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Abstract Declining soil properties have triggered
lower maize yields among smallholder famers in
South Africa. Legume trees such as pigeonpea can be
used as improved fallows to replenish degraded soils.
The objectives of the study were to: (1) examine the
effects of improved pigeonpea fallows on enhancing
biological, physical soil properties and maize yield
responses and (2), analyze the relationship of maize
grain yield to biological and physical soil properties
after improved pigeonpea fallows at Wartburg, South
Africa. Pigeonpea fallows were established in 2015/16
season and terminated in 2017 and subsequently maize
was planted. A randomized complete block design
replicated three times was used with five treatments:
continuous sole maize without fertilizer (T1), natural
fallow then maize (T2), pigeonpea + grass—pigeon-
pea then maize (T3), maize + pigeonpea—pigeonpea
then maize (T4), two-year pigeonpea fallow then
maize (T5). Improved pigeonpea fallows increased
maize yields through improvement in soil macrofauna
species abundance, richness and diversity, aggregate
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stability, infiltration rate. Pigeonpea fallows increased
maize yield by 3.2 times than continuous maize
without  fertilizer. The maize grain yield
(3787 kg ha™ "), was the highest on two-year pigeon-
pea fallows while continuous maize without fertilizer
had the least (993 kg ha™'). There was a significant
positive correlation between soil macrofauna indices
and physical soil properties to maize yields. Small-
holders who have limited access to fertilizers can
sustainably use improved fallows to restore degraded
soils to achieve higher maize yields in South Africa.

Keywords Aggregate stability - Smallholder
farmers - Soil degradation - Soil macrofauna - Soil
replenishment

Introduction

Soil degradation in high density areas of the African
continent is exacerbated by unsustainable manage-
ment agricultural practices that have led to biological,
chemical and physical soil degradation (Drechsel et al.
2001; Tittonell and Giller 2013; Zingore et al. 2015).
According to Barbier and Hochard (2016) approxi-
mately 28% of rural Africa’s farmers cultivate land
that is degrading over time. In addition sub-Saharan
Africa (SSA) is experiencing the fastest increase in the
percentage of rural households tilling on degraded
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land as compared to other regions in the world
(Tittonell and Giller 2013). A holistic land manage-
ment strategy is needed, that focuses on restoring
degraded land which is essential to feed and to support
the livelihoods of ever increasing population in SSA
(Kihara et al. 2016; Tittonell 2016). The traditional
method of restoring degraded land in the past was to
regularly fallow the land for a period of single to many
seasons to ameliorate its fertility in addition to the use
of chemical fertilizers, green manure or use of both
organic and inorganic inputs (Sanchez 1999). The rise
in population has exerted pressure on the land which
has eroded the propensity of traditional fallowing
practices to sustain and reinstate soil fertility in SSA.
(Josephson et al. 2014). The advent of short fallow
periods using fast nitrogen fixing legume trees on
degraded agricultural fields have shown to replenish
degraded soils and increase crop productivity under
smallholder farming systems (Sanchez 1999; Mafon-
goya et al. 2006; Munthali et al. 2014). Sequential
agroforestry practices involve the use fast growing
legume trees as fallows. They are an alternative or
complement to the use of chemical fertilizers, mainly
in SSA where they are not regularly accessible and
when available their prices are prohibitive beyond
reach by many smallholder farmers (Bationo and
Waswa 2011; Sileshi et al. 2014). Sequential tree
fallows is a practice where fast nitrogen-fixing legume
trees are planted for 2-3 years, additionally it is
known as “improved fallows” (Mafongoya et al.
2006). Improved fallows replenish degraded agricul-
tural fields quicker than natural fallows.

Previous research on improved fallows in SSA
have focused much on maize yield, chemical and
physical soil properties (Phiri et al. 2003; Abunyewa
and Karbo 2005; Sileshi et al. 2008a; Mafongoya and
Jiri 2016; Mamuye et al. 2020). However, other
studies have also focused on biological soil properties
and maize yield (Sileshi and Mafongoya 2006,2006;
Sileshi et al., 2008b; Barrios et al. 2012; Manyanga
etal. 2014; Marsden et al. 2019). Nevertheless most of
these studies did not examine how maize grain yield
increase is related to biological and physical soil
properties under pigeonpea improved fallows. More-
over, to our knowledge no studies have been con-
ducted on the use of improved fallows to improve
maize yields in South Africa (RSA). Although
pigeonpea improved fallows have been shown to
augment overall maize grain yield through improved
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soil properties (Sileshi et al. 2008a, b, 2014; Félix et al.
2018), there is paucity of data on whether maize grown
after pigeonpea improved fallows in RSA, will
increase yield as compared to continuous sole maize
cropping with no external inputs (Everson et al. 2011).

