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ABSTRACT: Soil macrofauna is an important indicator of soil quality, as it is sensitive to
changes in the environment as a result of soil management, which includes soil chemical
and physical properties and the diversity of cultivated species. This study aimed to
evaluate the composition and structure of soil macrofauna under a no-tillage system in
different crop sequences, with and without crop rotation, over two growing seasons: a
rainy summer and a dry winter. The crop sequences were soybean/corn rotation in the
summer and corn in the winter; soybean/corn rotation in the summer and sunn hemp in
the winter; soybean monoculture in the summer and sunn hemp in the winter; and corn
monoculture in the summer and corn monoculture in the winter growing season. The
nutrient content of the crop residues left on the soil surface, soil chemical and physical
properties, and soil macrofauna were determined. Functional plant groups (grasses or
legumes) individually influenced the composition of soil macrofauna more significantly
than the effect of crop sequence, with or without rotation, and growing season. Grasses
favored an increased density of groups such as Oligochaeta, Isoptera, and Formicidae.
In contrast, legumes contributed to the variation in the total density of individuals and
Diplura and Coleoptera groups. Furthermore, the influence of functional plant groups
(grasses or legumes) on the composition and density of soil macrofauna were related to
soil chemical (P and N content) and physical properties (particulate organic carbon and
soil moisture), which determined the composition of soil macrofauna groups.

Keywords: rotation, organic matter, bottom-up effects, soil chemistry, ecosystem
engineers.
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INTRODUCTION

No-tillage system (NTS) is a concept developed in Brazil in 70’s, which began with
technique no-tillage (NT - the sowing of crops without soil preparation and with the
presence of mulch or straw). The concept evolved, and its basic principles include crop
diversification through rotation, maintenance of plant residues or cover crops, and minimal
soil disturbance (Hernani and Salton, 1998; Fuentes-Llanillo et al., 2022; Possamai et al.,
2022). Studies have shown that NTS positively alters soil chemical properties (Rodrigues
etal., 2015; Marafon et al., 2020), organic matter (Six et al., 2000; Corbeels et al., 2016;
Veloso et al., 2019), physical properties (Nascente et al., 2015; Veloso et al., 2019), and
biological properties (Mathew et al., 2012; Rieff et al., 2020).

Among soil biological properties, soil fauna has been identified as an important indicator
of soil conservation management (Coulis, 2021; Li et al., 2021), and soil macrofauna
(organisms visible with the naked eye) (Lavelle et al., 1994). These organisms are prominent
in key soil processes, such as nutrient cycling (Lal, 1988; Quadros and Zimmer, 2018); soil
organic matter humification and mineralization (Frouz, 2018; Frouz et al., 2020); water
infiltration rate due to the formation of channels and galleries (Lamoureux and O’Kane,
2012); changes in soil pH and N content (Sheehan et al., 2006; Frouz et al., 2020), and
soil porosity (van Vliet et al., 1993; Bottinelli et al., 2010; Melo et al., 2019). Thus, these
organisms modify their environment, facilitating plant growth (Coleman and Wall, 2014).
Moreover, they are considered important indicators of soil quality (Brown et al., 2015),
as they are sensitive to environmental changes in terms of soil management (Veldsquez
and Lavelle, 2019), chemistry (Vendrame et al., 2009; Errouissi et al., 2011), and physical
properties (Brussaard and van Faassen, 1994). Furthermore, studies have pointed out
the responses of soil organisms to plant community structure and composition (Bardgett
and van der Putten, 2014).

Crop diversity favors the diversification of plant residues on the soil surface, with different
qualities and decomposition stages, providing conditions and resources for the coexistence
of diverse soil organisms (Hansen and Coleman, 1998). For instance, plant residue
characteristics can influence the soil trophic chain because residues with a low C/N ratio
can stimulate the activity of bacteria and their predators, whereas residues with a high
C/N ratio can stimulate the activity of fungi and their predators (Bardgett, 2005; Ingham,
2000). In addition, plant residues can provide habitat heterogeneity (Hooper et al., 2000)
and contribute to the likelihood of having species belonging to key faunal groups, which
can increase primary production (Laossi et al., 2008). Thus, crop diversification can
influence soil biology at the soil-litter/straw interface, as plant species diversity determines
the patterns of spatial and temporal heterogeneity between herbivore populations and
communities, known as the bottom-up effect (Hunter and Price, 1992).

In the same way that macrofauna can influence soil chemical and physical properties,
these abiotic factors collaborate with the plant community to directly and indirectly
affect the soil macrofauna community (Correia, 2002). Bardgett (2005) reported that
individual plant species and functional group characteristics (e.g., grasses and legumes),
which influence the quality and quantity of organic matter in the form of plant residues
and exudates, seem to play a more important role than plant richness in soil biota
structuring and ecosystem functioning. Some authors have emphasized that functional
plant groups, such as legumes, increase the diversity of soil macrofauna because of their
high organic matter production and lower C/N ratio (Laossi et al., 2008; Marchao et al.,
2009; Veldsquez et al., 2012; Batista et al., 2014). Other studies have demonstrated
the effects of grasses on macrofaunal abundance due to the number of fine roots acting
as a food source for decomposers (Salamon et al., 2011). Although the effects of crop
diversification on fauna structure are known, researchers have yet to fully understand
the mechanisms responsible for the benefits of plant diversification and functional plant
groups to soil fauna. Soil invertebrates are the primary determinants of soil processes
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in tropical ecosystems (Lavelle et al., 1994), and characterizing the biological activity
and diversity of soil can help to understand soil dynamics, structure, and nutrient flux
(Blanchart et al., 2006).

This study aimed to compare the soil macrofauna in crop sequences under no-tillage
in different seasons. This study addressed the hypothesis that diversification of crop
rotation under no-tillage is the dominant factor supporting the richness, diversity, and
composition of soil macrofauna communities, rather than the individual effects of legume
and grass species, by promoting changes in the quality and quantity of residuals and
physical and chemical soil properties.

MATERIALS AND METHODS

Study area

This research was conducted in the experimental field at Sdo Paulo State University
(UNESP), Jaboticabal (21° 15 02" S, 48° 16 07" W), Sao Paulo, Brazil. The experimental
site’s altitude is 595 m, and the climate is Aw, according to Képpen classification system
(1936), that is, tropical with dry winters (Alvares et al., 2013). The average annual
precipitation is 1.417 mm (1971-2020), concentrated from October to March, with an
average annual temperature of 22 °C.

The soil in the experimental area was classified as Latossolo Vermelho Eutréfico (Santos
et al., 2018). This type of soil corresponds to Ferralsol, according to the World Reference
Base (IUSS Working Group WRB, 2015). Before starting the experiment, the soil properties
at the layer of 0.00-0.20 m were: pH (0.01 mol L* CaCl,) = 5.0; organic carbon = 11 g kg?;
P (resin) = 13 mg dm?; K* = 4.1 mmol_dm?; Ca?* = 15 mmol_dm=; Mg** = 9 mmol_dm?;
potential acidity = 34 mmol_dm=; cation exchange capacity = 62.1 mmol_dm?;
base saturation = 45 %; and sand, silt, and clay contents of 370, 65, and 565 g kg?,
respectively.

Experimental design

A research field under a no-tillage was established in September 2002 to evaluate the
effect of crop sequences on soil properties and soybean (Glycine max L. Merrill) and
corn (Zea mays L.) yields. The treatments consisted of a combination of summer crop
sequences and winter crops, totaling four plots per experimental block, with each plot
occupying an area of 600 m? (40 x 15 m). The three blocks were randomized to each
other into strips in a randomized complete block design (Figure 1). Two samplings were
performed in each plot to better represent it (soil properties and macrofauna); thus,
the sample average was considered. All the properties were evaluated in three layers
(0.00-0.10, 0.10-0.20, and 0.20-0.30 m) and in two seasonal periods, dry (August 2012)
and rainy (March 2013). The total number of samples was 144, regarding four treatments,
three blocks, two samplings, three depths and two seasons.

