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ABSTRACT

Surface-dwelling beetles offer ecosystem services in agro-ecosystems including biological pest
control and organic matter decomposition. This study was conducted to investigate beetle
community response to six years of tillage, crop residue application, crop rotation and soil
fertility amendments (low fertiliser, high fertiliser, manure, manure + low fertiliser and manure +
60 kg N ha™") treatments. Reduced tillage increased beetle abundance by 4.6% relative to soil
inversion tillage. Crop residue application increased the abundances of Platynus assimilis,
Zophosis boei and total beetles by two to three times. Meanwhile, Renatiella reticulata increased
by 628.6% in high fertiliser compared to manure + 60 kg N ha™', manure + low fertiliser and the
control. In crop rotation + crop residue retention plots, application of sole manure at 10 t ha™'
increased the Shannon index by 360-365% relative to manure + 60 kg N ha™' and manure + low
fertiliser. Based on the findings in this study, it can be concluded that reduced tillage, retention
of crop residues on the soil surface and application of manure increase surface-dwelling beetle
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abundance and diversity.

Introduction

Farming systems that combine no-tillage, plant residue
retention on the soil surface and legume-based crop
rotation have the potential to conserve biodiversity
and therefore enhance beneficial ecosystem services
such as biological pest control and nutrient cycling. Con-
servation agriculture (CA), a technology that has been
widely promoted in the world including sub-Saharan
Africa (SSA), has minimum mechanical soil disturbance,
permanent plant residue retention and diversity
through crop rotation as its key tenets (Jat et al. 2012).
Meanwhile, conventional farming systems such as soil
inversion tillage, high mineral fertiliser application, fre-
quent weeding and plant residue removal contribute
greatly to loss in soil biodiversity and the associated ser-
vices (Liebman and Gallant 1997).

Macro-arthropods, such as surface-dwelling beetles,
are found across most farmland habitats and contribute
greatly to soil biodiversity, making them an integral part
of agricultural ecosystems (Diekotter et al. 2010; Holo-
painen and Helenius 1992). Although some of their her-
bivorous species are serious agricultural pests, the
majority offer some key beneficial services that can be
summed up into biological pest control and nutrient
cycling. Their role in regulating ecological processes in

agroecosystems, particularly in the temperate regions
such as Europe, the United States of America and Austra-
lia, has been widely documented (Stinner and House
1990; Kromp 1999; Soane et al. 2012).
Macro-arthropods function on two of the broad levels
of organisation of the soil food web (Lavelle et al. 1995).
Firstly, they act as litter transformers through humidify-
ing ingested plant debris, improving its quality as a sub-
strate for microbial decomposition and fostering the
growth and dispersal of microbial populations. Secondly,
they also serve as ecosystem engineers that physically
modify the habitat directly or indirectly, regulating the
availability of resources to other species (Jones et al.
1994; Johnson et al. 2016). In the soil, this entails altering
soil structure, organic matter decomposition and hydrol-
ogy. In stress conditions, some ecosystems engineers
such as dung beetles, Bubas bison, have been found to
enhance soil water retention and increase plant
growth by magnitudes of up to 10 and 280%, respect-
ively (Johnson et al. 2016). Beetles often feed on plants
and fungi as well as animal and plant debris which in
turn improves soil fertility (Diekotter et al. 2010). Pre-
vious research has shown that beetles help to control
weeds by foraging on weed seeds in the soil, reducing
the need for herbicides in cropping systems (Labruyere
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et al. 2016; Jowett et al. 2020). Surface-dwelling beetles
are among predators of many insects and can therefore
be beneficial biological control agents for crop pests
including dipterans, lepidopterans, aphids and tenebrio-
nids (Kergunteuil et al. 2016). The biological control of
pests using arthropods provides a potential alternative
to chemical pesticide application and also serves as a
sustainable option for long-term pest management
(Boyetchko et al. 2009).