Maize (Zea mays L.) is the main cereal food crop
grown globally due to its adaptability to wider range of
environments (Kogbe and Adediran 2003). It is mostly
used as human food, livestock fodder and as a source
of raw materials for various processing industries
(Tian et al. 2009; Gwirtz and Garcia-Casal, 2014).
According to Rosegrant et al. 2009, the demand for
maize is expected to double by 2050 in the developing
world. Most smallholder farmers in RSA grow maize
as a staple food crop (Mashingaidze 2006). Maize
yields have remained very low which ranges from 500
to 2000 kg ha™' which is too low to achieve house-
hold food security (Sanchez 2002; Musokwa et al.
2019) because of prohibitive prices that have ham-
pered fertilizer usage by smallholder farmers and the
supply of livestock manure is insufficient to augment
the nutrient needs of maize (Everson et al. 2011). The
declining soil fertility which is enhanced by contin-
uous cultivation without external inputs (chemical
fertilizers and organic inputs) applied have exacer-
bated the reduction in maize yields (Sanchez 2002;
Swift and Shepherd 2007; Everson et al. 2011; Sileshi
etal. 2011). The use of pigeonpea fallows on degraded
soils has been shown to replenish degraded soils in
addition to increase maize yields (Kwena et al. 2017;
Mamuye et al. 2020). Pigeonpea (Cajanus cajan (L.)
Millsp.) is legume crop which is below the potential
use in RSA (Hluyako et al. 2017). The crop can
provide food, fodder, fuelwood and as a source of
fertilizer through biological nitrogen fixation and
decomposition of leaf litter and dead roots (Adu-
Gyamfi et al. 2007; Musokwa et al. 2019). Pigeonpea
can be used for legume base diversification to meet the
rising demand for nutritional foods, since it contains
proteins, vitamins as well as essential minerals
(Hluyako et al. 2017).

Nevertheless, there is a need to examine the
relationship of maize yields to biological and physical
soil properties after pigeonpea fallows in RSA, since
there are promising results from many studies in SSA
that reveal improved pigeonpea fallows improves
maize yield (Sileshi et al. 2008a, 2014; Félix et al.
2018). Pearson’s correlation can be used to analyse
causal relationships among soil properties or betwixt
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selected indicators and maize grain yield (Montanari
et al. 2010; Silva et al.2017). The hypothesis was that
pigeonpea fallows improved both biological and
physical soil properties which will be related to maize
grain yield. Our objectives were to (i) examine the
effects of pigeonpea improved fallows on enhancing
biological, physical soil properties and maize yield
responses and (ii) analyze the relationship of maize
grain yield to biological and physical soil properties
after improved fallows using Pearson’s linear
correlation.

Methodology
Site description

The field trial was conducted from November 2015 to
April 2018 cropping seasons in Wartburg, KwaZulu-
Natal, South Africa at Fountainhill Estate (latitude
29°27'2"S; longitude 30°32'42"E and altitude 853 m).
Wartburg has a maximum temperature of 37.4 °C
which can be experienced in November and minimum
of 3.3 °C normally recorded in July. The mean annual
rainfall is 880 mm which usually falls mostly in
November until April. The study site received a total
rainfall of about 2111.4 mm during study period from
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November 2015 to April 2018 (Fig. 1). The soils are
classified as ferralsols by the Food and Agriculture
Organization of the United Nations (FAO) classifica-
tion system with sandy, loam texture, (Faye 2010).
The soils for experimental site have strongly acidic
(pH 4.4), total soil organic carbon (OC) of 0.65%, and
have low N (0.06%) and available P content
(20.4 mg kg™ "). Soil analyses also indicated moderate
K content (114.2 mg kg™ ") in the soils. The initial soil

characteristics after soil characterization are shown in
the Table 1.

Table 1 Soil characteristics at Fountainhill Estate Farm,
Wartburg, Source Musokwa et al. (2019)

Parameter Value
Total Nitrogen (%) 0.06
Total Phosphorus (mg kg™") 20.4
Total Potassium (mg kg ') 114.2
Total Cations (cmol kg™") 3.59
Organic Carbon (%) 0.65
pH (KCI) 4.37
Clay (%) 16
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Fig. 1 Mean monthly rainfall for during fallow phase and cropping season November 2015-April 2018
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Trial Design and management

The experiment had five treatments described in
Table 2. The treatments were laid out in a randomized
complete block design (RCBD), replicated three
times. The plots measured 8 m by 6 m with a net plot
area 5 m x 7 m. Pigeonpea fallows were planted as
pure stands at a spacing of 1 m by 1 m. The mixed
crop of pigeonpea and maize had 1 m x 0.4 m
spacing whereas Panicum maximum grass was planted
in between pigeonpea rows at a rate of 7.5 kg ha™'
with inter—row spacing of 0.25 m planted in rows in
November 2015. The two-year fallow duration was
chosen for this study after recommendation by
Mafongoya and Dzowela (1999), based on fallow
fertility replenishment. Four by 0.5 m x 0.5 m quad-
rats were randomly taken from each plot to record the
quantity of dry leaf litter fall accumulation on the
surface of the soil on a monthly basis. The pigeonpea
fallow was terminated during the first week of
November 2017 after two-years, the axe was used to
cut down pigeonpea trees while the stumps were left to
decompose and the natural fallow was cleared using a
hand-hoe. Maize Border King was sown at 0.90 m
between rows and 0.30 m within rows on 22 Novem-
ber 2017 and harvested on 14 May 2018. Two seeds
were planted per hole and then thinned after two-
weeks of emergence to one plant to give a maize
population of 37,000 plants ha™'. The plots were kept
weed free by hand weeding two times across the whole
season, while T2 (described in Table 2), representing
natural fallow under weed, was not weeded during the
two-year fallow period no fertilizer was applied on this
study. At maturity, the mass of grain and stover were
recorded in the entire net plot. At the end, maize grain
yields were sun dried until it reached 12% moisture

content. This data was used to calculate dry mass on
plot basis and extrapolated to a hectare basis.