The summer crop sequences, sown in October, consisted of corn monoculture, soybean
monoculture, and soybean-corn rotation, while the winter crops, sown in February-March,
consisted of corn and sunn hemp (Crotalaria juncea L.) successively cultivated over
10 years. The same winter crop was cultivated in the same plot during each agricultural
season. The following treatments were implemented: 1) soybean monoculture as a
summer crop and sunn hemp as a winter crop (S-SH), corresponding to the growth of
legumes only; 2) corn monoculture as a summer crop and corn as a winter crop (C-C),
corresponding to the growth of grasses only; 3) soybean/corn rotation in the summer
and corn as a winter crop (S/C-C), corresponding to legume/grass rotation in the summer
and grass in the winter; and 4) soybean/corn rotation in the summer and sunn hemp
as a winter crop (S/C-SH), corresponding to legume/grass rotation in the summer and
legumes in the winter.
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Figure 1. Schematic representation of the experimental block and sampling of soil properties.

Soybean/corn rotation under no-tillage treatments consisted of sowing corn and
soybean in the summer growing seasons of 2011/2012 and 2012/2013, respectively.
A corn hybrid was sown with an inter-row spacing of 0.90 m, targeting a population of
66 thousand plants per hectare. Sowing fertilization in both agricultural years consisted
of 300 kg ha! of 8-20-20 N-P-Kformula+ 1% Ca +5 %S + 0.3 % Zn, and a topdressing
fertilization of 100 kg ha? of N as ammonium sulfate was performed when the plants
were in the vegetative stage (V6). Soybean was sown with a 0.45-m inter-row spacing,
targeting 480 thousand plants ha. Sowing fertilizers consisted of 250 and 300 kg ha* of a
2-20-20 N-P-K formula in the agricultural years 2011/2012 and 2012/2013, respectively.
For the winter crops, corn was sown with a 0.90-m inter-row spacing, targeting 55 thousand
plants ha?, whereas sunn hemp was sown with a 0.45-m inter-row spacing, targeting
555 thousand plants hat; both of which did not receive sowing or topdressing fertilization.
Winter corn was managed until grain harvest, whereas sunn hemp was chopped with a
straw chopper at full flowering. After harvesting, the winter corn residue was chopped
with a straw chopper to homogenize the residue distribution on the soil surface, aiming
to replicate the sunn hemp conditions. Crop pest, disease and weed control were carried
out when necessary, using products and doses recommended by the manufacturers.

Soil macrofauna

Soil macrofauna was evaluated using the method recommended by the Tropical Soil
Biology and Fertility (TSBF) program (Anderson and Ingram, 1993). Two trenches 0.3 m
deep and 0.25 m wide were opened in each plot (i.e., two replicate samples per plot)
and a block of soil (0.25 m wide x 0.25 m long X 0.10 m high) was collected from each
trench wall at layers of 0.00-0.10, 0.10-0.20, and 0.20-0.30 m. The identification was
performed at a higher taxa level, usually orders, according to criteria proposed by Costa
et al. (1988), Csiro (1991), and Dindal (1990).

Soil chemical and physical properties

After soil macrofauna handsorting, a portion of the soil from each layer was separated,
air-dried, and passed through a 2 mm sieve. Subsequently, we determined soil pH(CaCl,),
soil AP, H+Al, Ca?t, Mg?*, P, K*, total N, total carbon (TC), particulate organic carbon
(POC), mineral-associated organic carbon (MAOC) content (Cambardella and Elliot, 1992),
and particle size distribution (Claessen, 1997) for each sample. The TC and N contents
were determined by the dry combustion method using an elemental carbon and nitrogen
analyzer (AC350, LECO Corporation, St. Joseph, Michigan).
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Additionally, soil samples using volumetric rings (0.05 m diameter, 0.06 m height) were
collected from each trench wall at the layers of 0.00-0.10, 0.10-0.20, and 0.20-0.30 m for
determining soil bulk density (BD), and percentages of total soil porosity (TP), macropores
(MA) (>0.05 mm), and micropores (Ml) (<0.05 mm) (Claessen, 1997).

Plant residues

Plant residues dry matter (kg ha) was estimated by collecting residuesina 0.25 x 0.25 m
area in two locations per plot. The residues were cleaned, dried in a forced air circulation
oven, weighed, ground, and chemically analyzed to determine the N, P, K, Ca, Mg, and
S contents (Tedesco et al., 1985).

Data analysis

The soil macrofauna community was analyzed, and correlations were calculated with
the following parameters: density, standard error, total richness, mean richness, and
Pielou’s evenness index, the uniformity in the distribution of individuals among the
existing species, with a range varying from zero (minimum uniformity) to 1 (maximum
uniformity). In addition, individuals were standardized using the rarefaction technique
(Gotelli and Cowel, 2001), as the total richness is dependent on the number of individuals
sampled. Estimates of the mean rarefied richness were performed by block using the
treatment with the lowest density.

Mixed effect models in the nIme statistical package for univariate statistical comparisons
were used to test the effects of treatment and seasonality on the macrofaunal community
and soil chemical and physical properties at the layer of 0.00-0.30 m and litter (Pinheiro
et al., 2015). Soil macrofauna was calculated by the sum of total individuals at the soil
layers (0.00-0.30 m), and chemical and physical properties were calculated as the mean
of the soil layers. Blocks, treatments, sampling time/seasonality, and the interaction
between treatment and seasonality were considered fixed factors. Seasonality nested
in the plot was considered a random effect. The variables of macrofauna, soil, and plant
residues were checked for normality and homogeneity of variances in the model and
transformed into log (x+1) when necessary. Tukey's test (p<0.05) was used for multiple
comparisons of the means.

Redundancy analysis (RDA) was performed using the vegan package to evaluate the
effects of soil chemical and physical properties on macrofaunal composition at the layers
of 0.00-0.10, 0.10-0.20, and 0.20-0.30 m (Oksanen et al., 2015). Soil macrofauna data
were transformed to the Hellinger distance, which is a Euclidean distance (Legendre and
Gallagher, 2001). Transformations of relative abundance values reduce high abundance
values. In this way, pre-transformations ensure that species data are treated according
to their specificity, that is, without undue importance being given to zero values (Bocard
et al., 2011). The sand content was added to the model as a co-variable as it presented
a mean variation of 13 % in the experimental area; therefore, a partial RDA (RDAp) was
performed. In addition, multivariate analysis of variance (p<0.05) was performed to
test the influence of the fixed factor treatment, seasonality (dry and wet), and layers
(0.00-0.10, 0.10-0.20, and 0.20-0.30 m) on macrofaunal composition. All analyses were
completed using R Statistical Software (v3.1.2, R Development Core Team, 2014).

RESULTS

Plant residues

The quantity of plant residues left on the soil surface showed no variation between
treatments for the same evaluation period (F = 0.46, P = 0.72), whereas differences
were found between dry and rainy periods when soybean/corn rotation was the summer
crop and corn was the winter crop (S/C-C) (F = 19.41, P = 0.002), with a 64 % reduction
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in quantity from the dry season to the rainy season (Table 1). The N content in plant
residues differed between treatments only during the dry season (F=4.50, p=0.04). Plant
residues from soybean monoculture as a summer crop and sunn hemp as a winter crop
(S-SH) had 46 % higher N content than those from corn monoculture as a summer and
winter crop (C-C). No differences were observed in plant residue N content between the
seasons (F=4.52, p=0.07) (Table 1).

Soil chemical and physical

Overall, N and TC soil contents were higher in S-SH and lower in S/C-C in both the dry
and rainy seasons (N: F=16.21, p=0.003; TC: F=8.23, p=0.02), but did not differ between
the summer and winter seasons (N: F=4.41, p=0.07; TC: F=1.02, p=0.34) (Table 2). Soil
moisture did not vary among crop sequences (F=1.94, p=0.22), but it was expectedly
higher during the rainy season (F=132.79, p<0.0001), regardless of crop sequence.

Structure and uniformity of soil macrofauna

The total macrofaunal density did not differ among crop sequences (F=1.06, p=0.43)
or between the dry and rainy seasons (F=3.11, p=0.12) (Table 3). The results showed
considerable variability in soil macrofauna density values (i.e., standard error of the
mean) among replicates from treatments and between the dry and rainy seasons. The
standard error from the dry to the rainy season increased by 295 % for S-SH, 4 % for
C-C, 236 % for S/C-SH, and reduced 4 % for S/C-C.