Mechanical soil disturbance through tillage alters
micro-habitats of surface-dwelling beetles by changing
the community structure of weeds, influencing the
amount of plant litter as well as destroying the refuge
and nesting sites (Stinner and House 1990). Tillage also
affects beetle populations directly by causing mechan-
ical injury and mortality, or indirectly, by modifying
their habitat and altering prey availability(Luff 1987;
Liebman and Gallant 1997). Tillage intensity can alter
habitat structure and negatively affect activity-density,
species richness and community composition of arthro-
pods through provision of shelter and floral food
resources (Holland and Luff 2000).

The retention of plant residues on the soil surface as
practiced in CA creates a microhabitat having a balanced
supply of moisture that supports soil life, conserves soil
biodiversity and therefore enhances beneficial func-
tional services in agroecosystems (Gill et al. 2011).
Surface residues act as a food resource for some detriti-
vorous beetle species and also provide suitable refuge as
well as nesting sites for both predator and prey species.
Meanwhile, the use of crop rotation provides temporal
and spatial plant diversity, supporting a broad spectrum
of herbivorous arthropods and therefore enhancing soil
biodiversity (Steinmann and Dobers 2013).

It has been suggested that optimum soil fertility man-
agement should be practised in order to realise the full
benefits of CA (Vanlauwe et al. 2014). This can be
achieved through the addition of either organic or inor-
ganic soil fertility amendments (SFA), or both, for
improving physical and chemical properties of the soil
as well as providing nutrients for crop growth (Adediran
et al. 2005). Soil amendments may affect soil-dwelling
organisms through bottom-up effects on the soil food
web. Provision of adequate soil nutrients increases
plant biomass production, providing food resources for
herbivorous arthropods which are in turn available as
prey for predators. In most developing countries such
as those in SSA where CA has been widely promoted,
most smallholder (SH) farmers are financially con-
strained and cannot afford the cost of inorganic fertili-
sers (Druilhe and Barreiro-Hurlé 2012). For those who
own livestock, SH farmers usually apply animal manure
either alone or in combination with some inorganic

fertilisers, albeit in small quantities. The use of organic
and inorganic SFA in SH farming systems has been
shown to produce reasonable crop yields (Mugwira
et al. 2002; Sileshi et al. 2019). However, the interactive
role of CA principles and SFA in regulating surface
beetle abundance and diversity as well as cropping
system performance in SSA has received little attention.
The objective of this study was to determine the effects
of six years of repeated application of the three CA prin-
ciples and SFA on surface-dwelling beetle communities
and maize grain yield.

Materials and methods
Site description

Data for the study were collected from a six-year-old CA-
based field experiment during the 2018/2019 cropping
season at Hunyani farm owned by Chinhoyi University
of Technology (17°20'S, 30°14E), 110 km north-west of
the capital city of Zimbabwe, Harare. Hunyani farm is
located in a subtropical environment with an altitude
of 1140 m. Rainfall is unimodal, received between
October and May and ranging between 800 and
1000 mm per annum. Mean maximum temperatures
are 27 and 15°C during summer and winter, respectively.
The soils are Chromic Luvisol (WRB 2014) with a pH (1M
CaCly) of 6.0, and high silt and fine sand content making
it prone to surface capping (Kodzwa et al. 2020). The
major crops that are grown by farmers in the area are
maize (Zea mays L., soyabean (Glycine max L.) and
tobacco (Nicitiana tabacum L.) during summer and
spring wheat (Triticum aestivum L.) in winter.