Soil fauna data collection

To analyze soil macrofauna the procedures recom-
mended by Tropical Soil Biology and Fertility (An-
derson and Ingram 1993) was executed across each
treatment, three monoliths comprising steel blocks
measuring 25 cm x 25 cm x 25 cm were used for
sampling soil macrofauna in November 2017. The
macrofauna in each monolith was detached by hand
and kept in 70 % ethanol and segregated according to
their structure (Dangerfield 1997). Soil macrofauna
was described as an invertebrate group found inside
soil samples that constitutes greater than 90% of its
specimens visible to the naked eye (Lavelle et al.
2003).The collected soil macrofauna was identified
using a microscope at the level of recognizable
taxonomic units that is family and order level.

Determination of chemical and physical soil
properties

Soil samples were collected from the 0-20 cm soil
depths using metal cores to analyse for chemical and
physical soil properties. Soil pH was determined by a
pH meter and organic carbon by the Walkley and
Black method as described by Nelson and Sommers
(1982).Total N was analysed by the Kjeldhal method
as explained by Bremner and Mulvaney (1982).
Available P was measured using Bray 2 method as
explained by Olsen and Sommers (1982).

Cation exchange capacity (CEC) and exchangeable
cations (K) were analysed by the ammonium acetate
method at pH 7 (Chapman and Pratt 1965). Soil bulk

Table 2 Description of the treatments established at Fountainhill Estate, Wartburg

Treatments Seasonal period
2015-2016 2016-2017 2017-2018
Tl Maize with no fertilizer Maize with no fertilizer Maize
*T2 Natural Fallow Natural Fallow Maize
T3 Pigeonpea + Panicum maximum Pigeonpea Maize
T4 Pigeonpea + maize Pigeonpea Maize
TS Pigeonpea Pigeonpea Maize

“T2 The natural fallow had dominant grasses which include Aragrostis curvula, Bidens pilosa and Cynodon dactylon
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density was analysed using method described by Lal
and Kimble (2010) hence it was computed as the mass
of oven dry soil divided by the volume of the soil as
shown in Eq. 1.

1 Ms
gbMgm™ = Vi (1)
where Ms = mass of oven dry soil and Vt = total
volume of soil.

To analyse soil aggregate stability, mean weight
diameter, a 25-g part of soil aggregates, with diameters
measuring 6.30—4.00 mm, was taken to a set of sieves
in declining order of mesh sizes: 4.00, 2.00, 1.00, 0.50,
0.25, and 0.125 mm. The sieve set was immersed—
with the aggregates without pre-wetting—in water, in
an apparatus for vertical oscillation (Yoder 1936)
during 15 min, calibrated to 31 cycles per min. The
mean weight diameter (MWD, mm) was calculated as
(Choudhury et al. 2014)

> Xk x Mk (2)
k=1

where k is aggregate size (k = 1, 2, 3 indicate macro-
aggregate, micro-aggregate and silt + clay-sized frac-
tion); X; (mm) is the mean diameter of the sized
aggregate; and M, (%) is the mass propsortion of the
sized aggregate. Soil infiltration count was examined
from double rings in net plot. A persistent infiltration
rate was presumed to have been obtained when five
similar successive readings were reached (Ren et al.
2012).

Data analysis

All data were tested for normality of distributions and
homogeneity of variances before the analysis. 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 (Shannon and Wiener 1963).

H’:—Zpilnpi (3)
i=1

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

Soil macrofauna species abundance, diversity and
richness indices, maize grain, stover yield and phys-
ical soil properties data were subjected to analysis of

variance (ANOVA) with GenStat Release 18.2. Mean
comparisons for the individual treatments were done
using Tukey’s Honest Significant Difference Test
(LSD, p < 0.05). Pearson correlation coefficients
(r) for the maize grain yield, leaf litter and soil
physical and macrofauna were computed.

Results
Effect of pigeonpea fallows on soil macrofauna

Meloidae (beetles), Pheidole (ants), Technomyrmex
(ants), Camponotus (ants) and Oligochaeta (earth-
worms) were the most five dominant orders of
macrofauna observed in almost all treatments, with
two-year pigeonpea fallow plots harboring more
individuals than other treatments. The majority of
the soil macrofauna were less under continuous maize
without fertilizer (Table 3). Soil macrofauna recorded
in terms of species abundance, diversity and richness
were significant differently (p < 0.05) across treat-
ments. The two-year pigeonpea fallow (T5) had
highest soil macrofauna species diversity, species
abundance estimate index as well as species richness
as compared to treatments (Table 4). Continuous
maize without fertilizer recorded the least soil macro-
fauna species diversity and richness while no signif-
icant difference was observed on natural fallow (T2)
versus continuous maize without fertilizer and
(Table 4).