Mean group richness, rarefied richness, and Pielou’s index did not significantly differ
among treatments (F=1.56, p=0.29; F=0.76, p=0.56; F=1.33, p=0.35, respectively) or
between the dry and rainy seasons (F=0.31, p=0.59; F=0.08, p=0.78; F=3.21, p=0.11)
(Table 3).

Table 1. Mean values of litter/straw accumulated on the soil surface and nitrogen content of this material

Dry matter N
Treatment
D w D w
Mg ha' g kg?

Soybean-Sunn hemp 1.95 Aa 0.98 Aa 11.8 Aa 9.96 Aa
Corn-Corn 2.02 Aa 1.40 Aa 6.35 Ba 8.59 Aa
Soybean/Corn-Corn 1.79 Aa 1.11 Aa 6.70 Ba 9.58 Aa
Soybean/Corn-Sunn hemp 2.42 Aa 0.86 Ab 8.82 ABa 9.74 Aa

Values followed by equal uppercase letters in the column and equal lowercase letters in the row do not differ studied by the Tukey's test (p<0.05).
D: dry season; W: wet season.

Table 2. Average of chemical and physical properties of soil in the layer of 0.00-0.30 m

N P TC POC Moisture
Crop
D w D w D w D w D w
g kg? —— mg kg*! g kg %

S-SH 1.3 Aa 1.2 Aa 44.8 Aa 27.45 Aa  15.7 Aa 15.7 Aa 1.03 Aa 1.05 Aa 16.1Ab 22.8 Aa
Cc-C 0.8 Ba 1.0 ABa 39.63Aa 28.89Aa 13.5ABa 13.6 ABa 0.87 Aa 0.80 ABa 15.1Ab 19.4 Aa
S/C-C 0.7 Ba 0.9 Ba 28.85Aa 29.59Aa 12.3Ba 11.8 Ba 0.97 Aa 0.66 Ba 14.9Ab 19.9 Aa
S/C-SH 1.0 Ba 1.1 ABa 43.32 Aa 33.19Aa 14.7ABa 13.9ABa 1.01Aa 0.78 ABa 15.7Ab 22.4 Aa

Values followed by equal uppercase letters in the column and equal lowercase letters in the row do not differ studied by Tukey’s test (p<0.05). D:
dry season; W: wet season. S-SH: Soybean-Sunn hemp; C-C: Corn-Corn; S/C-C: Soybean/Corn-Corn; S/C-SH: Soybean/Corn- Sunn hemp; TC: total
carbon; POC: particulate organic carbon.
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Table 3. Density of the edaphic macrofauna (individuals m? + standard error), rarefied mean richness, observed mean richness,
total richness and Pielou’s Index at a depth of 0.00-0.30 m

Dry season
Ecological indices -
s Soybean-Sunn hemp Corn-Corn Soybean/Corn-Corn Soybeall:c{:(r::;n sunn
vk (i 2
Density* (ind.m + 206 + 139 803 + 306 429 + 110 243 * 80
standard error)
Mean rarefied richness* 7.0 4.9 6.2 7.1
Mean richness
observed* 8.7 9.0 8.0 8.7
Total richness 16 18 13 15
Pielou’s index* 0.82 0.60 0.80 0.84
Wet season
itk (i -2

Density* (ind.m + 981 + 550 859 + 320 395 + 106 709 + 269
standard error)
Mean rarefied richness* 6.1 6.8 5.2 8.1
Mean richness
observed* 7.0 9.3 5.3 10.0
Total richness 12 13 8 17
Pielou’s index* 0.71 0.63 0.64 0.71

*The variables did not differ among crop sequences or between the dry and rainy seasons (p>0.05). Density among crop sequences (F=1.06, p=0.43)
and between seasons (F=3.11, p=0.12); Mean rarefied richness among crop sequences (F=0.76, p=0.56) and between seasons (F=0.08, p=0.78);
Mean richness observed among crop sequences (F=1.56, p=0.29) and between seasons (F=0.31, p=0.59); Pielou's index among crop sequences
(F=1.33, p=0.35) and between seasons (F=3.21, p=0.11).

Conversely, the multivariate analysis showed pure and interactional effects of crop
sequences, soil depth, and dry and rainy seasons on the soil macrofauna composition (Table 4).
Crop sequences explained 8.2 %, dry and rainy seasons 3.9 %, soil depth 12.2 %, and
the interaction between crop sequences and seasons explained 5.2 % of the macrofauna
composition. Redundancy analysis clearly associated the groups Oligochaeta, Formicidae,
and Diplopoda with the rainy season and Dermaptera, Coleoptera, and Coleoptera larvae
with the dry season (Figure 2). Furthermore, redundancy analysis associated C-C with
Oligochaeta (earthworms), Isoptera (termites), and Formicidae (ants), S-SH with Diplura
and Coleoptera, and S/C-C negatively with Diplopoda.

Table 4. Multivariate ANOVA results of treatment effects, depth and seasonality on edaphic macrofauna density variation

Sources of variation DF SQTotal F p-value
Treatment (T) 3 0.05174 2.35 0.004
Seasonality (S) 1 0.02473 3.37 0.005
Depth (D) 2 0.07382 5.02 0.001
SxD 2 0.02846 1.99 0.019
DxT 3 0.07058 1.70 0.008
TxS 3 0.03257 1.51 0.067
TxSxD 17 0.17467 1.63 0.002
Residue 48 0.30279

Total 71
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Figure 2. Correlation bi-plot base on a Redundancy Analysis (RDA) of soil macrofauna in relation
to interaction between treatment and season, displayind 11.14 % of the variance in the density
and 56.60 % of the variance in the fitted density. Eigenvalues of the first four axes are 0.05774,
0.05372, 0.04102 and 0.02281. The sum of all canonical eigenvalues is 17.37 %. S-SH: Soybean-
Sunn hemp; C-C: Corn-Corn; S/C-C: Soybean/Corn-Corn; S/C-SH: Soybean/Corn- Sunn hemp; Col:
Coleoptera; Der: Dermaptera; Dip: Diplopoda; Diplu: Diplura; For: Formicidae; Het: Heteroptera;
Iso: Isoptera; Lco: Coleoptera larvae; Lfo: Formicidae larvae; Oli: Oligochaeta.

Effects of soil properties on soil macrofauna

Partial redundancy analysis (RDAp) revealed the effects of soil chemical and physical
properties on soil macrofaunal composition. The RDAp (F = 3.09, p<0.001) and Axis 1 were
significant (F = 8.95, p<0.001), while Axis 2 was significant at 6 % (F = 3.28, p=0.06). Soil
macrofauna was affected by POC (F = 3.66, p<0.001), P (F = 2.77, p=0.01), Al content
(F =2.38, p=0.02), TP (F = 0.40, p=0.93), and soil moisture (F = 2.40, p=0.02), which
explained 62.8 % of the variation in the soil macrofaunal community, and the sum of all
canonical axes explained 19.21 % of the total variation in soil macrofauna (Figure 3). The
percentage of sand in the soil accounted for 2.1 % of the total soil macrofaunal variation.

Soil POC and P content were associated with Formicidae, Coleoptera larvae, Chilopoda,
Diptera larvae, Dermaptera, and Psocoptera (Figure 3). Specifically, the soil P content
was strongly associated with Formicidae and Coleoptera larvae. Soil total porosity was
positively associated with Coleoptera, Dermaptera, Lepidoptera, and Isoptera larvae
and negatively associated with Oligochaeta. Soil moisture was strongly associated with
Oligochaeta density.

