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Abstract 
Agroforestry technologies such as Sesbania sesban or pigeonpea improved fallows have been promoted to 
restore degraded biophysical soil properties in Sub-Saharan Africa. The objectives of the study were to 
evaluate the effect of improved fallows on soil macrofauna species indices, abundance of earthworms and 
related physical soil properties. A randomized complete block design, replicated three times, was used with five 
treatments (S.sesban, pigeonpea, S.sesban + Panicum maximum, pigeonpea + P.maximum and P.maximum). 
Soil macrofauna was sampled using 25 × 25 × 25 cm steel monoliths. Aggregate stability was calculated using 
mean weight diameter. Soil aggregate stability and infiltration rate were significantly different (P<0.05). The 
highest aggregate stability and infiltration rate were observed in S. sesban as compared to P. maximum. P. 
maximum + S.sesban had the highest soil macrofauna species richness than P. maximum. Earthworm 
abundance was highest on S.sesban than other treatments. The highest positive significant correlation was 
recorded on soil macrofauna species evenness and diversity while the least was observed on aggregate 
stability and macrofauna species richness. S.sesban or pigeonpea improved fallows is recommended for 
restoring soil macrofauna and physical soil properties in South Africa. 
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INTRODUCTION 
 
Soil is a source of various ecosystem services that benefits 
the human population and permits ecosystems to function 
properly (Wall et al., 2012; Baveye et al., 2016). The soil is 
well known for being the biggest pool of biodiversity as it 
houses a range of micro and macrofauna. According to 
Marichal et al. (2014) and Lavelle et al. (2016), soil 
macrofauna is vital in ecosystem regulation by controlling 
soil structure. In addition, they modify soil aggregation, 

which will improve infiltration and alters soil water retention 
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characteristics (Lavelleet al., 2014; Bottinelli et al., 2015). 
Macrofauna may be utilized as a biological indicator of 
the effects of land-use practices  on soil physical 
properties (Rousseau et al., 2013). Various studies have 
been carried out to identify bioindicators related to certain 
land-use practices through ascertaining relationships 
between bioindicators and ecosystems functions and 
services of the soil (Rousseau et al., 2013; Lavelle et al., 
2014; Marichal et al., 2014). Despite these studies, the 
rampant deforestation and conversion of forests into 
agricultural lands has led to a reduction in soil 
macrofauna, which has negatively impacted aggregate 
stability, bulk density and infiltration rate of the soil



 
 

 
 
 
 
(Velăsquez at al., 2012: Lavelle et al., 2016). 
Agroforestry systems (AFS) mimic natural forests in 
forest cover and litter abundance (Oliveira, 2018). To our 
knowledge, no studies in South Africa have focused on 
the effects of AFS (mainly improved fallows using legume 
tree species such as S.sesban and pigeonpea) on soil 
macrofauna organisms and related physical soil 
properties. Land use practices related to AFS, which 
include integrating legume trees into agricultural lands 
have shown to increase soil macrofauna abundance and 
diversity (Pauli et al., 2011; Kamau et al., 2017). This 
study focused much on earthworm macrofauna 
abundance since they are considered as ecosystem 
engineers and are known for maintaining soil structure. 
Earthworms are fundamental actors in soil biodiversity, 
and they will probably be an essential key in the growth 
of sustainable farming systems in the future (Bertrand et 
al., 2015). The impact of macrofauna on soil physical 
properties and soil structure formation has been studied 
(Sankar and Patnaik, 2018; Melman et al., 2019). 
Earthworms are known as „ecosystem engineers‟ due to 
their major function in reworking the soil. They can alter 
soil structure by biological as well as physicochemical 
variations due to burrowing and casting processes, which 
have a significant influence on infiltration (Sankar and 
Patnaik, 2018). The objectives of the study were to: (1) 
Evaluate the impacts of improved fallows on soil 
macrofauna species indices and related physical soil 
properties. (2) Evaluate the abundance of earthworms in 
improved fallows and P.maximum grass in KwaZulu-
Natal, South Africa. The hypothesis for the study was that 
improved fallows would promote soil macrofauna species 
richness, abundance and diversity, evenness, and 
improve aggregate stability, bulk density and infiltration 
rate. 
 