Impact of pigeonpea fallows on chemical soil
properties

In terms of chemical properties (Total cations, N, P, K
and organic carbon) no significant difference was
noted among the treatments (Table 5).

Effect of pigeonpea fallows on physical soil
properties

Mean weight diameter of soil aggregates was signif-
icantly different (p < 0.05) on the treatments at fallow
termination. The highest mean weight diameter of soil
aggregates at fallow termination was recorded in two-
year pigeonpea fallow (T5) while the least was found
on continuous maize without fertilizer (T1). However,
no significant differences were observed on two-year
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Table 3 Soil macrofauna
morpho-species recorded at
Fountainhill, Wartburg,
South Africa after two-
years of simultaneous
agroforestry system
(improved fallows)

T1 = continuous maize
without fertilizer (control),
T2 = Natural fallow,

T3 = Panicum

maximum + pigeonpea
followed by pigeonpea,
T4 = maize + pigeonpea
followed by pigeonpea,
T5 = two-year pigeonpea
fallow,

pigeonpea versus pigeonpea + maize then pigeonpea
(T4) and pigeonpea + P.maximum then pigeonpea
(T3). (Table 6) Aggregate stability decreased as

@ Springer

Common name Morpho-species TS T4 T3 T2 T1
Earthworms Oligochaeta sp.1 24 5 3 0 0
Earthworms Oligochaeta sp.2 13 0 0 8 0
Earthworms Oligochaeta sp.3 7 1 4 3 0
Bug Cydnidae sp.1 2 2 1 4 0
Ants Camponotus sp.1 55 11 10 29 0
Ants Crematogaster sp.1 0 0 6 0 0
Ants Pheidole sp.2 120 20 156 0 43
Beetle Chrysomelidae sp.2 0 0 1 0 0
Beetle Tenebrionidae sp.1 0 2 0 2 0
Beetle Tenebrionidae sp.2 7 0 0 2 1
Beetle Tenebrionidae sp.3 2 0 1 0 0
Beetle Tenebrionidae sp.4 4 0 1 0 0
Beetle larvae Scarabaeidae sp.1 12 1 0 1 2
Millipede Diplopoda sp.1 0 1 0 1 1
Millipede Diplopoda sp.2 1 0 0 0 0
Millipede Diplopoda sp.3 3 0 0 0 0
Millipede Diplopoda sp.4 2 0 2 0 0
Ant Technomyrmex sp.1 136 26 0 0 15
Butterfly larvae Lepidoptera sp.1 0 1 0 0 0
Cocoon Lepidoptera sp.2 2 1 1 0 0
Larvae of Lepidoptera Lepidoptera sp.3 10 0 1 0 0
Larvae of Lepidoptera Lepidoptera sp.4 2 0 0 0 0
Larvae of Lepidoptera Lepidoptera sp.5 15 0 0 0 0
Larvae of Lepidoptera Lepidoptera sp.6 1 0 0 0 0
Beetle larvae Coleoptera sp.1 0 1 0 0 1
Beetle larvae Coleoptera sp.2 0 3 0 3 0
Beetle larvae Coleoptera sp.3 0 1 0 1 0
Beetle larvae Coleoptera sp.4 1 0 0 0 0
Beetle larvae Coleoptera sp.5 1 0 0 0 0
Centipede Chilopoda sp.1? 2 2 0 2 0
Woodlouse Oniscidea sp.1 1 0 2 0 2
Bugs Delphacidae sp.1 0 0 0 2 0
Termite Termitidae sp.1 25 0 0 0 13
Ant Myrmicaria sp.1 0 1 0 0 0
Bug Hemiptera sp.1 0 1 0 1 0
Bug Hemiptera sp.2 1 0 0 0 0
Termite Rhinotermitidae sp.1 0 0 0 0 1
Spider Arachnida sp.2 10 0 1 0 0
Cricket Gryllidae sp.1 0 0 1 0 0
Beetle Meloidae sp.1 458 1 191 77 59
Total (individuals) 917 81 382 136 138

shown; T5 > T4 > T3 > T2 > T1 (Table 6). Similar
trend was observed with infiltration rate with two-year
pigeonpea fallow (T5) significantly higher than all the
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Table 4 Pigeonpea improved fallows effect on soil macrofauna indices: Numbers followed by same letters are not significantly
different at p < 0.05 according to Tukey’s Honest Significant Difference Test

Treatments Mean species diversity index (H) Mean species richness index (H') Mean species abundance estimate index (H')