DISCUSSION

Structure and uniformity of soil macrofauna

The density of soil macrofauna did not vary among crop sequences or between the dry
and rainy seasons. A possible explanation is that many of these species are generalists
in terms of feeding and habitat preferences and do not respond to slight differences
in environmental quality (Wardle et al., 2006), primarily in the absence of significant
concomitant effects on plant development (Veldsquez et al., 2012), such as soil disturbance
and compaction. The non-variation in the density of soil macrofaunal species may have
consequently influenced their richness of groups and uniformity.
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Figure 3. Correlation bi-plot base on a Partial Redundancy Analysis (RDAp) of soil macrofauna in
relation to chemical and physical soil properties, displaying 15.21 % of the variance in the density
and 79.18 % of the variance in the fitted density. Eigenvalues of the first four axes are 0.1113,
0.04077, 0.02983 and 0.006210. The sum of all canonical axes is 9.21 %. S-SH: Soybean-Sunn
hemp; C-C: Corn-Corn; S/C-C: Soybean/Corn-Corn; S/C-SH: Soybean/Corn-Sunn hemp; TP: total
porosity; POC: particulate organic carbon; Al: aluminum; P: phosphorus; Chi: Chilopoda; Col:
Coleoptera; Der: Dermaptera; Diplu: Diplura; For: Formicidae; Het: Heteroptera; Iso: Isoptera; Lco:
Coleoptera larvae; Ldi: Diptera larvae; Lle: Lepidoptera larvae; Oli: Oligochaeta;; Pso: Psocoptera;
Sym: Symphyla.

Although no differences were observed in the density, richness, and uniformity values,
which are commonly used to understand the overall community structure, the standard
error of soil macrofauna density was used as a measure of environmental heterogeneity
(food resource and water availability) (Menezes et al., 2009). In crop sequences with
higher corn contribution, such as C-C and S/C-C in the dry and rainy seasons, the density
standard error values may indicate the effects of corn residues on the soil macrofauna
by providing similar environmental conditions and food resources in the dry and wet
seasons (Table 3). Conversely, the expressive variation in the standard error values
observed in S-SH and S/C-SH from the dry to rainy season indicates a higher density of
individuals in microsites/microenvironments with higher food resource availability and
favorable environmental conditions, such as available water, plant residues, or both
(Ettema and Wardle, 2002; Menezes et al., 2009). Thus, the effect of the previous crop
on soil organic matter patterns (Ettema and Wardle, 2002) and, consequently, on the
distribution of soil organisms should be considered. The quality of sunn hemp residues,
with relatively higher N contents (Table 1), and low C/N ratio (Santos et al., 2008) may
have contributed more significantly to the development and survival of soil organisms
than the amount of residues alone, because the amount of plant residue dry matter did
not differ among crop sequences. Therefore, residue quality is an important predictor of
the bottom-up effect of crop sequences on the soil macrofauna community (Huang et al.,
2020). In this context, the diversity of plant species can determine spatial and temporal
heterogeneity patterns in herbivore populations (Hunter and Price, 1992).

The association of decomposers such as Oligochaeta, Isoptera, and Formicidae with C-C
(Figure 2) may be related to the high number of fine roots, which allows the soil macrofauna
to explore higher volumes of soil by increasing the richness of microhabitats below ground
(Albers et al., 2006; Eisenhauer et al., 2011; Salamon et al., 2011). Therefore, fine root
biomass can be considered a functional characteristic of plants that strongly influences
the density of soil organisms (Ettema and Wardle, 2002; Salamon et al., 2011).
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Lower N and TC soil contents (Table 2) appeared to restrict the density of Diplopoda
organisms in S/C-C (Figure 2), which have detritivorous eating habits (Quadros and
Zimmer, 2018). Therefore, low quality of plant residues (high C/N ratio) can provide low
palatability and limit detritivorous groups from feeding on soil macrofauna (Li et al.,
2016; Song et al., 2020). The results of the present study indicate that plant diversity
can modify the structure of detritivorous soil organisms (Chen et al., 2017), such as
Diplopoda, which proved to be sensitive to the quality of the plant residue.

Effects of soil properties on soil macrofauna

Soil macrofauna was influenced by soil chemical and physical properties, which may
directly affect crop sequences (Figure 3) (Rosa et al., 2015; Souza et al., 2016). The
POC and P soil contents were positively associated with more macrofaunal groups and
negatively associated with Diplura and Heteroptera (Figure 3). This may indicate the
bottom-up effect of the crop sequence, in which the higher resource availability and
diversity of environmental conditions in the soil promote positive effects on the density
of macrofauna groups, which may reduce dominance and increase diversity (Pestana
et al., 2020).

The Formicidae group was positively associated with soil P content (Figure 3), possibly
because ants known as “ecosystem engineers” (Lavelle et al., 2001), have the ability
to modify soil physical and chemical properties, by mixing the soil to build their nests
and accumulating organic matter through excrement and construction material (Frouz
et al., 2003, 2005). Thus, ants, which are detritivores and present high mobility, can
connect mechanically and chemically above and below soil compartments (Quadros
and Zimmer, 2018), which could explain the observed P soil content associated with
the Formicidae group.

Isoptera was positively associated with soil TP (Figure 3), which correlates with the
physical activity that Isoptera provides along the soil profile as bio-disturbers, and at the
soil aggregate level as reorganizers of total soil porosity (Bottinelli et al., 2015; Jouquet
et al., 2016, 2019). Isoptera organisms, also considered ecosystem engineers, provide
soil biostructures such as galleries, channels, chambers, and stable biogenic aggregates
(Lavelle et al., 2020), which operate as a network of horizontal and vertical macropores,
where organic residues are often observed inside them (Jouquet et al., 2011). Thus,
organic residues are directly related to soil micro-and macro-aggregation (Poffenbarger
et al., 2020) and indirectly related to soil porosity (Six and Paustian, 2014).

Oligochaeta, another ecosystem engineer, was not associated with TP in the present
study but was positively associated with soil moisture (Figure 3). In general, Oligochaeta,
primarily earthworms, is negatively related to soil TP because organisms, when ingesting
minerals and organic materials from soil, eliminate them as higher-density feces (Martin
and Marinissen, 1993) than before the material is ingested (Lavelle et al., 2001). The low
stability of newly formed feces can also decrease the total soil porosity after periods of
rainfall owing to the loss of particles and, consequently, clogging of soil pores (Bottinelli
et al., 2010). The positive association between Oligochaeta and soil moisture may be
explained by the fact that water constitutes approximately 75-90 % of earthworm
body weight (Kale and Karmegam, 2010) and their need for a humid environment due
to physiological activities, such as skin respiration and ammonia and urea excretion.
Therefore, the results concur that soil moisture is an important factor for the survival
and development of Oligochaeta (Lavelle, 1983; Kale and Karmegam, 2010; Dominguez
et al., 2018; Singh et al., 2020).
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CONCLUSIONS

Functional plants (grass and legumes) were the dominant factors affecting soil macrofauna
variation when compared with crop rotation diversification. However, these functional
plants affected the structure and composition of the soil macrofauna in different ways.
The root biomass of corn increased the density of soil macrofauna engineers, such as
earthworms, ants, and termites, and the quality of legume plants provided distinct
microhabitats and food resources between seasons, resulting in differences in soil
macrofauna community densities. In addition to the effects of functional plants, the
findings showed that soil properties were directly affected by crop sequences and
seasons, and particulate organic carbon, phosphorus, and moisture, determined the
density of soil macrofaunal groups. These soil properties are related to the improvement
of microhabitat to soil fauna in terms of basic food resources (e.g., P and POC) and
physical structure (moisture). These results suggest that the increase in density of some
macrofauna groups depended not only on the direct effects of functional plants, but also
on the indirect effects of the soil physical and chemical properties, which can be affected
by crop sequences (rotation and functional plants). For future studies, the assessment
of soil properties and crop root quantification can assist in elucidating soil microhabitat
characteristics and the spatial variation of organisms, especially ecosystem engineers.

APPENDIX A. SUPPLEMENTARY DATA

Supplementary data to this article can be found online at https://www.rbcsjournal.org/
wp-content/uploads/articles xmI/1806-9657-rbcs-47-e0230006/1806-9657-rbcs-47-
€0230006-suppl01.pdf.

ACKNOWLEDGEMENTS

This study was supported by National Council of Research and Technology (CNPq) for
their financial support through the Project “Atributos edéficos e fauna do solo em area
de plantio direto com diferentes coberturas” (Edital Universal, 14/2012). First author was
granted a PhD scholarship from Coordination for the Improvement of Higher Education
Personnel (CAPES) and an interuniversity exchange doctorate scholarship from CAPES
(process BEX 12356/13-1). The authors thank Dr. Ron G. M. de Goede of Wageningen
University - Netherlands, and Dr. Walter S. Andriuzzi of Nature Communications Editorial
Office for support with the statistical analysis. Special thanks to Dr. Mirjam Pulleman of
Wageningen University and International Center for Tropical Agriculture (CIAT) for valuable
suggestions and supervision during the doctoral internship.