 
MATERIALS AND METHODS 
 
The study was carried out at Empangeni, KwaZulu-Natal, 
South Africa, between November 2016 to November 
2018 at Owen Sithole College of Agriculture (28.6391° 
Sand 31.9400° E). The mean annual rainfall for this area 
is approximately 867 mm and falls mostly in the summer 
from November to April. The mean maximum 
temperature is 30°C, while the mean minimum 
temperature is 12°C with an altitude of 450 m. Fig 1 
present the total rainfall received during the trial period. 
Soil samples were collected from 20 cm depth and 
analyzed for pH, N, P, K and organic carbon using 
method explained by International Institute of Tropical 
Agriculture IITA, (1979). The results are shown in Table 
1. The soils are classified as ferralsols by the Food and 
Agriculture Organization of the United Nations (FAO) 
classification system (Faye, 2010). The soil physical and  
macrofauna data was collected from 5 treatments (Table 
2). The treatments were assigned to plots measuring 8m 

x 6 m, replicated three times in a randomized complete 
block design (RCBD) in November 2016.   
 
Soil physical properties measurement  
 
Next to each macrofauna sampling pit, a metal ring (7 cm 
diameter) was driven vertically into the soil surface to a 
depth of 5 cm using a hammer to determine soil bulk 
density. Soil collected within this ring was also used for 
determining field moisture by taking a sub-sample of soil 
from each ring in the lab and drying at 105 °C for 24hrs. 
The sample left was then sieved through 8 mm by gently 
breaking soil clods along the natural planes of fracture, 
and then air-dried. A sub-sample of 40 g of air-dried soil 
was wet-sieved following the procedure explained by 
Elliott (1986).  The soil was spread on a 2 mm sieve and 
submerged in deionized water for 5 min for slaking. The 
soil was then cautiously,   submerged repeatedly in water 
for a total of 50 oscillations during a 2 min time frame. 
The aggregate fraction remaining at the top of the sieve 
was  rinsed into a pre-weighed aluminum pan, then oven-
dried at 60 °C and weighed. This process was repeated 
on the soil passing through each sieve with a 250 μm and 
a 53 μmmesh sieve. As a result, four aggregate size 
fractions were obtained: large macroaggregates (> 2 
mm), small macroaggregates (250-2000 μm), 
microaggregates (53-250 μm) and silt + clay (< 53 μm). 
Aggregate stability was then calculated according to van 
Bavel (1949), using mean weight diameter (MWD). Soil 
infiltration count was determined from double rings in the 
net plot. Infiltration rate was ascertained to have been 
reached when five similar successive readings were 
obtained (Rene et al., 2012) 
 
Soil macrofauna measurement 
 
The soil macrofauna was collected using a modified 
Tropical Soil Biology and Fertility (TSBF) method 
(Anderson and Ingram, 1993). A soil monolith measuring 
25 cm × 25 cm was excavated to a depth of 25 cm and all 
material (soil and surface residues) was hand-sorted to 
collect visible macro-invertebrates (> 2 mm). These were 
stored in 70% ethanol and returned to the lab for 
identification. Specimens were classified to the level of 
order (or phylum for earthworms, family for Coleoptera). 
The different soil taxa encountered and abundance of 
each were used to calculate species richness (S = total 
number of taxonomic groups) as well as the Shannon 
index of diversity (H; Shannon, 1948).  

 
 

Where pi is the proportion of the species belonging to the 
ith order in each sample. 

http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0100-204X2018001201383#t1


 
 

 

 

 

 
Table 1. Soil characteristics at Owen Sithole Agricultural College,  
Empangeni. 

Soil characteristic Value 

Nitrogen (%) 

Organic carbon (%) 

0.23 

3.31 

Phosphorus (mg kg
−1

) 6.63 

Potassium (mg kg
−1

) 139.00 

Calcium (mg kg
−1

) 1393.75 

Magnesium (mg kg
−1

) 745.75 

Copper (mg kg
−1

) 2.98 

Total cations (cmolkg
−1

) 13.48 

pH (KCl) 5.03 

Clay (%) 35.00 

 
 
 
 
 

Table 2. Description of the treatments studied at Owen Sithole College of Agriculture, located in KwaZulu-Natal Province, 
established from November 2016 to November 2018. 