T1 0.98a 6.00a 12.01a
T2 1.66b 9.67b 19.72a
T3 0.78a 10.56bc 23.62ab
T4 1.62b 13.33¢ 11.95a
TS5 1.66b 17.44d 44.84¢
p-value < .001 < .001 < .001
CvV 13.0 16.3 25.8

T1 = continuous maize without fertilizer (control), T2 = Natural fallow, T3 = Panicum maximum 4 pigeonpea followed by
pigeonpea, T4 = maize + pigeonpea followed by pigeonpea, TS = two-year pigeonpea fallow, CV = Coefficient of variation

Table 5 Effects of two-year improved pigeonpea fallows on chemical soil properties

Treatments N (%) P (g kgfl) K (mg kgfl) Org C (%) Total Cations (c mol kgfl) pH (KCI)
TI 0.12 20.67 72.0 0.73 2.36 3.89

T2 0.08 23.33 115.7 0.90 333 4.46

T3 0.12 25.00 108.0 1.28 3.14 4.27

T4 0.18 20.00 117.0 1.10 3.76 4.67

T5 0.11 21.33 172.0 1.13 5.05 4.79
HSD (.05 0.09 8.51 67.97 1.06 1.98 0.754
p-value 0.16 0.66 0.09 0.71 0.11 0.133
CV 31 20.5 30.9 49.2 29.8 9.1

T1 = continuous maize without fertilizer (control), T2 = Natural fallow, T3 = Panicum maximum + pigeonpea then pigeonpea,
T4 = maize + pigeonpea then pigeonpea, T5 = two-year pigeonpea fallow, CV = Coefficient of variation

Table 6 Soil physical properties at Fountainhill Estate after two-year pigeonpea fallow; Numbers followed by same letters are not
significantly different at p < 0.05 according to Tukey’s test

Treatments Aggregate stability (mm) Bulk density (g cm ™) Infiltration rate (mm hr™")
T1 5.02a 1.46b 12.44a

T2 8.99b 1.43b 19.11ab

T3 10.13be 1.26a 20.99b

T4 11.20¢ 1.36ab 15.97ab

T5 11.45¢ 1.22a 29.81¢

HSD (4 .0s) 1.604 0.15 7.47

p-value < .001 0.015 0.006

(&) 14.4 9.4 20.2

T1 = continuous maize without fertilizer (control), T2 = Natural fallow, T3 = Panicum maximum + pigeonpea then pigeonpea,
T4 = maize + pigeonpea then pigeonpea, T5 = two-year pigeonpea fallow, CV = Coefficient of variation
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Table 7 Maize yields affected by improved fallows yield and
pigeonpea leaf litter (kg ha™"); numbers followed by same
letters are not significantly different at p < 0.05 according to
Tukey’s Honest Significant Difference Test

Treatments Yield (kg ha™ 1)
Grain Stover Pigeonpea leaf litter
T1 993a 1021a *
T2 2294b 1578b *
T3 2852¢ 2264c 4766a
T4 2922¢ 2125¢ 5445a
TS 3787d 3104d 7323b
HSD (.05 514 451.6 1282
p-value <.001 <.001 0.012
(6\% 10.6 11.9 9.7
T1 = continuous  maize  without fertilizer  (control),

T2 = Natural fallow, T3 = Panicum maximum + pigeonpea
followed by pigeonpea, T4 = maize 4 pigeonpea followed by
pigeonpea, TS5 = two-year pigeonpea fallow, CV = Coefficient
of variation, * no data

treatments, meanwhile the least infiltration rate was
experienced on continuous maize without fertilizer.
Pigeonpea + maize then pigeonpea (T4) had almost
similar value with natural fallow and both were not
significantly different with pigeonpea + P. maximum
then pigeonpea (T3). Bulk density was significantly
differently (p < 0.05) affected by cropping system
after two-year pigeonpea fallow termination (Table 6).
The bulk density was lowest under two-year pigeon-
pea fallow and pigeonpea + P. maximum then
pigeonpea (T3) plots as compared to continuous maize
without fertilizer (T1) and natural fallow (T2). How-
ever maize + pigeonpea then pigeonpea (T4) did

Table 8 Pearson correlation coefficients (r) for grain yield and
six soil physical properties and macrofauna indices *p < 0.05,
**p < 0.01, ***p < 0.001, NS = not significant, GY = Grain

show significant difference with other treatments. The
values ranged from 1.22 to 1.46 g cm ™ for two-year
pigeonpea fallow and continuous maize without
fertilizer, respectively.

Pigeonpea leaf litter and maize yields

Pigeonpea leaf litter fall accumulation and both maize
grain and stover yield was significantly different
(p < 0.001). Two-year pigeonpea fallow (T5) had the
highest leaf litter as compared to both intercrops (T3
and T4), while no significant different were observed
between T4 and T3. Maize grain and stover yield
differ significantly (p < 0.001) between the treat-
ments. Grain and stover yields were 3 times higher in
two-year pigeonpea fallow plots (T5) than continuous
maize without fertilizer plots (T1). No significant
different was noticed on pigeonpea 4+ maize then
pigeonpea (T4) and pigeonpea + P.maximum then
pigeonpea (T4) (Table 7).