Experimental design and treatments

The field experiment was established in December 2013
and all treatments were repeatedly applied on the same
plots during successive years. The experiment was
arranged as a split-split plot design. Respectively, the
main-, sub- and sub-subplot factors were: (1) tillage
system (reduced tillage: RT, and conventional tillage:
CT), (2) crop residue retention (with (R) and without
(NR, bare plots) surface residue retention), and (3) crop
rotation (with (ROT) and without (MONO) rotation). Soil
fertility amendment (SFA) treatments (high fertiliser:
HF, low fertiliser: LF, cattle manure: M, cattle manure +
low fertiliser: MLF, cattle manure + high fertiliser: MHF,
and, control with no SFA: NF) were randomly allocated
among each sub-subplot (Table 1). The factors and treat-
ments were replicated three times. Reduced tillage
involved making planting basins using hand held hoes,
each basin measuring about 15 X 15 X 15 cm, length x
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width x depth, respectively (Mazvimavi and Twomlow
2009). For CT plots, all of the aboveground plant
biomass was removed before mouldboard ploughing
and discing to simulate smallholder farming systems
where the crop residues are used as livestock feed.
Meanwhile, crop residues were completely removed
from NR but were retained in R plots under RT. To
have a fully randomised experiment, crop residues
were applied soon after ploughing on R treatments of
CT plots. A maize-soyabean cropping sequence was fol-
lowed during successive agricultural seasons in ROT
while continuous maize was grown in MONO plots. For
SFA, a compound inorganic fertiliser (7% N, 14% P and
7% K) was applied before planting to supply all the P
and K, and 30% N requirements of the crop in treatments
that required inorganic fertiliser application. This was fol-
lowed by top dressing with ammonium nitrate fertiliser
(34.5% N) when the crop reached 4-6 weeks after crop
emergence to supply the remaining 70% of the N
requirements. In plots that required organic SFA treat-
ments, well-rotted cattle manure was applied at a rate
of 10 t ha™" before planting. Further details of SFA treat-
ments are shown in Table 1. Sub-subplots were 8 X 7 m
length and width, respectively, and all measurements
were taken from the 8 central rows after discarding
two rows from either side of the sub-subplot and four
plants from either side of each row.

Agronomic practices

Maize was planted at a spacing of 90 x 50 ¢cm, inter- and
intra-row, respectively. Four seeds were planted at each
plant position and then thinned to 2 plants per position
within the first week of crop emergence to achieve a
target population of 44,444 plants ha™'. In ROT plots,
during the soyabean cropping year, the crop was
planted at a spacing of 45 cm (inter row) x 5 cm (intra-
row) to achieve 444,444 plants ha~". Since there were
no known negative effects of chemical herbicides on

Table 1. Fertiliser treatments that were used on a long-term
experiment at Hunyani farm, Chinhoyi, Zimbabwe, from 2013/
2014 to 2018/2019 cropping season.

Treatment

Description

Control
High fertiliser (HF)

No soil fertility amendment was applied

Inorganic fertiliser applied at a rate 120 kg N, 63 kg
P,0s and 31.5 kg K,0 ha™"

Inorganic fertiliser applied at a rate 60 kg N,
31.5 kg P,0s and 15.75 kg K,0 ha™"

Manure applied (M) Manure was applied at 10 tons/ha

Manure + low fertiliser Manure at 10 tons/ha + inorganic fertiliser applied
(MLF) at a1rate 60 kg N, 31.5 kg P,05 and 15.75 kg K,0

ha™

Manure applied at 10 tons/ha + inorganic fertiliser

applied at a rate 60 kg N ha™"

Low fertiliser (LF)

Manure + 60 kg N
ha™" (M-60)

surface-dwelling beetles, chemical weed control was
used. Glyphosate was used as a post-emergence herbi-
cide to kill weeds that emerged before planting. A pre-
emergence herbicide, metolachlor, was used to control
annual weeds. However, when weeds emerged during
the cropping cycle, hand hoeing was used to destroy
the weeds and keep the plots weed-free.