 

Treatments Description and establishment 

Panicum maximum + Sesbania sesban The P. Maximum seeds were planted at a rate of 7.5 kgha
-1

 
intercropped with transplanted three months old S. sesban seedlings 
at 1 m x 1 m spacing with a total plant population of 10 000 plants ha

-1
 

Panicum maximum + Pigeonpea The P. maximum seeds were planted at a rate of 7.5 kgha
-1

 
intercropped with Pigeonpea which was sown as seed at a spacing of 
1 m x 1 m which translates to 10 000 plants ha

-1
 

Panicum maximum P. maximum seeds were planted at a rate of 7.5 kgha
-1

 with an inter-
row spacing of 0.25 m planted in rows (control) 

Sesbania sesban Three months old S. sesban seedlings were transplanted at 1 m x 1 m 

spacing making a total plant population of 10 000 plants ha
-1

 

Pigeonpea Pigeonpea was sown as seed at a spacing of 1 m x 1 m which 
translates to 10 000 plants ha

-1
 

 
 
 
DATA ANALYSIS 
 
 

The data obtained on soil fauna richness, diversity, 
evenness and abundance, and soil physical properties 
were subjected to analysis of variance (ANOVA) with 
GenStat Release 18.2, VSN International Limited, 
Hempstead, UK to determine significant treatment 
effects. Where significant differences were noted on soil 
macrofauna and physical soil properties the multiple 
comparisons using Fisher protected least significant 
difference (Lsd) was used. Pearson correlation 
coefficients (r) for the seven soil physical and macrofauna 
were computed   using R software version 4.0.1 (R 
Development Core Team, 2020). 
 

RESULTS 
 
Effects of agroforestry systems on aggregate 
stability, bulk density and infiltration rate 
 
Aggregate stability data showed similar trends to the 
infiltration rate, with the highest aggregate stability (9.87 
m mm

-1
) and infiltration rate (32 mm hr

-1
) observed in S. 

sesban as compared to P. maximum which had the 
lowest values (8.01 m mm

-1
 and 23.10 mm hr

-1
 

respectively).  Meanwhile, bulk density was also affected 
significantly (P<0.05) by the agroforestry system, such 
that the highest bulk density was experienced in P. 
maximum, while the lowest was experienced on 
S.sesban (Table 3). 



 
 

 
 
 

 
                       Fig 1. Climatic data recorded at Owen Sithole Agricultural College from November 2016 to November 2018. 
 

 
 

Table 3. Effects of different agroforestry systems on aggregate stability, bulk density and infiltration rate at Owen Sithole 
Agricultural College, KwaZulu-Natal: Means in each column with different superscripts are significantly different (P<0.05), 
according to Fisher`s protected Lsd. 

Treatment Aggregate  stability 
(mmm

-1
) 

Bulk density  

(gcm
-3

) 

Infiltration rate 

(mmhr
-1

) 

S. sesban 9.87 a 1.06 a 32.00 a 

Pigeonpea 9.65 a 1.10 a 29.00 b 

P. maximum +S. sesban 9.39 a 1.12 a 29.47 b 

P. maximum + pigeonpea 9.82 a 1.13 a 28.00 b 

P.maximum 8.01 b 1.31 b 23.10 c 

LSD(0.05) 1.034 0.037 1.902 

P-value 0.003 <.001 <.001 

CV  4.3 6.2 4.2 

 
 