AUTHOR CONTRIBUTIONS
Conceptualization: José Eduardo Cora (equal) and Itaynara Batista (equal).
Formal analysis: () Itaynara Batista (lead) and (2 Deivid Lopes Machado (supporting).
Funding acquisition: (2 José Eduardo Cora (lead).
Investigation: Itaynara Batista (lead) and (2 ]osé Eduardo Cora (supporting).
Methodology: Itaynara Batista (equal) and () José Eduardo Cora (equal).

Supervision: Maria Elizabeth Fernandes Correia (equal), Maria Helena Moraes
Spinelli (equal) and (2 José Eduardo Cora (equal).

Writing - original draft: Itaynara Batista (lead)

Rev Bras Cienc Solo 2023;47:20230006 11


https://www.rbcsjournal.org/wp-content/uploads/articles_xml/1806-9657-rbcs-47-e0230006/1806-9657-rbcs-47-e0230006-suppl01.pdf
https://www.rbcsjournal.org/wp-content/uploads/articles_xml/1806-9657-rbcs-47-e0230006/1806-9657-rbcs-47-e0230006-suppl01.pdf
https://www.rbcsjournal.org/wp-content/uploads/articles_xml/1806-9657-rbcs-47-e0230006/1806-9657-rbcs-47-e0230006-suppl01.pdf
https://orcid.org/0000-0002-3578-8833
https://orcid.org/0000-0002-6934-7032
https://orcid.org/0000-0002-6934-7032
https://orcid.org/0000-0002-0567-4288
https://orcid.org/0000-0002-3578-8833
https://orcid.org/0000-0002-6934-7032
https://orcid.org/0000-0002-3578-8833
https://orcid.org/0000-0002-6934-7032
https://orcid.org/0000-0002-3578-8833
https://orcid.org/0000-0003-1919-6659
https://orcid.org/0000-0003-0971-0298
https://orcid.org/0000-0002-3578-8833
https://orcid.org/0000-0002-6934-7032

’r-
‘
Y\

Batista et al Soil macrofauna correlations with soil chemical and physical properties...

Writing - review & editing: Itaynara Batista (lead), Deivid Lopes Machado
(supporting), () Maria Elizabeth Fernandes Correia (supporting), Maria Helena Moraes
Spinelli (supporting) and (2 José Eduardo Cord (supporting).

REFERENCES

Albers D, Schaefer M, Scheu S. Incorporation of plant carbon into the soil animal food web of an
arable system. Ecology. 2006;87:235-45. https://doi.org/10.1890/04-1728

Alvares CA, Stape JL, Sentelhas PC, Goncalves JLM, Sparovek G. Képpen’s climate classification
map for Brazil. Meteorol Z. 2013;22:711-28. https://doi.org/10.1127/0941-2948/2013/0507

Anderson JM, Ingram JSI. Tropical soil biology and fertility: A handbook of methods. 2nd ed.
Wallingford: CAB International; 1993.

Bardgett RD. The biology of soil a community and ecosystem approach. Oxford: Oxford
University Press; 2005.

Bardgett R, van der Putten WH. Belowground biodiversity and ecosystem functioning. Nature.
2014,;515:505-11. https://doi.org/10.1038/nature13855

Batista I, Correia MEF, Pereira MG, Bieluczyk W, Schiavo JA, Rouws JRC. Fracdes oxidaveis do
carbono organico total e macrofauna edéfica em sistema de integracdo lavoura-pecudria. Rev
Bras Cienc Solo. 2014;38:797-809. https://doi.org/10.1590/S0100-06832014000300011

Blanchart E, Villenave C, Viallatoux A, Barthés B, Girardin C, Azontonde A, Feller C. Long-
term effect of a legume cover crop (Mucuna pruriens var. Utilis) on the communities of soil
macrofauna and nematofauna, under maize cultivation, in southern Benin. Eur J Soil Biol.
2006;42:136-44. https://doi.org/10.1016/j.ejsobi.2006.07.018

Bocard D, Gillet F, Legendre P. Numerical ecology with R. New York: Springer; 2011.

Bottinelli N, Jouquet P, Capowietz Y, Podwojewski P, Grimaldi M, Peng X. Why is the influence of
soil macrofauna on soil structure only considered by soil ecologists? Soil Till Res. 2015;146:118-
24. https://doi.org/10.1016/.still.2014.01.007

Bottinelli N, Henry-des-Tureaux T, Hallaire V, Mathieu J, Benard Y, Duc Tran T, Jouquet
P. Earthworms accelerate soil porosity turnover under watering conditions. Geoderma.
2010;156:43-7. https://doi.org/10.1016/j.geoderma.2010.01.006

Brown GG, Niva CC, Zagatto MRG, Ferreira SA, Nadolny HS, Cardoso GBX, Santos A, Martinez
GA, Pasini A, Bartz MLC, Sautter KD, Thomazini MJ, Baretta D, Silva E, Antoniolli ZI, Decaéns T,
Lavelle PM, Sousa JP, Carvalho F. Biodiversidade da fauna do solo e sua contribui¢ao para os
servicos ambientais. In: Parron LM, Garcia JR, Oliveira EB, Brown GG, Prado RB, editors. Servicos
ambientais em sistemas agricolas e florestais do Bioma Mata Atlantica. Brasilia, DF: Embrapa;
2015. p. 121-54.

Brussaard L, van Faassen HG. Effects of compaction on soil biota and soil biological processes.
In: Soane BD, van Ouwerkerk C, editors. Soil compaction in crop production. Amsterdam:
Elsevier; 1994, p. 215-35.

Cambardella CA, Elliott ET. Particulate soil organic matter changes across a grassland
cultivation sequence. Soil Sci Soc Am J. 1992;56:777-83. https://doi.org/10.2136/
$55aj1992.03615995005600030017x

Chen H, Oram NJ, Barry KE, Mommer L, van Ruijven ], Kroon H, Ebeling A, Eisenhauer N, Fischer
C, Gleixner G, Gessler A, Macé OG, Hacker N, Hildebrandt A, Lange M, Scherer-Lorenzen M,
Scheu S, Oelmann Y, Wagg C, Wilcke W, Wirth C, Weigelt A. Root chemistry and soil fauna,

but not soil abiotic conditions explain the effects of plant diversity on root decomposition.
Oecologia. 2017;185:499-511. https://doi.org/10.1007/s00442-017-3962-9

Claessen MEC. Manual de métodos de analise de solo. 2. ed. Rio de Janeiro: Embrapa Solos;
1997.

Coleman DC, Wall D. Soil Fauna: Occurrence, biodiversity and roles in ecosystem function. In:
Paul EA, editor. Soil microbiology, ecology and biochemistry. San Diego: Academic Press; 2014.
p. 111-50.

Rev Bras Cienc Solo 2023;47:20230006 12


https://orcid.org/0000-0002-6934-7032
https://orcid.org/0000-0002-0567-4288
https://orcid.org/0000-0003-1919-6659
https://orcid.org/0000-0003-0971-0298
https://orcid.org/0000-0002-3578-8833
https://doi.org/10.1890/04-1728
https://doi.org/10.1127/0941-2948/2013/0507
https://doi.org/10.1038/nature13855
https://doi.org/10.1590/S0100-06832014000300011
https://doi.org/10.1016/j.ejsobi.2006.07.018
https://doi.org/10.1016/j.still.2014.01.007
https://doi.org/10.1016/j.geoderma.2010.01.006
https://doi.org/10.2136/sssaj1992.03615995005600030017x
https://doi.org/10.2136/sssaj1992.03615995005600030017x
https://doi.org/10.1007/s00442-017-3962-9

’r-
‘
Y\

Batista et al Soil macrofauna correlations with soil chemical and physical properties...

Corbeels M, Marchao RL, Siqueira NM, Ferreira EG, Madari BE, Scopel E, Brito OR. Evidence of
limited carbon sequestration in soils under no-tillage systems in the Cerrado of Brazil. Sci Rep.
2016;6:21450. https://doi.org/10.1038/srep21450

Correia MEF. Relagdes entre a diversidade da fauna do solo e 0 processo de decomposicao e
seus reflexos sobre a estabilidade dos ecossistemas. Seropédica: Embrapa Agrobiologia; 2002.