Data collection

Beetles were sampled using un-baited pitfall traps
placed within each sub-sub-subplot plot at three
stages of maize crop growth (tasseling: VT, silking: R1
and physiological maturity: R6). Pitfall trapping is a
method that is cheap, simple and effective and is
widely used in sampling surface dwelling arthropods
although it has some drawbacks (Greenslade 1964; da
Silva et al. 2008). The sampling was done between
January and April 2019, exactly five years after the estab-
lishment of the experiment. The 2018/2019 cropping
season signified the end of the medium-term CA-
based experiment as the site was converted back to a
conventional tillage system in the following year.
Plastic jars with a volume of 1000 cm? and a brim diam-
eter of 13 cm were used as pitfall traps. One pitfall trap
was set up at a random position within the four
central rows of each sub-subplot, and buried so that
the upper edge was level with the ground surface.
Each trap was half-filled with a mixture of 20% alcohol
and 80% water to collect and preserve fauna samples
in the field. Pitfall traps were left in place to collect
beetles for seven days, and then they were closed
using plastic sheets for 14 days to rest them before the
next seven-day sampling period. Resting and closing of
the traps at the end of the seven-day sampling period
was done to avoid continuous trapping of arthropods.
During each seven-day sampling period, pitfall catches
were collected from traps on the third and then
seventh day by passing the trap contents through a
1 mm sieve. Levels of the alcohol: water solution in the
pitfall traps were topped up to make sure that the
traps were half full throughout the sampling period.
The short time interval between emptying of pitfall
catches was meant to reduce deterioration of the
beetle specimens since the alcohol solution of 20%
used in the traps was regarded to be weak. The beetle
specimens were then stored in vials filled with 70%
ethanol and 30% water waiting for further processing.
Total beetle catches from each plot for a particular
crop growth stage were pooled together to form one
sample. Beetle species were identified using taxonomic
keys (Triplehorn 1965; Lindroth 1968).
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At the end of the season, maize grain was harvested
after physiological maturity. The maize cobs from each
plot were shelled and then grain was weighed, and a
subsample taken for moisture determination. Maize
grain yield was then expressed in kg ha™" after correct-
ing for the standard moisture content required for
stored grain of 12.5% (Tandzi and Mutengwa 2020).

Data analysis

Shannon diversity index, Pielou’s evenness index and
species richness were estimated for each plot using
Paleontological Statistical package (PAST) version 3.14
(Hammer et al. 2001). Beetle abundance data was Log
(x+2.5) transformed to achieve normality of data distri-
bution and homogeneity. The general analysis of var-
iance (ANOVA) procedure was performed using
Genstat statistical package 10th edition (VSN-Inter-
national 2011) to determine the effects of tillage
system, plant residue application, crop rotation and
SFA together with all their interactions on beetle abun-
dance, species diversity, species richness and evenness
as well as maize grain yield. For each crop growth
stage, beetle species whose total abundances across
all plots fell below 10 were not used for the ANOVA
tests. However, all species were included in the esti-
mation of diversity parameters, regardless of their abun-
dance. Where significant differences were detected,
mean separation was by +SED (Standard error of differ-
ences, P <.05).

Results

Surface-dwelling beetle community
characterisation

A total of 728 beetle individuals from 43 species were
collected throughout the sampling period. However,
only 13 species had abundances that were 10 and
above and were included in statistical tests to determine
the effects of treatments on beetle abundance. Mean-
while, all the 43 beetle species were used in determi-
nation of beetle community diversity in the studied
cropping system. Although the majority of the beetle
species were observed during the VT stage, crop
growth stage seemed to have profound effects on the
temporal distribution of surface-dwelling beetle
species. For example, Platynus assimilis and Copris
lunaris were observed during the silking (R1), Renatiella
reticulata and Graphipterus cordiger were found during
the physiological maturity (R6) while Zophosis boei
occurred during both the R1 and R6 stages (Tables 2
and 3).

Effects of CA and SFA on individual beetle
abundance

During the R1 and R6 stages of the maize crop, tillage
had a significant effect on total beetle abundance (P
=.013, F=76.94, DF = 1) and Graphipterus cordiger abun-
dance (P=.034, F=27.79, DF = 1), respectively (Table 2).
In particular, for these respective maize growth stages,
Graphipterus cordiger abundance declined by 2.5%
while total beetle abundance increased by 4.6% in RT
relative to CT. However, for all other beetle species,
there was no significant effect (P>. 05) of tillage
across the three maize growth stages.