 
Effects of S.sesban or pigeonpea improved fallows 
on soil macrofauna 
 
The total number of recorded individuals was 2504, from 
which S.sesbania (725) had the highest total abundance, 
while P.maximum (200) recorded the least (Figure 2). 
Twenty-one taxonomic groups were identified, with 
Oligochaeta and Technomyrmex being the most 
abundant (1006 and 474 individuals, respectively) (Figure 
3). Soil macrofauna species richness was significantly 
different (P<0.05) across treatments. P. maximum + 
S.sesban (18.89) had the highest soil macrofauna 
species richness than all other treatments while P. 
maximum (7.89) recorded the least. Meanwhile, no 

significant differences (P<0.05)  were observed in soil 
macrofauna species diversity and evenness with 
treatments containing legume trees (p =0.375 and 0.380, 
respectively (Table 4). Significant difference (P<0.05) 
was observed on earthworm abundance as shown by the 
following order S.sesban ≥ P.maximum + S.sesban 
>P.maximum+ pigeonpea ≥ pigeopea>P.maximum 
(Figure 4). 
 
The correlation of physical soil properties and soil 
macrofauna 
 
The results showed that bulk density was negatively 

correlated with aggregate stability and infiltration rate. 
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               Fig. 2. Soil macrofauna species abundance at Owen Sithole Agricultural College (total count per m2). 
 
 

 
 

 
                Fig. 3. Soil macrofauna abundance recorded across each treatment. 
 
 

 
Species richness had a  significant (P<0.01) negative 
correlation with species diversity and species evenness 
ofr

2
 = 0.71 and 0.70, respectively. The soil macrofauna 

species index had the  highest significant (P<0.001) 
positive correlation  between species diversity and 
species evenness (r

2
 = 0.99; Table 5). 

 
 
DISCUSSION 
 
The results of the study showed that agroforestry systems 

(improved fallows) could affect physical soil properties 
significantly. Aggregate stability, bulk density and 
infiltration rate are among the generally used soil physical 
properties indicators. The improvement in aggregate 
stability, bulk density and infiltration rate could be 
attributed to the formation and addition of humus from the 
decomposition of high-quality litter provided by Sesbania 
sesban and pigeonpea trees from all the treatments 
which had trees as compared to  P.maximum grass. Land 
use practices that conserve soil, such as agroforestry 
systems (improved fallows) frequently supplies with
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Table 4. Soil macrofauna indices recorded at Owen Sithole Agricultural College; Means in each column with different 
superscripts are significantly different (P<0.05), according to Fisher`s protected Lsd. 

  

Treatment Species richness Species diversity Species evenness 

P. maximum 7.89a 1.513a 0.4067a 

Pigeonpea 12.33bc 

 

1.643a 0.4433a 

Pigeonpea + P. maximum 13.55c 

 

1.467a 0.3967a 

S.sesban 13.78 c 1.330a 0.3600a 

S.sesban + P. maximum 18.89d 

 

1.203a 0.3267a 

Lsd(0.05) 4.007 0.5470 0.1498 

p-value <.001 0.375 0.380 

CV 20.5 22.3 22.6 

 
 
 
 

 
                      Fig. 4. Earthworm abundance at Owen Sithole. 
 

 
organic matter, which was very important in preserving a 
good soil structure (Portella et al., 2012; Suárez et al., 
2018). The difference observed in treatments with tree 
legume against P.maximum in terms of aggregate 
stability and bulk density maybe attributable to 
continuous additions of quality organic matter through 
litter fall from S.sesban and pigeonpea. According to 
Ayres et al. (2009), different tree species and surrounding 
conditions around the tree systems affect soil parameters 
differently. Tree cover from S.sesban and pigeonpea 
lessened soil degradation by diminishing the rain drop 
effect and spontaneous shift in relative humidity.  High 
quality organic matter from S.sesban, pigeonpea added 
into the soil through leaf litter is the main food source for 
microbes, which helps in enhancing aggregate stability as 
well as pore size distribution and due to less dense 

decomposing organic matter constituents as compared to 
mineral constituents which will lead to a reduction in soil 
bulk density (Portella et al., 2012). This might be the 
reason why treatments that had tree legumes (S.sesban, 
pigeonpea) had significantly lower bulk density than 
P.maximum. In addition, continuous accumulation of 
plant litter from S.sesban and pigeonpea trees promoted 
a higher infiltration rate, explaining why greater infiltration 
rate was recorded for S.sesban, pigeonpea and both 
intercrops as compared to P.maximum. This indicates 
that aggregate stability, bulk density and infiltration rate 
are altered by types of land use practices and 
management employed (Negasa et al., 2017). A decrease 
in bulk density is an indicator of less compaction and 
higher soil porosity. These changes have been recorded 
by Amusan et al. (2006), who found that bulk density of