Biological and physical soil properties
and relationship with maize grain yield

Soil macrofauna estimate species abundance, species
diversity, species richness, aggregate stability, bulk
density and infiltration rate presented significant
correlations with maize yield (Table 8). Soil macro-
fauna species diversity recorded the highest significant
(p < 0.001) positive correlation with maize grain
yield while bulk density had the least significant
correlation.

yield, BD = Bulk density, AG = Aggregate stability, IR = in-
filtration rate SR = Species richness, SD = Species diversity,
AB = abundance and LL = Leaf litter

GY AB SD SR AG BD IR
GY 1 0.75%%* (% 0.83%* 0.827#% — 0.63% 0.77#%%
AB 0.75%%% 1 0.827%% 0.58%* 0.66** — 0.71%* 0.45 ns
SD 0.97%%* 0.82%* 1 0.85%%* 0.8%%* — 0.58 NS 0.827%%
SR 0.83%* 0.58%* 0.85%% 1 0.63* — 0.43 NS 0.68%*
AG 0.827%%% 0.66** 0.8%%* 0.63%* 1 — 0.72%%* 0.64%*
BD — 0.63* — 0.71%%* — 0.58 NS 0.43 NS — 0.72%* 1 — 0.37NS
IR 0.77%%* 0.45 NS 0.827%%* 0.68%* 0.64%* — 037 NS 1
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Discussion

The effect of improved pigeonpea fallows on soil
biological soil properties can be assessed by changes
in soil macrofauna species abundance, diversity and
richness. The study has shown that the majority of the
soil macrofauna were less abundant under
maize + pigeonpea then pigeonpea (T4), natural
fallow (T2) and continuous maize without fertilizer
(T1), which represents mechanical and physical
disturbance through weeding, low quality food
reserves (Aragrostis curvula, Bidens pilosa and Cyn-
odon dactylon) and direct sunlight since the grasses
were sparsely distributed and agricultural intensifica-
tion involving continuous cropping. Our study agrees
with Sileshi and Mafongoya (2006) where maize
grown after Gliricidia sepium or Leucaena leuco-
cephala recorded higher soil macrofauna abundance
than continuous sole maize. The difference was
attributed to the presence of canopy layer throughout
the season and presence leaf litter which act as food
reserves than intensive monoculture which leaves the
soil unprotected. Two-year pigeonpea fallow (T5)
outperformed all the treatments in terms of soil
macrofauna species abundance and richness excluding
diversity on natural fallow (T2). These observed
variations in macrofauna diversity, richness and
abundance seem to be related with management
practices such as modification of soil microclimate
within these treatment compositions and availability
of food sources for the associated macrofauna groups.
Management practices which include fallowing,
monoculture, crop rotation and leaf litter addition
have been shown to be among the causes of the
alterations of soil macrofauna population structure,
vanishing or declining of major species and in some
instances exceedingly low abundances (Ayuke et al.
2011; Paul et al. 2013). These observations are
consistent with results of our study, in which soil
macrofauna mean estimate species abundance, species
diversity, species richness were found to be higher in
two-year pigeonpea fallow (T5) but low in continuous
maize without fertilizer (T1), Panicum maxi-
mum + pigeonpea then pigeonpea (T3) and
maize + pigeonpea then pigeonpea (T4). Litter layer
is a very essential factor in enhancing soil temperature
and soil moisture content, consequently creating a
more favourable environment for both litter and soil-
dwelling macrofauna. This may explain the expected

higher macrofauna diversity, richness and abundance
observed in treatments containing pigeonpea leaf litter
although there were some variations among those
treatments.

Microclimate factors which include low soil tem-
perature and higher soil water content, well-developed
leaf litter layer and less human interference promotes
the soil macrofauna to survive on pigeonpea fallows
than in sole continuous maize without fertilizer.
Enhanced leaf litter and reduction in soil moisture,
often results in reduced soil macrofauna abundance
and diversity (Prates et al. 2011; Urbanovicova et al.
2014). Probable this might be the reason behind the
lower soil macrofauna abundance and diversity on
P.maximum + pigeonpea then pigeonpea. Cole et al.
(2006) found that physical soil disturbances could, to
some extent, be of more relevant in controlling the
quantity of some soil macrofauna than the presence of
food resources. This might be the possible reason why
there was no significant difference in terms mean
species diversity between continuous maize without
fertilizer (T1) and P. maximum + pigeonpea then
pigeonpea (T3) even though the latter had leaf litter
the mechanical disturbance by removing P.maximum
might probable have negative effect. Soil macrofauna
is known to enhance physical soil properties such as
aggregate, infiltration rate and lowering bulk density
(Sileshi and Mafongoya 2006; Blanchart et al. 2009;
Castellanos-Navarrete et al. 2012; Paul et al. 2015).