Crop residue application showed a significant effect
on P. assimilis (P=.038, F=9.23, DF=1) and total
beetle abundance (P=.040, F=8.95, DF =1); Z boei (P
=.027, F=11.77, DF =1) as well as G. cordiger (P =.006,
F=27.79, DF =1) during the VT, R1 and R6 stages of
maize growth, respectively (Table 3). During VT, total
and P. assimilis abundances were two and three fold
higher in crop residue treated than bare plots. Similarly,
plots that had crop residues retained on the soil surface
contained 8% more Z boei individuals than bare plots
during the R1 stage. In contrast, a 2.5% decline in the
abundance of G. cordiger was observed in crop residue
treated plots during physiological maize crop maturity,
relative to those without crop residues. The main
effects of crop rotation and SFA on beetle species abun-
dance were not significant (P > .05) throughout the three
maize growth stages.

During the VT stage, there was a significant inter-
action of tillage system, crop residue application and
SFA on Dromica limpompoipana (P < .001, F=4.69, DF
=5; Table 4). For RT, SFA and crop rotation had no
effect (P> 0.05) on D. limpompoipana. However, in CT,
D. limpompoipana abundance was higher in M-60 rela-
tive to LF and M under mono-cropping. Moreover, for
this tillage system, all the manure treated plots (M, M-
60 and MLF) as well as the control under the maize-soya-
bean crop rotation had fewer D. limpompoipana than LF
plots.

Significant interactions (P=.007, F=3.46, DF =5) of
crop rotation x SFA on total abundance were observed
during the R1 stage. In the mono cropping system, HF
resulted in a decline in total beetle abundance relative
to manure treated plots (M and MLF, Table 4). On the
other hand, for ROT, HF plots contained 2-3 times
more total beetles compared to LF and M-60.
Whereas crop residue application had no effect on
P. assimilis abundance in mono cropped plots, abun-
dance of this species showed a tendency to increase
in crop residue treated plots under maize/soyabean
rotation (Table 5).
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Table 2. Mean (in parentheses) and Log(x + 2.5) transformed abundance of individual and total beetle species in response to two
tillage systems during the VT, R1 and R6 growth stages of maize at Hunyani farm, Chinhoyi, Zimbabwe, during the 2018/2019

cropping season. Data was transformed using log10(x+2.5).

VT-stage R1-stage R6-stage
P- P- P-
Beetle species cT RT SED value cT RT SED value T RT SED value
Renatiella reticulata - - - - - - - - 0.45 (0.32) 0.43(0.19) 0.012 262
Stenethmus tentyriformis  0.41 (0.07) 0.41 (0.07) 0.01 .882 - - - - - - - -
Zophosis boei - - - - 0.43 0.43 0.009 644 0.57(1.22) 056(1.13) 0.018 .784
(0.19) (0.19)
Platynus assimilis 0.48 (0.52) 0.43(0.19) 0.029 .269 0.42 0.41 0.003 212 - - - -
(0.13) (0.07)
Anchophthalmus 0.40 (0.01) 0.41 (0.07) 0.009 774 - - - - - - - -
oncotipes
Gonocephalum simplex ~ 0.41 (0.07) 0.41 (0.07) 0.008 774 - - - - - - - -
Dromica limpompoipana  0.44 (0.25) 0.41 (0.07) 0.024 339 - - - - 0.41 (0.07) 0.4 (0.01) 0.005 264
Copris lunaris - - - - 0.41 0.4 0.007 243 - - - -
(0.07)
Temnorhynchus 0.42 (0.13) 0.41 (0.07) 0.002 192 - - - - - - - -
coronatus
Onthophagus 0.42 (0.13) 0.43(0.19) 0.015 543 - - - - - - - -
nuchicornis
Cyclocephala borealis 0.42 (0.13) 0.43 (0.19) 0.006 215 - - - - - - - -
Graphipterus cordiger 0.41 (0.07) 0.41 (0.07) 0.010 .748 - - - - 0.41 t()0.07) 0.40 (0.00) 0.002 .034
a
Gromphas lemoinae 0.42 (0.13) 0.4 (0.01) 0.020 57 - - - - - - - -
Total abundance 0.60 (1.48) 0.57 (1.22) 0.070 733 0.49° 0.51° 0.003 .013 0.64 (1.87) 0.61 (1.57) 0.018 222

Note: For each species and crop growth stage, values with the same superscript letter are not significantly different at P <.05; CT = conventional tillage, RT =

reduced tillage, SED = standard error of difference.