 
 

 
 
 
 

Table 5. Pearson correlation coefficients (r) for seven soil physical and macrofauna* = P<0.05, ** = P<0.01, *** P<0.001, 
BD= Bulk density, AG= Aggregate stability, IR= infiltration rate SR = Species richness, SD = Species diversity, TA = 
Total abundance and EVS = Evenness. 

  

 BD AG IR SR SD TA EVS 

BD 1 -0.26 -0.62* -0.13 -0.27 -0.68** -0.30 

AG -0.26 1 0.50 0.57** -0.43 -0.10 -0.41 

IR -0.62* 0.50 1 0.35 -0.12 0.38 -0.11 

SR -0.13 0.57* 0.35 1 -0.71** -0.29 -0.70** 

SD -0.29 -0.43 -0.12 -0.71** 1 0.73** 0.99*** 

TA -0.68** -0.10 0.38 -0.29 0.74** 1 0.75*** 

EVS -0.30 -0.41 -0.12 -0.70** 0.99*** 0.75** 1 

 
 
 
cacao agroforestry plantation (1.32 g cm

-3
) was 

significantly lower than natural forest (1.49 g cm
-3

). 
Ramesh et al. (2013), observed a 7% reduction in bulk 
density as compared to the control plot (without tree 
plantation) under the hilly ecosystems of Northeast India. 
S.sesban + P.maximum had the greatest soil macrofauna 
species richness than all other treatments, while 
P.maximum had the least. Treatments containing tree 
legumes (S.sesban and pigeonpea) resulted in dense 
canopy cover that promoted a high species richness of 
soil macrofauna. The lack of significant differences 
between all the treatments in terms of species diversity 
and evenness is hard to explain at the present moment 
and thus needs further investigation. Improved fallows 
appeared to support overall soil macrofauna abundance 
and species richness; however, the results show that 
S.sesban + P.maximum and S.sesban had the highest 
soil macrofauna abundance and species richness. Soil 
moisture, as well as temperature changes, may impact 
soil macrofauna dynamics (Doblas-Miranda et al., 2009), 
hence the variation of species richness among the 
treatments notable S.sesban + P.maximum versus 
P.maximum could be possibly caused by the difference in 
terms of moisture and temperature. 
Oligochaeta (earthworms) is the main constituent of soil 
macrofauna communities in most ecosystems (Bhadauria 
and Saxena, 2010). Earthworm abundance under 
S.sesban and S.sesban + P.maximum were almost four 
times greater than the control (P.maximum grass).  
Higher earthworm abundance observed under S.sesban 
and S.sesban + P.maximum  corroborates with previous 
studies, which suggest that higher quality organic matter 
inputs are usually  associated with higher earthworm 
populations (Briones and Schmidt, 2017; Prayogo et al., 
2019). In another similar study conducted by Cardinael et 
al. (2019), higher earthworm abundance was recorded on 

AFS as compared to natural grass (control). Treatments 
containing S.sesban recorded higher earthworm 
abundance probably is because of higher quality leaf litter 
than pigeonpea. Organic materials from plants, which 
include leaves, twigs and dead roots, are the primary 
food energy source of earthworms and other macrofauna 
(Rosa et al., 2015; Korboulewsky et al., 2016; Yatso and 
Lilleskov, 2016). Hence, the addition of higher quality of 
organic matter from S.sesban would be anticipated to 
support larger and more active soil macrofauna 
communities, such as earthworms, as evidenced by the 
results from the study (Abail and Whalen, 2018). 
S.sesban and pigeonpea leaf litter on the soil surface 
helps in soil temperature and moisture regulation that 
created a favorable environment for soil macrofauna such 
as earthworms. Earthworms enhance soil porosity 
through opening tunnels within the soil profile (Medina-
Sauza et al., 2019). This may explain the lower bulk 
density and higher infiltration rates in S.sesban, which 
had a higher abundance of earthworms than P.maximum 
(control). Earthworms ingest a large quantity of soil and 
dead plant residues, hence helping in the mixing of organic 
matter and mineral soils, which will improve aggregate 
stability (Bertrand et al., 2015). The build-up of organic 
matter will result in higher water retention capacity of the soil 
and subsequently, have an effect on earthworms. 
 