Coulis M. Abundance, biomass and community composition of soil saprophagous macrofauna
in coventional and organic sugarcane fields. Appl Soil Ecol. 2021;164:103923. https://doi.
0rg/10.1016/j.aps0il.2021.103923

Costa C, Vanin SA, Casari-Chen SA. Larvas de coleoptera do Brasil. Sdo Paulo: Museu de
Zoologia; 1988.

Commonwealth Scientific and Industrial Research Organisation - CSIRO. The insects of Australia:
A textbook for students and research workers. 2nd ed. New York: Cornell University Press; 1991.

Dindal D. Soil biology guide. New York: John Wiley & Sons; 1990.

Dominguez A, Jiménez J], Ortiz CE, Bedano JC. Soil macrofauna diversity as a key element for
building sustainable agriculture in Argentine Pampas. Acta Oecol. 2018;92:102-16. https://doi.
0rg/10.1016/j.actao.2018.08.012

Eisenhauer N, Milcu A, Sabais ACW, Bessler H, Brenner ], Engels C, Klarner B, Maraun M, Partsch
S, Roscher C, Schonert F, Temperton VM, Thomisch K, Weigelt A, Weisser WW, Scheu S. Plant
diversity surpasses plant functional groups and plant productivity as driver of soil biota in the
long term. PloS One. 2011;6:e16055. https://doi.org/10.1371/journal.pone.0016055

Errouissi F, Moussa-Machraoui SB, Bem-Hammouda M, Nouira S. Soil invertebrates in durum
wheat (Triticumdurum L.) cropping system under Mediterranean semiarid conditions: A
comparison between conventional and no-tillage management. Soil Till Res. 2011;112:122-32.
https://doi.org/10.1016/j.still.2010.12.004

Ettema EH, Wardle DA. Spatial soil ecology. Trends Ecol Evol. 2002;17:177-83. https://doi.
0rg/10.1016/S0169-5347(02)02496-5

Fuentes-Llanillo R, Bartz MLC, Telles TS, Calegari A, Araljo AG, Kassam A, Roggero D, Soares
Junior D, Ramirez E, Capandeguy F, Bartz HA, Hernandez-Zamora J, Moriya K, Dabala L,
Ginés MC, Cubilla MM, Ralisch R, Mendoza RT, Peiretti R, Derpsch R, Amado TJC, Friedrich T.
Conservation agriculture in South America. In: Kassam A, editor. Advances in conservation
agriculture. Volume 3: Adoption and spread. Cambridge: Burleigh Dodds Science Publishing;
2022. (Burleigh Dodds Series in Agricultural Science, 104).

Frouz . Effects of soil macro and mesofauna on litter decomposition and soil organic matter
stabilization. Geoderma. 2018;332:161-72. https://doi.org/10.1016/j.geoderma.2017.08.039

Frouz J, Holec M, Kalcik ). The effect of Lasius niger (Hymenoptera, Formicidae) ant nest on
selected soil chemical properties. Pedobiologia. 2003;47:205-12. https://doi.org/10.1078/0031-
4056-00184

Frouz J, Kalcik J, Cudlin P. Accumulation of phosphorus in nests of red wood ants Formica s. str.
Ann Zool Fenn. 2005;42:269-75.

Frouz |, Novotna K, Cerméakova L, Pivokonsky M. Soil fauna reduce soil respitration by
supporting N leaching from litter. Appl Soil Ecol. 2020;153:103585. https://doi.org/10.1016/j.
apsoil.2020.103585

Gotelli N, Colwell RK. Quantifying biodiversity: procedures and pitfalls in the measurement
and comparison of species richness. Ecol Lett. 2001;4:379-91. https://doi.org/10.1046/j.1461-
0248.2001.00230.x

Hansen RA, Coleman DC. Litter complexity and composition are determinants of the diversity
and species composition of oribatid mites (Acari: Oribatida) in litterbags. Appl Soil Ecol.
1998;9:17-23. https://doi.org/10.1016/50929-1393(98)00048-1

Hernani LC, Salton JC. Conceitos. In: Salton JC, Hernani LC, Fontes CZ, editors. Sistema plantio
direto: O produtor pergunta, a Embrapa responde. Dourados: Embrapa Agropecudria Oleste;
1998. p. 15-20.

Rev Bras Cienc Solo 2023;47:20230006 (K]


https://doi.org/10.1038/srep21450
https://doi.org/10.1016/j.apsoil.2021.103923
https://doi.org/10.1016/j.apsoil.2021.103923
https://doi.org/10.1016/j.actao.2018.08.012
https://doi.org/10.1016/j.actao.2018.08.012
https://doi.org/10.1371/journal.pone.0016055
https://doi.org/10.1016/j.still.2010.12.004
https://doi.org/10.1016/S0169-5347(02)02496-5
https://doi.org/10.1016/S0169-5347(02)02496-5
https://doi.org/10.1016/j.geoderma.2017.08.039
https://doi.org/10.1078/0031-4056-00184
https://doi.org/10.1078/0031-4056-00184
https://doi.org/10.1016/j.apsoil.2020.103585
https://doi.org/10.1016/j.apsoil.2020.103585
https://doi.org/10.1046/j.1461-0248.2001.00230.x
https://doi.org/10.1046/j.1461-0248.2001.00230.x
https://doi.org/10.1016/S0929-1393(98)00048-1

’r-
‘
Y\

Batista et al Soil macrofauna correlations with soil chemical and physical properties...

Hooper DU, Bignell DE, Brown VK, Brussaard L, Dangerfield JM, Wall DH, Wardle DA, Coleman
DC, Giller KE, Lavelle P, van der Putten WH, De Ruiter PC, Rusek ], Silver WL, Tiedje JM,
Wolters V. Interactions between aboveground and belowground biodiversity in terrestrial
ecosystems: patterns, mechanisms, and feedbacks. BioScience. 2000;50:1049-61. https://doi.
0rg/10.1641/0006-3568(2000)050[1049:IBAABB]2.0.CO;2

Huang Y, Yang X, Zhang D, Zhang J. The effects of gap size and litter species on colonization
of soil fauna during litter decomposition in Pinues massoniana plantations. Appl Soil Ecol.
2020;155:103611. https://doi.org/10.1016/j.aps0il.2020.103611

Hunter MD, Price PW. Playing chutes and ladders: heterogeneity and the relative roles of
bottom-up and top-down forces in natural communities. Ecology. 1992;73:724-32. https://doi.
0rg/10.2307/1940152

Ingham ER. The soil food web. In: Turgel AJ, Lewandowiski AM, Happen-Vonarb D, editors. Soil
biology primer. Ankeny: Soil and Water Conservation Society; 2000. p. 4-9.

IUSS Working Group WRB. World reference base for soil resources 2014, update 2015:
International soil classification system for naming soils and creating legends for soil maps.
Rome: Food and Agriculture Organization of the United Nations; 2015. (World Soil Resources
Reports, 106).

Jouquet P, Bottinelli N, Shanbhag RR, Bourguignon T, Traoré S, Abbasi SA. Termites: The
neglected soil engineers of tropical soils. Soil Sci. 2016;181:157-65. https://doi.org/10.1097/
$5.0000000000000119

Jouquet P, Harit A, Cheik S, Traoré S, Bottinelli N. Termites: Soil engineers for ecological
engineering. C R Biol. 2019;342:258-9. https://doi.org/10.1016/j.crvi.2019.09.012

Jouquet P, Traoré S, Choosai C, Hartmann C, Bignell D. Influence of termites on ecosystem
functioning. Ecosystem services provided by termites. Eur ] Soil Biol. 2011;47:215-22. https://
doi.org/10.1016/j.ejsobi.2011.05.005

Kale RD, Karmegam N. The role of earthworms in tropics with emphasis of Indian ecosystems.
Appl Environ Soil Sci. 2010;2010:414356. https://doi.org/10.1155/2010/414356

Képpen W. Das geographische system der klimate. In: Képpen W, Geiger R, editors. Handbuch
der klimatologie. Berlin: Gebrlder Borntrager; 1936. p. 1-44.