During the R6 stage, significant interactions of
tillage system x SFA (P=.018, F=2.91, DF=5), crop
rotation X SFA (P=.020, F=2.85, DF=5) and crop
residue application X crop rotation x SFA (P=.029, F

=2.65, DF=5) on Renatiella reticulata; and tillage
system x crop residue application (P=.006, F=27.79,
DF =1) on G. cordiger were observed. With respect to
CT, except for LF, soil fertility amended plots contained

Table 3. Mean (in parentheses) and Log(x + 2.5) transformed abundance of individual and total beetle species in response to crop
residue application during VT, R1 and R6 growth stages of maize at Hunyani farm, Chinhoyi, Zimbabwe, during the 2018/2019

cropping season. Data was transformed using log10(x+2.5).

VT stage R1 Stage R6 stage
P- P- P-
Beetle species R NR SED value R NR SED  value R NR SED  value
Renatiella reticulata - - - - 0.41 0.40 0.007 477 0.45 0.42 0.01 .056
(0.07) (0.00) (0.32) (0.13)
Stenethmus 0.41 (0.07)  0.40 (0.00) 0.004 116 - - - - - - - -
tentyriformis
Zophosis boei - - - - 0.45 0.41 0.01 027 0.57 0.56 0.054 785
(0.32)° (0.07° (1.22) (1.13)
Platynus assimilis 0.49 (0.59)° 043 0.019 .038 0.42 0.40 0.009 .068 - - - -
(0.19)° (0.13) (0.00)
Anchophthalmus 0.41 (0.07)  0.40 (0.00) 0.007 .145 - - - - - - - -
oncotipes
Gonocephalum simplex  0.41 (0.07)  0.41 (0.07) 0.01 A51 - - - - - - - -
Dromica 0.44 (0.25) 0.41 (0.07) 0.021 181 - - - - - - - -
limpompoipana
Copris lunaris - - - - 0.41 0.40 0.008 .244 - - - -
(0.07) (0.00)
Temnorhynchus 0.42 (0.13) 0.41 (0.07) 0.004 334 0.41 0.40 0.004 .108 - - - -
coronatus (0.07) (0.00)
Onthophagus 0.44 (0.25) 0.41 (0.07) 0.013 12 - - - - - - - -
nuchicornis
Cyclocephala borealis 0.42 (0.13) 043 . 0.0135 456 - - - - - - - -
(0.19)
Graphipterus cordiger 0.42 (0.13) 0.40 (0.00) 0.009 138 - - - - 0.40 0.41 0.002 .006
(0.00)° (0.07)°
Gromphas lemoinae 0.40 (0.00) 0.42 (0.13) 0.015 438 - - - - - - - -
Total abundance 0.64 (1.87)° 0.53(0.87)° 0.036 .04 0.55 0.45 0.039 .072 0.63 0.61 0.039  .639
(1.05) (0.32) (1.77) (1.57)

Note: For each species and crop growth stage, values with the same superscript letter are not significantly different at P < .05; R = crop residues applied on the
soil surface, NR = plant residues removed from the soil surface.



524 N. MASHAVAKURE ET AL.

Table 4. Mean (in parentheses) and Log(x + 2.5) transformed abundance of Dromica limpompoipana, total and Renatiella reticulata in
response to tillage, crop residue application, crop rotation and soil fertility amendment at Hunyani farm, Chinhoyi, Zimbabwe, during

the 2018/2019 cropping season.