CONCLUSION  
 
This study showed that improved fallows of S.sesban and 
pigeonpea, as well as their intercrop with P.maximum 
enhanced aggregate stability, infiltration rate, soil 
macrofauna species richness and earthworm abundance 
than P. maximum grass. Soil bulk density was lowered by 
improved fallows; however, no significant differences 
were observed on soil macrofauna species diversity and 



 
 

 
 
 
 
evenness. The highest positive significant correlation was 
experienced on soil macrofauna species evenness and 
diversity whilst the least was observed on aggregate 
stability and soil macrofauna species richness. The use 
of AFS such as S.sesban as improved fallows is 
recommended for restoring soil macrofauna and physical 
soil properties in South Africa. 
 
ACKNOWLEDGEMENTS 
 
We would like to thank the Water Research Commission 
of South Africa (WRC) for funding this work under project 
number K5/2492//4, Titled Water use of agroforestry 
systems for food, forage and/or biofuel production.We are 
also indebted to Owen Sithole Agricultural College for the 
provision of the study site and assistance in terms of 
management of the experiment. 
 
REFERENCES 
 
Abail Z, Whalen JK (2018). Corn residue inputs influence 

earthworm population dynamics in a no-till corn-
soybean rotation. App. Soil Ecol. 127: 120–128.  

Amusan AA, Shitu AK, Makinde WO, Orewole O (2006). 
Assessment of changes in selected soil properties 
under different land use in Obafemi Awolowo University 
Community, ILE-IFE, Nigeria. Electron J Environ Agric. 
Food Chem. 5: 1178–1184. 

Anderson JSI, Ingram JM (1993). Tropical soil biology 
and fertility: A handbook of methods. CAB International. 
pp. 252. 

Ayres E, Steltzer H, Berg S, Wallenstein MD, Simmons 
BL, Wall DH (2009). Tree species traits influence soil 
physical, chemical, and biological properties in high 
elevation forests. PLoS ONE 4: 5964. 

Baveye PC, Baveye J, Gowdy J (2016). Soil “Ecosystem” 
Services and Natural Capital: Critical Appraisal of 
Research on Uncertain Ground. Front. Environ. Sci. 
4:41. doi: 10.3389/fenvs.2016.0004. 

Bertrand M, SébastienBarot S,  Blouin M, Whalen J,de 
Oliveira T, Roge-Estrade J (2015). Earthworm services 
for cropping systems. A review.Agron. Sustain. Dev. 
35:553–567 DOI 10.1007/s13593-014-0269-7 

Bhadauria T, Saxena KG (2010). Role of Earthworms in 
Soil Fertility Maintenance through the Production of 
Biogenic Structures.Appl Environ Soil Sci. 
doi:10.1155/2010/816073. 

Bottinelli N, Jouquet P, Capowiez Y, Podwojewski P, 
Grimaldi M, Peng X (2015). Why is the influence of soil 
macrofauna on soil structure only considered by soil 
ecologists? Soil. Till. Res. 146:118-124.  

Briones MJI, Schmidt O (2017). Conventional tillage 
decreases the abundance and biomass of earthworms 
and alters their community structure in a global meta-
analysis. Glo.Cha. Bio 23: 4396–4419. 