Lal R. Effects of macrofauna on soil properties in tropical ecosystems. Agr Ecosyst Environ.
1988;24:101-16. https://doi.org/10.1016/0167-8809(88)90059-X

Lamoureux S, O’Kane MA. Effects of termites on soil cover system performance. In: Fourie AB,
Tibbett M, editors. Proceedings of the Seventh International Conference on Mine Closure. Perth:
Australian Centre for Geomechanics; 2012. p. 433-46.

Laossi KR, Barot S, Carvalho D, Desjardins T, Lavelle P, Martins M, Mitja D, Rendeiro AC,
Rousseau G, Sarrazin M, Velasquez E, Grimaldi M. Effects of plant diversity on plant biomass
production and soil macrofauna in Amazonian pastures. Pedobiologia. 2008;51:397-407. https://
doi.org/10.1016/j.pedobi.2007.11.001

Legendre P, Gallagher ED. Ecologically meaningful transformations for ordination of species
data. Oecologia. 2001;129:271-80. https://doi.org/10.1007/s004420100716

Lavelle P. The soil fauna of tropical savannas. Il. The earthworms. In: Bourliere F, editor. Tropical
savannas. Amsterdam: Elsevier; 1983. p. 485-504.

Lavelle P, Dangerfield M, Fragoso C, Eschenbrenner V, Lopez-Hernandez D, Pashanasi B,
Brussaard L. The relationship between soil macrofauna and tropical soil fertility. In: Swift M),
Woomer P, editors. The biological management of tropical soil. New York: John Wiley-Sayce;
1994. p. 137-69.

Lavelle P, Barros E, Blanchart E, Brown G, Desjardins T, Mariani L, Rossi JP. SOM management in
the tropics: Why feeding the soil macrofauna? Nutr Cycl Agroecosys. 2001;61:53-61. https://doi.
0rg/10.1023/A:1013368715742

Lavelle P, Spain A, Fonte S, Bedano JC, Blanchart E, Galindo V, Grimaldi M, Jimenez JJ,
Veldsquez E, Zangerlé A. Soil aggregation, ecosystem engineers and de C cycle. Acta Oecol.
2020;105:103561. https://doi.org/10.1016/j.actao.2020.103561

Rev Bras Cienc Solo 2023;47:20230006 14



https://doi.org/10.1641/0006-3568(2000)050
https://doi.org/10.1641/0006-3568(2000)050
https://doi.org/10.1016/j.apsoil.2020.103611
https://doi.org/10.2307/1940152
https://doi.org/10.2307/1940152
https://doi.org/10.1097/SS.0000000000000119
https://doi.org/10.1097/SS.0000000000000119
https://doi.org/10.1016/j.crvi.2019.09.012
https://doi.org/10.1016/j.ejsobi.2011.05.005
https://doi.org/10.1016/j.ejsobi.2011.05.005
https://doi.org/10.1155/2010/414356
https://doi.org/10.1016/0167-8809(88)90059-X
https://doi.org/10.1016/j.pedobi.2007.11.001
https://doi.org/10.1016/j.pedobi.2007.11.001
https://doi.org/10.1007/s004420100716
https://doi.org/10.1023/A
https://doi.org/10.1023/A
https://doi.org/10.1016/j.actao.2020.103561

’r-
‘
Y\

Batista et al Soil macrofauna correlations with soil chemical and physical properties...

Li Y, Kronzucker HJ, Shi W. Microprofiling of nitrogen patches in paddy soil: analysis of
spatiotemporal nutrient heterogeneity at the microscale. Sci Rep. 2016;6:27064. https://doi.
0rg/10.1038/srep27064

Li Y, Ma L, Wang ], Shao M, Zhang J. Soil faunal community composition alters nitrogen
distribution in different land use types in the Loesss Plateau, China. Appl Soil Ecol.
2021;163:103910. https://doi.org/10.1016/j.aps0il.2021.103910

Marafon G, Barbosa RS, Lacerda JJ), Martins V, Silva JDF, Costa Jr ZS. C and P pool restoration
by a no-tillage system on Brazilian Cerrado Oxisol in Piauf State. Environ Monit Assess.
2020;192:254. https://doi.org/10.1007/s10661-020-8221-6

Marchdo RL, Lavelle P, Celini L, Balbino LC, Vilela L, Becquer T. Soil macrofauna under
integrated crop-livestock systems in a Brazilian Cerrado Ferralsol. Pesq Agropec Bras.
2009;44:1011-20. https://doi.org/10.1590/50100-204X2009000800033

Martin A, Marinissen JCY. Biological and physic-chemical processes in excrements of soil
animals. Geoderma. 1993;56:331-47. https://doi.org/10.1016/0016-7061(93)90121-Z

Mathew RP, Feng Y, Githinji L, Ankumah R, Balkom KS. Impact of no-tillage and conventional
tillage systems on soil microbial communities. Appl Environ Soil Sci. 2012;2012:548620. https://
doi.org/10.1155/2012/548620

Melo TR, Pereira MG, Barbosa GMC, Silva Neto E, Andrello AC, Tavares Filho J. Biogenic
aggregation intensifies soil improvement caused by manures. Soil Till Res. 2019;190:186-93.
https://doi.org/10.1016/j.still.2018.12.017

Menezes CEG, Correia MEF, Pereira MG, Batista I, Rodrigues KM, Couto WH, Anjos LHC,
Oliveira IP. Macrofauna edéfica em estddios sucessionais de floresta estacional semidecidual
e pastagem mista em Pinheiral (R]). Rev Bras Cienc Solo. 2009;33:1647-56. https://doi.
0rg/10.1590/S0100-06832009000600013

Nascente AS, Li Y, Crusciol CAC. Soil aggregation, organic carbon concentration, and soil
bulk density as affected by cover crop species in a no-tillage system. Rev Bras Cienc Solo.
2015;39:871-9. https://doi.org/10.1590/01000683rbcs20140388

Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR, O’Hara RB, Simpson GL, Solymos
P, Stevens MHH, Wagner H. vegan: Community Ecology Package. R package (Version 2.2-1)
[internet]. 2015. Available from: http://CRAN.R-project.org/package=vegan.

Pestana LFA, Souza ALT, Tanaka MO, Labarque FM, Soares JAH. Interactive effects between
vegetation structure and soil fertility on tropical ground-dwelling arthropod assemblages. Appl
Soil Ecol. 2020;155:103624. https://doi.org/10.1016/j.aps0il.2020.103624

Pinheiro J, Bates D, Debroy S, Sarkar D. nlme: Linear and Nonlinear Mixed Effects Models.
R package (Version 3.1-119) [internet]. 2015. Available from: http://CRAN.R-project.org/
package=nlme>.

Poffenbarger HJ, Olk DC, Cambardella C, Kersey ], Liebman M, Mallarino A, Six J, Castellano
MJ. Whole-profile soil organic matter content, composition, and stability under cropping
systems that differ in belowground inputs. Agr Ecosyst Environ. 2020;291:106810. https://doi.
0rg/10.1016/j.agee.2019.106810

Possamai EJ, Conceicao PC, Amadori C, Bartz MLC, Ralisch R, Vicensi M, Marx EF. Adoption of the
no-tillage system in Parand State: A (re)view. Rev Bras Cienc Solo. 2022;46:€0210104. https://
doi.org/10.3390/su15064712

Quadros AF, Zimmer M. Aboveground macrodetritivores and belowground soil processes:
Insights on species redundancy. Appl Soil Ecol. 2018;124:83-7. https://doi.org/10.1016/].
apsoil.2017.11.008

R Development Core Team. R: A language and environment for statistical computing. Vienna,
Austria: R Foundation for Statistical Computing; 2014. Available from: http://www.R-project.org/.