Soil fertility amendment levels

Tillage/crop residue/rotation treatment™ Control HF LF M M-60 MLF

Dromica limpompoipana (VT growth stage)

CT x MONO 0.42 (0.14)% 0.46 (0.30)%° 0.40 (0.00)? 0.40 (0.00)? 0.51 (0.77)° 0.42 (0.14)%

CT x ROT 0.42 (0.14) 0.47 (0.43)?° 0.56 (1.14) 0.45 (0.30)? 0.40 (0.00) 0.40 (0.00)
RT x MONO 0.40 (0.00) 0.40 (0.00)a 0.42 (0.14) 0.42 (0.14) 0.40 (0.00) 0.44 (0.26)°
RT x ROT 0.40 (0.00)° 0.40 (0.00)° 0.40 (0.00)° 0.42 (0.14) 0.45 (0.30) 0.40 (0.00)
SED 0.05259*

Total abundance (R1 growth stage)

MONO 0.48 (0.51)% 0.40 (0.00)° 0.49 (0.58)% 0.48 (0.44) 0.53 (0.92)™ 0.52 (0.83)™
ROT 0.53(0.92)™ 0.59 (1.40)° 0.47 (0.45) 0.53 (0.92)*° 0.49 (0.60)° 0.50 (0.65)>

SED 0.04725%*

Renatiella reticulata (R6 growth stage)

T 0.51 (0.72)° 0.40 (0.00)° 0.47 (0.47)> 0.43 (0.20)%° 0.42 (0.13)% 0.44 (0.28)

RT 0.41 (0.07) 0.48 (0.51)>° 0.44 (0.26) 0.42 (0.14) 0.41 (0.07) 0.41 (0.07)

SED 0.03058*

MONO 0.41 (0.07) 0.47 (0.43) 0.46 (0.42)* 0.44 (0.28) 0.40 (0.00) 0.44 (0.28)

ROT 0.51 (0.72)° 0.41 (0.07)° 0.45 (0.30)%° 0.41 (0.07)° 0.43 (0.20)° 0.41 (0.07)

SED 0.03405*

R x MONO 0.40 (0.00) 0.54 (0.93)° 0.46 (0.42)? 0.42 (0.14) 0.40 (0.00) 0.49 (0.58)°

R x ROT 0.55 (1.05)° 0.40 (0.00)° 0.46 (0.35)° 0.42 (0.14) 0.46 (0.42)° 0.40 (0.00)

NR x MONO 0.42 (0.14) 0.40 (0.00) 0.46 (0.42)?° 0.46 (0.42)?° 0.40 (0.00) 0.40 (0.00)

NR x ROT 0.46 (0.42)?° 0.42 (0.14) 0.44 (0.26) 0.40 (0.00)° 0.40 (0.00) 0.42 (0.14)

SED 0.04697*

Note: For each species and total beetle abundance, means followed by the same letter within and across columns are not significantly different based on +
standard error of difference (SED, P <.05); **' = significant at P < .05; “**' = significant at P <.01; CT = conventional tillage, RT = reduced tillage, R = crop resi-
dues applied on the soil surface, NR = plant residues were removed from the soil surface, MONO = mono cropping with maize, and ROT = maize/soyabean

rotation.

fewer R. reticulata than the untreated control (Table 4).
On the other hand, HF resulted in a 628.6% increase in
R. reticulata compared to M-60, MLF and the control.
While no effects of SFA were evident under mono
cropping, it was observed that except for LF, appli-
cation of SFA in a maize/soyabean cropping sequence
resulted in reduced R. reticulata abundance relative to

Table 5. Mean (in parentheses) and Log(x + 2.5) transformed
abundance of Platynus assimilis, Zophosis boei and
Graphipterus cordiger in response to tillage, crop residue
application, crop rotation and soil fertility amendment at
Hunyani farm, Chinhoyi, Zimbabwe, during the 2018/2019
cropping season.