Cardinael R,  Hoeffner K,  Chenu C, Chevallier T,  Béral 
C et al. (2019). Spatial variation of earthworm 

communities and soil organic carbon in temperate 
agroforestry.Biol and Fertil of Soils, Springer Verlag.55 
(2), pp.171-183. Ff10.1007/s00374-018-1332-3ff 

Doblas-Miranda E, Sanchez-Pinero F, Gonzales-Megias 
A (2009). Vertical distribution of soil macrofauna in an 
arid ecosystem: Are litter and belowground 
compartmentalized habitats? Pedobio. 52:361-373 

Elliott ET (1986). Aggregate structure and carbon, 
nitrogen, and phosphorus in native and cultivated soils. 
Soil. Scie. Soc. Am. J. 50: 627–633. 

Faye M (2010). Soils of South Africa. Cambridge 
University Press: Cape Town, South Africa, pp. 287.  

International Institute of Tropical (IITA) (1979). Selected 
Methods for Soil and Plant Analysis. Manual Series. 
IITA: Ibadan, Nigeria, 1979, pp. 3, 6, 7, 10–12, 14–15. 

Kamau S, Barrios E, Karanja NK, Ayuke FO, Jehmann J 
(2017). Soil macrofauna abundance under dominant 
tree species increases along a soil degradation 
gradient. Soil Bio. Biochem. 112:35-46. 

Korboulewsky N, Perez G, Chauvat M (2016). How tree 
diversity affects soil fauna diversity: a review. 
Soil Biol. Biochem. 94: 94-106, DOI: 
10.1016/j.soilbio.2015.11.024. 

Lavelle P, Dolédec S, DE Sartre XA, Decaëns T, Gond V, 
Grimaldi M, Oszwald J, Hubert B, Ramirez R, Veiga I, 
Souza S de, Assis WS de, Michelotti F, Martins M, 
Feijoo A, Bommel P, Castañeda E, Chacon P, 
Velasquez J, Desjardins T, Dubs F,  Gordillo E, 
Guevara E, Fonte S, Hurtado M del P, Lena P, Lima T, 
Marichal R, Mitja D, Miranda I, Otero T, Praxedes C, 
Poccard R, Robert P de, Rodriguez G, Sanabria C, 
Tselouiko S, Velasquez A, Velasquez E, Velasquez J 
(2016). Unsustainable landscapes of deforested 
Amazonia: an analysis of the relationships among 
landscapes and the social, economic and 
environmental profiles of farms at different ages 
following deforestation. Global Environmental Change, 
v.40, p.137-155, DOI: 
10.1016/j.gloenvcha.2016.04.009. 

Lavelle P, Rodríguez N, Arguello O, Bernal J, Botero C, 
Chaparro P, Gómez Y, Gutiérrez A, Hurtado M del P, 
Loaiza S, Pullido SX, Rodríguez E, Sanabria C, 
Velásquez E, Fonte SJ (2014). Soil ecosystem services 
and land use in the rapidly changing Orinoco River 
Basin of Colombia. Agric. Ecosys. Environ. 185:106-
117. 

Marichal R, Grimaldi M, Feijoo AM, Oszwald J, Praxedes 
C, Ruiz Cobo DH, Hurtado M Del P, Desjardins T, Silva 
Junior ML, Costa LG, Miranda IS, Oliveira MN, Brown 
G, Tsélouiko S, Martins M, Decaëns T, Velasquez E, 
Patrick I (2014). Soil macroinvertebrate communities 
and ecosystem services in deforested landscapes of 
Amazonia. Ap. Soil Ecol. 83:177-185.  

Medina-Sauza RM, Álvarez-Jiménez M, Delhal A, 
Reverchon F, Blouin M, Guerrero-Analco JA, Cerdán 
CR, Guevara R, Villain L, Barois I (2019). Earthworms 
Building Up Soil Microbiota, a Review. Front. Environ.  



 
 

 
 
 
 
Sci. 7:81 doi: 10.3389/fenvs.2019.00081. 
Melman DA, Kelly C, Schneekloth J, Calderón F, Fonte 

SJ (2019). Tillage and residue management drive rapid 
changes in soil macrofauna communities and soil 
properties in a semiarid cropping system of Eastern 
Colorado. Ap. Soil Ecol. 143:98-106. 