Soil aggregate stability, bulk density and infiltra-
tion rate are most commonly used indicators of
physical soil properties (Sileshi et al. 2014). Physical
soil properties are essential indicators to assess
agricultural management practices (Yang et al
2012). This study showed that continuous maize
without (T1) fertilizer and natural fallow (T2)
recorded the highest soil bulk density. Two-year
improved pigeonpea fallows and Panicum maxi-
mum + pigeonpea then pigeonpea recorded the least
as compared to all the treatments. The soil bulk density
decreased under two-year improved pigeonpea fallow
and Panicum maximum + pigeonpea then pigeonpea
might have been attributed to higher leaf litter addition
from pigeonpea legume trees (Sarvade et al. 2014).
However, maize + pigeonpea then pigeonpea (T4)
did not show significant difference. The higher bulk
density under two-year continuous maize cropping
system without fertilizer (T1) and natural fallow (T2)
might have been caused by the absence of high organic

@ Springer



452

Agroforest Syst (2021) 95:443-457

matter on soil surface however, presence of pigeonpea
leaf litter on two-year fallow tend to lower bulk
density. These results from the study are partly in
accordance with (Amusan et al. 2006; Ramesh et al.
2013) where they found bulk density of cacao
agroforestry plantation (1.32 g cm™>) was generally
significantly lower than natural forest (1.49 g cm™)
and 7% reduction in bulk density than the control plot
(without tree plantation) respectively.

Soil aggregate stability is described as the ability of
soil to remain intact when put through some stress
(Wick et al. 2009). Soil aggregate stability can be
affected by land management and correspond well
with soil erodibility. Hence it is extensively applied as
soil degradation indicator (Wick et al. 2009; Fonte
et al. 2014). Highest mean weight diameter of soil
aggregates on two-year pigeonpea fallow (T5),
maize + pigeonpea then pigeonpea (T4) and
grass + pigeonpea then pigeonpea (T3) at both fallow
terminations might have been caused by the quantity
of leaf litter than continuous maize without fertilizer
(T1).Two-year improved pigeonpea fallow recorded
highest leaf litter as compared to other treatments,
while the absence of leaf litter on continuous maize
plots led to lowest aggregate stability. In Zimbabwe
and Zambia, soil aggregate stability on sesbania and
pigeonpea fallows was higher as compared to contin-
uous sole maize crop (Chirwa et al. 2004; Nya-
madzawo et al. 2007). In another studies, conducted by
Mostafa et al. (2008) and Lawal et al. (2009) they
reported higher aggregate stability in soils of agro-
forestry systems than soils cultivated annual crops.
Natural grass fallow (T2) had higher soil aggregate as
compared to continuous maize without fertilizer this
might be due to lower soil disturbance on natural
fallow than continuous cultivation which destroys soil
structure. This study agreed with Somasundaram et al.
(2012) reported that natural grass fallow had greater
aggregate stability (> 5 mm) as compared to contin-
uous cultivated fields, which recorded lowest aggre-
gates in India. Infiltration rate is defined as the rate at
which water moves into the soil per unit time. Direct
impact of rain drops clogs the pores and causes surface
sealing which reduce the infiltration and cause runoff
which will lead to soil erosion. Leaf litter cover over
the soil surface hinders direct impact of rain drops and
reduces the chance of erosion through increasing
water infiltration. Higher infiltration was observed on
two-year pigeonpea (TS5) as compared to other
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treatments which can be attributed to higher quantity
of leaf litter of pigeonpea. While the least infiltration
rate was recorded on continuous maize without
fertilizer (T1) which might have been caused by direct
impact of rain drops which tend to induce soil surface
sealing which will lead to infiltration rate. Better soil
aggregation improves soil water infiltration by reduc-
ing soil erosion (Saha et al. 2010). Decomposition of
herbaceous legume roots tend to improve infiltration
rate, soil aggregation and lowering of soil bulk density
(Sheoran et al. 2010).

The absence of significant differences were
observed on chemical soil properties (pH, N, P, K
and organic carbon) after two-year pigeonpea fallows
the possible reason is the duration of fallows, which
was too short to effect changes. A study conducted by
Diekow et al. (2005) in Brazil, increase in soil C stocks
by 26% was only recorded after 17 years of maize-
pigeonpea cropping systems. Chirwa et al. (2006)
found similar results with our study where no signif-
icant change in SOC was recorded when pigeonpea
was integrated in agroforestry systems. In other
similar studies carried out by Adu-Gyamfi et al.
(2007) in Malawi and Tanzania no significant change
in total soil C after two seasons of maize-pigeonpea
intercropping in Malawi and Tanzania. They attrib-
uted to low quantity leaf biomass returned to the soil.
Hence the leaf litter quantity produced by fallows
might not be enough or might not have decomposed to
effect the changes.

