation, a forest restoration
site is more similar to the reference ecosystems in terms
of soil macrofauna than it is to younger restoration sites.
Some attributes of the ecosystem such as nutrient cycles
may take a long time to be restored. At this same forest type,
a forest restoration site 52 years old had not its nitrogen
cycling restored yet (Amazonas et al., 2011).

In addition, even some general vegetation attributes
in tropical forests, such as tree density and density and
richness of saplings, may take a longer time to be restored
if compared to reference ecosystems (Suganuma and
Durigan, 2014). However, our results suggest that soil
macrofauna may take less time to be restored [see also
(Gomes et al., 2014) for ants] and that this is intrinsically
related to the reestablishment of canopy cover and litter
deposition.

We conclude that young forests originated from active
restoration promote the recovery of soil macrofauna density
and diversity, even before the restoration of many attributes
of vegetation and ecosystem nutrient cycling. Also, our
results suggest that canopy cover of young restoration
plantations can be used as a predictor of soil macrofauna
density in this forest type. Although these results are clear
in our study, future research is necessary to investigate
changes in soil macrofauna during forest restoration in
other forest types, the role some specific groups within
orders and families play as bioindicators, and to deeper
explain how changes in litter deposition and canopy cover
affect each soil macrofauna group.
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