Negasa T, Ketema H, Legesse A,  Sisay M, Temesgen H 
(2017). Variation in soil properties under different land 
use types managed by smallholder farmers along the 
toposequence in southern Ethiopia. Geoderma. 29: 40–
50 

Oliveira PHG, Gama-Rodrigues AC, Gama-Rodrigues 
EF, Sales MVS (2018). Litter and soil-related variation 
in functional group abundances in cacao agroforests 
using structural equation modelling. Eco.Indica. 84:254-
262 

Pauli N, Barrios E, Conacher AJ, Oberthür T (2011). Soil 
macrofauna in agricultural landscapes dominated by 
the Quesungual Slash-and-Mulch Agroforestry System, 
western Honduras. Ap. Soil Ecol. 47:119-132.  

Portella CMR, Guimarães MF, Feller C, Fonseca ICB, 
Filho JT (2012). Soil aggregation under different 
management systems. Rev. Bras. Ciência Solo. 
36:1868–187. 

Prayogo C, Sholehuddin N, Putra EZHS, Rachmawati R 
(2019). Soil macrofauna diversity and structure under 
different management of pine-coffee agroforestry 
system. J. Degrade. Min. Land Manage. 6(3): 1727-
1736, DOI: 10.15243/jdmlm. 2019.063.1727 

R Development Core Team (2020). R: A language and 
environment for statistical computing. R Foundation for 
Statistical Computing, Vienna, Austria. 

Ramesh T, Manjaiah, KM, TomarTomar, Ngachan SV 
(2013). Effect of multipurpose tree species on soil 
fertility and CO2 efflux under hilly ecosystems of 
Northeast India. Agrofor. Syst. 87: 1377-1388 

Rene ZP, Zhang GH, Wang B, Shi YY (2012). Effects of 
double-ring diameter on soil infiltration rate. J. Soil 
Water Conserv 26: 94–103.  

Rosa MG da, KlaubergFilho O, Bartz, MLC, Mafra AL, 
Sousa JPFA de, Baretta D (2015). Macrofauna edáfica 
e atributosfísicos e químicosemsistemas de uso do 
solo no Planaltocatarinense. Rev Bras 
Cienc Solo.39:1544-1553, DOI: 
10.1590/01000683rbcs20150033. 

Rousseau L, Fonte SJ, Téllez O, Van der Hoek R, 
Lavelle P (2013). Soil macrofauna as indicators of soil 
quality and land use impacts in smallholder 
agroecosystems of western Nicaragua. Eco Indicators. 
27:71-82. 

Sankar AS, Patnaik A (2018). Impact of soil physico-
chemical properties on distribution of earthworm 
populations across different land use patterns in 
southern India.J Basic Appl Zool. 79:50 
https://doi.org/10.1186/s41936-018-0066-y. 

Shannon CE (1948). A mathematical theory of 
communication.BSTJAN. 27: 379–423. 

Suárez LR, Josa YTP, Samboni EJA, Cifuentes 
KDL,

 
Bautista EHD, Salazar JCS (2018). Soil 

macrofauna under different land uses in the Colombian 
Amazon. Pesq. Agropec. Bras. vol. 53 no.12 

vanBavel C (1949). Mean weight diameter of soil 
aggregates as a statistical index of aggregation.  Soil 
Sci. Soc. Am. Proc. 14:20–23 

Velásquez E, Fonte SJ, Barot S, Grimaldi M, Desjardins 
T, Lavelle P (2012). Soil macrofauna-mediated impacts 
of plant species composition on soil functioning in 
Amazonian pastures. Ap. Soil. Ecol. 56:43-50 

Wall DH, Bardgett RD, Behan-Pelletier V, Herrick JE, 
Jones TH, Ritz K, Six JS, Trong DR, Van der Putten 
WH (2012) (Ed.) Soil ecology and ecosystem services. 
Oxford: Oxford University Press, pp. 405 

Yatso KN, Lilleskov EA (2016). Effects of tree leaf litter, 
deer fecal pellets, and soil properties on growth of an 
introduced earthworm (Lumbricusterrestris): 
implications for invasion dynamics. Soil BiolBiochem 
94:181–190.

 
 
 
 
 
 

https://doi.org/10.1186/s41936-018-0066-y