Research work done in eastern Zambia has shown
that, improved fallows could revamp physical soil
properties thereby increasing maize yields (Chirwa
et al. 2004). Hamza and Anderson (2005) reported that
increases in bulk density can subsequently lead low
maize yield. This might be the reason in contrasting
yield differences in both grain and stover yield in this
study. Constant litter fall on improved fallows led to
the improvement in biological and physical soil
properties. Maize yield was greatest in two-year
pigeonpea fallow treatment as compared to all other
treatments. Two-year pigeonpea fallow treatment had
also the highest leaf litter produced during fallow
period. The sole two-year pigeonpea fallow (T5) out
yielded the intercrops which included maize (T4) and
P.maximum grass (T3) in the first season. Competition
among light, soil nutrients and moisture during
establishment season could be the possible reason in
differences of leaf litter on intercrops (Yun et al.
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2012). Nitrogen input from biological nitrogen fixa-
tion (BNF) from roots and nodules could have
enhanced mineralization that might have improved
maize and stover yields (Mafongoya and Dzowela
1999; Rao et al. 1998). Maize following two-year
pigeonpea fallows produced 3.2 times higher grain
yield as compared maize without fertilizer. Egbe et al.
(2007) had reported better performance of maize
planted on previous pigeonpea plots and attributed
such increases to higher levels of N fixed in the
pigeonpea plots as compared to the natural fallow. In
another study, Njira et al. 2017 reported that sole
pigeonpea fixed 929 kg Nha™' as compared
59.9 kg N ha™') which was recorded on pigeonpea
intercropped with maize, this might be reason our
study recorded highest stover and grain maize yield as
compared to maize grown on T3 and T4 treat-
ments.The lower N on T3 and T4 plots which might
have been fixed through BNF may have contributed to
higher maize yields produced as compared to contin-
uous maize without fertilizer (T1) and maize grown on
natural fallow (T2). The differences in maize response
on contrasting fallow systems might have been also
ascribed to the differences in species diversity and
richness, aggregate stability, bulk density and infiltra-
tion rate. During decomposition process, soil macro
fauna facilitates the mineralization of organic forms of
nutrients in the pigeonpea leaf litter (Susilo et al. 2004)
which can be absorbed by the maize crop thereby
increasing yields. The availability of soil macrofauna
and decomposition of tree roots were found to leave
channels which further increases infiltration into soil
thereby increasing soil water storage (Blanchart et al.
2004). Soil water storage is essential attribute in
agricultural sustainability under climate change vari-
ability (Sileshi and Mafongoya 2006). The study
agreed with Abunyewa and Karbo (2005), found that
maize yields increased after two-years of pigeonpea
fallows as compared to continuous monocropping
without fertilizer. Nyamadzawo et al. (2012) also
found that improved fallowing increased yields as
compared to natural fallow which agreed with our
findings both pigeonpea fallows out yielded a natural
fallow. In a meta-analysis conducted by Sileshi et al.
(2008a), increase in maize yield when legume trees
such as pigeonpea when used as fallows is attributed to
N input by BNF, retrieval of nutrients from below
rooting maize crops, reduction in nutrient losses from
leaching, runoff and erosion and improved soil water

conditions. Pigeonpea fallows improved biological
and physical soil properties thereby increasing maize
yield.

Soil macrofauna is the most sensitive indicator to
improved pigeonpea fallows land use which can be
used to predict the quality of the land (Rousseau et al.
2013). Species diversity had the highest significant
positive correlation to maize grain yield, followed by
species richness and estimate abundance species was
least among soil macrofauna indices. The significant
correlations between soil macrofauna indices and
physical soil properties to maize grain yield shows
that, besides other agronomic practices and climatic
conditions, biological and physical soil properties may
indirectly play a major role in determining maize
yields. This indicates the potential of using soil
macrofauna species richness, diversity and abundance
indices and soil aggregate stability, bulk density and
infiltration rate as soil indicators of soil productivity.

Conclusion

Our findings showed that pigeonpea fallows improved
both biological and physical soil properties which
ultimately led to increase in maize yield by 3.2 times
as compared to continuous maize without fertilizer.
Biological (soil macrofauna estimate species abun-
dance, species diversity, species richness) and phys-
ical (aggregate stability, bulk density and infiltration
rate) soil attributes evaluated are sensitive enough to
be adopted as indicators of soil quality, and they are
also related to the maize yields. Hence, study will help
in providing RSA farmers and policy maker’s infor-
mation on sequential agroforestry systems (pigeonpea
improved fallows) which can be adopted as an
alternative sustainable cropping system. This sustain-
able farming system can also help in reducing the
burden of purchasing expensive synthetic fertilizers in
rural farming communities to increase crop produc-
tivity and enhance food security. Smallholders who
have limited access to fertilizers can sustainably use
improved pigeonpea fallows to achieve higher yields.
There is need to institute a policy to scale up
agroforestry to solve the challenges of degraded soils
and reduce the burden of smallholder farmers of
purchasing expensive inorganic fertilizers. This will
ultimately increase the maize yields thereby ensuring
food security in South Africa. Moreover, by
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identifying the most sensitive and responsive biolog-
ical and physical soil indicators, it will be possible to
improve decision-making processes regarding inter-
ventions of reducing soil degradation using sequential
agroforestry stems (improved fallows). According to
Ajayi et al. (2007), legume fallows such as pigeonpea
fallows have greater benefit cost ratio than chemical
fertilizers which implies that there is a higher return
per unit investment.
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