Rosa MG, Klauberg Filho O, Bartz MLC, Mafra AL, Sousa JPFA, Baretta D. Macrofauna em
diferentes sistemas de uso no oeste e planalto catarinense. Rev Bras Cienc Solo. 2015;39:1544-
54. https://doi.org/10.1590/01000683rbcs20150033

Rev Bras Cienc Solo 2023;47:20230006 15



https://doi.org/10.1038/srep27064
https://doi.org/10.1038/srep27064
https://doi.org/10.1016/j.apsoil.2021.103910
https://doi.org/10.1007/s10661-020-8221-6
https://doi.org/10.1590/S0100-204X2009000800033
https://doi.org/10.1016/0016-7061(93)90121-Z
https://doi.org/10.1155/2012/548620
https://doi.org/10.1155/2012/548620
https://doi.org/10.1016/j.still.2018.12.017
https://doi.org/10.1590/S0100-06832009000600013
https://doi.org/10.1590/S0100-06832009000600013
https://doi.org/10.1590/01000683rbcs20140388
http://CRAN.R-project.org/package=vegan
https://doi.org/10.1016/j.apsoil.2020.103624
http://CRAN.R-project.org/package=nlme
http://CRAN.R-project.org/package=nlme
https://doi.org/10.1016/j.agee.2019.106810
https://doi.org/10.1016/j.agee.2019.106810
https://doi.org/10.3390/su15064712
https://doi.org/10.3390/su15064712
https://doi.org/10.1016/j.apsoil.2017.11.008
https://doi.org/10.1016/j.apsoil.2017.11.008
http://www.R-project.org/
https://doi.org/10.1590/01000683rbcs20150033

’r-
‘
Y\

Batista et al Soil macrofauna correlations with soil chemical and physical properties...

Rieff GG, Natal-da-Luz T, Renaud M, Azevedo-Pereira HMVS, Chichorro F, Schmelz RM, S& ELS,
Sousa JP. Impact of no-tillage versus conventional maize plantation on soil mesofauna with
and without the use of a lambda-cyhalothrin based insecticide: A terrestrial model ecosystem
experiment. Appl Soil Ecol. 2020;147:103381. https://doi.org/10.1016/j.aps0il.2019.103381

Rodrigues M, Pavinato PS, Withers PJA, Teles APB, Herrera WFB. Legacy phosphorus and no
tillage agriculture in tropical Oxisols of the Brazilian savanna. Sci Total Environ. 2015;542:1050-
61. https://doi.org/10.1016/j.scitotenv.2015.08.118

Salamon JA, Wissuwa J, Jagos S, Koblmiller M, Ozinger O, Winkler C, Frank T. Plant species
effects on soil macrofauna density in grassy arable fallows of different age. Eur ] Soil Biol.
2011;47:129-37. https://doi.org/10.1016/j.ejsobi.2011.01.004

Santos GG, Silveira PM, Marchao RL, Becquer T, Balbino LC. Macrofauna edéfica associada a
plantas de cobertura em plantio direto em um Latossolo Vermelho do Cerrado. Pesq Agrop Bras.
2008;43:115-22. https://doi.org/10.1590/S0100-204X2008000100015

Santos HG, Jacomine PKT, Anjos LHC, Oliveira VA, Lumbreras JF, Coelho MR, Almeida JA, Araujo
Filho JC, Oliveira JB, Cunha TJF. Sistema brasileiro de classificacao de solos. 5. ed. rev. ampl.
Brasilia, DF: Embrapa; 2018.

Sheehan C, Kirwan L, Connolly J, Bolger T. The effects of earthworm functional group diversity
on nitrogen dynamics in soils. Soil Biol Biochem. 2006;38:2629-36. https://doi.org/10.1016/j.
s0ilbio.2006.04.015

Singh S, Sharma A, Khajuria K, Singh J, Vig AP. Soil properties changes earthworms diversity
indices in diferente agro-ecosystem. BMC Ecol. 2020;20:27. https://doi.org/10.1186/s12898-
020-00296-5

Six J, Elliott ET, Paustian K. Soil macroaggregate turnover and microaggregate formation: A
mechanism for C sequestration under no-tillage agriculture. Soil Biol Biochem. 2000;32:2099-
103. https://doi.org/10.1016/50038-0717(00)00179-6.

Six J, Paustian K. Aggregate-associate soil organic matter as an ecosystem property
and measurement tool. Soil Biol Biochem. 2014;68:A4-9. https://doi.org/10.1016/j.
soilbio.2013.06.014

Song X, Wang Z, Tang X, Xu D, Liu B, Mei J, Huang S, Huang G. The contributions of soil
mesofauna to leaf and root litter decomposition of dominant plant species in grassland. Appl
Soil Ecol. 2020;155:103651. https://doi.org/10.1016/j.aps0il.2020.103651

Souza ST, Cassol PC, Baretta D, Bartz MLC, Klauberg Filho O, Mafra AL, Rosa MG. Abundance
and diversity of soil macrofauna in native forest, eucalyptus plantations, perennial pasture,
integrated crop-livestock, and no-tillage cropping. Rev Bras Cienc Solo. 2016;40:e0150248.
https://doi.org/10.1590/18069657rbcs20150248

Tedesco JM, Volkweiss SJ, Bohnen H. Analises de solo, plantas e outros materiais. Porto Alegre:
Universidade Federal do Rio Grande do Sul; 1985. (Boletim técnico, 5).

van Vliet PCJ, West LT, Hendrix PF, Coleman DC. The influence of Enchytraeidae (Oligochaeta)
on the soil porosity of small microcosms. Geoderma. 1993;56:287-99. https://doi.org/10.1016/
B978-0-444-81490-6.50028-5

Veldsquez E, Fonte SJ, Barot S, Grimaldi M, Desjardins T, Lavelle P. Soil macrofauna-mediated
impacts of plant species composition on soil functioning in Amazonian pastures. Appl Soil Ecol.
2012;56:43-50. https://doi.org/10.1016/j.aps0il.2012.01.008

Veladsquez E, Lavelle P. Soil macrofauna as an indicator for evaluating soil based ecosystem
services in agricultural landscapes. Acta Oecol. 2019;100:103446. https://doi.org/10.1016/].
actao.2019.103446

Veloso MG, Cecagno D, Bayer C. Legume cover crops under no-tillage favor organomineral
association in microaggregates and soil C accumulation. Soil Till Res. 2019;190:139-46. https://
doi.org/10.1016/j.still.2019.03.003

Vendrame PRS, Marchao RL, Brito OS, Guimaraes MF, Becquer T. Relationship between
macrofauna, mineralogy and exchangeable calcium and magnesium in Cerrado Oxisols

Rev Bras Cienc Solo 2023;47:20230006 16


https://doi.org/10.1016/j.apsoil.2019.103381
https://doi.org/10.1016/j.scitotenv.2015.08.118
https://doi.org/10.1016/j.ejsobi.2011.01.004
https://doi.org/10.1590/S0100-204X2008000100015
https://doi.org/10.1016/j.soilbio.2006.04.015
https://doi.org/10.1016/j.soilbio.2006.04.015
https://doi.org/10.1186/s12898-020-00296-5
https://doi.org/10.1186/s12898-020-00296-5
https://doi.org/10.1016/S0038-0717(00)00179-6
https://doi.org/10.1016/j.soilbio.2013.06.014
https://doi.org/10.1016/j.soilbio.2013.06.014
https://doi.org/10.1016/j.apsoil.2020.103651
https://doi.org/10.1590/18069657rbcs20150248
https://doi.org/10.1016/B978-0-444-81490-6.50028-5
https://doi.org/10.1016/B978-0-444-81490-6.50028-5
https://doi.org/10.1016/j.apsoil.2012.01.008
https://doi.org/10.1016/j.actao.2019.103446
https://doi.org/10.1016/j.actao.2019.103446
https://doi.org/10.1016/j.still.2019.03.003
https://doi.org/10.1016/j.still.2019.03.003

Batista et al Soil macrofauna correlations with soil chemical and physical properties...

’r-
‘
Y\

under pasture. Pesq Agropec Bras. 2009;44:996-1001. https://doi.org/10.1590/S0100-
204X2009000800031

Wardle DA, Yeates GW, Barker GM, Bonner KI. The influence of plant litter diversity on
decomposer abundance and diversity. Soil Biol Biochem. 2006;38:1052-62. https://doi.

0rg/10.1016/j.s0ilbio.2005.09.003

Rev Bras Cienc Solo 2023;47:20230006 17



https://doi.org/10.1590/S0100-204X2009000800031
https://doi.org/10.1590/S0100-204X2009000800031
https://doi.org/10.1016/j.soilbio.2005.09.003
https://doi.org/10.1016/j.soilbio.2005.09.003