Crop residue treatments

Tillage/crop rotation treatments R NR

Platynus assimilis (R1 stage)

MONO 0.41 (0.07)° 0.41 (0.05)
ROT 0.44 (0.24)° 0.40 (0.00)
SED 0.01099*

Zophosis boei (R6 stage) R6
MONO 0.59 (1.38)° 0.52 (0.79)
ROT 0.55 (1.06)?° 0.59 (1.41)°
SED 0.0322*

Graphipterus cordiger (R6 stage)
CcT 0.3979 (0.00) 0.4172 (0.1‘I)b
RT 0.3979 (0.00)° 0.3979 (0.00)*
SED 0.00258**

Note: For each species, means followed by the same letter within and across
columns are not significantly different based on * standard error of differ-
ence (SED, P <.05), * =significant at P < .05, **' =significant at P < .01,
CT = conventional tillage, RT =reduced tillage, R = crop residues applied,
NR = crop residues removed from the soil surface, MONO = mono crop-
ping with maize, and ROT = maize/soyabean rotation.

the untreated control (Table 4). Furthermore, SFA and
crop rotation had no effect on R. reticulata abundance
when crop residues were removed from the plot (Table
4). However, when crop residues were applied and
continuous maize was grown (MONO), HF resulted in
more R. reticulata individuals than M, M-60 and the
control. For crop residue application + maize/soyabean
rotation, all SFA treatments except M-60 and LF
resulted in reduced R. reticulata abundance compared
to the control. Graphipterus cordiger showed no
response to crop residue application in RT, but was sig-
nificantly reduced when crop residues were applied on
CT plots (Table 4). Meanwhile, Z. boei almost doubled
in crop residue treated plots under MONO but
showed no response to crop residue application in
ROT (Table 5). All other interactions were not signifi-
cant (P> .05).

Effects of CA and SFA on the diversity of surface-
dwelling beetles

Crop residue application had a significant effect on beetle
Shannon diversity (P=.044, F=8.37, DF =1), richness (P
=.014, F=17.61, DF=1) and evenness (P=.021, F=
13.66, DF =1). The Shannon and richness indices were
almost double in crop residue treated plots compared to
plots where no crop residues were applied (Shannon =
0.29 vs. 0.13, richness=1.24 vs. 0.76, Table 6).
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Table 6. Tillage, crop residue application and soil fertility
amendment effects on beetle diversity during the maize
growth cycle at Hunyani farm, Chinhoyi, Zimbabwe, during
the 2018/2019 cropping season.

Shannon
Treatment factors Index Evenness  Richness
Tillage system T 0.228 0.567 1.037
RT 0.187 0.588 0.958
SED 0.0558 0.0668 0.2118
P-value 544 784 746
Crop residue Mulch 0.286" 0.662° 1.241°
application No 0.129% 0.493% 0.755°
mulch
SED 0.0543 0.0457 0.1158
P-value .044 .021 .014
Soil fertility Control 0.166 0.583 0.958
amendments HF 0.202 0.518 0.889
LF 0.131 0.573 0.806
M 0.316 0.588 1.292
MHF 0.208 0.508 0.931
MLF 0.221 0.696 1.111
SED 0.0639 0.0761 0.1767
P-value .038 .194 103

Note: For each treatment factor, means followed by the same letter within
each column are not significantly different based on +standard error of
difference (SED, P < 0.05). CT = conventional tillage, RT = reduced tillage,
R =crop residues applied on the soil surface, NR = plant residues were
removed from the soil surface, MONO = mono cropping with maize, and
ROT = maize/soyabean rotation, HF = soil high fertiliser, LF = low fertiliser,
M = cattle manure, MLF = cattle manure +low fertiliser, M-60 = cattle
manure + 60 kg of N ha~' MHF = cattle manure + high fertiliser.

However, tillage, crop rotation and SFA had no signifi-
cant effect (P > .05) on beetle species richness, evenness
and diversity. There was a significant interaction (P
=.053, F=2.21, DF=5) of crop rotation, crop residue
application and SFA. Specifically, the application of
sole manure at 10 t ha™' resulted in a 360-365% increase
in the Shannon index relative to LF and MLF (Figure 1).

Control
OHF

LF
BM
EM-60
BMLF

Shannon index

Mono Rotation

Cro residues applied Crop residues not applied

-0.2 -
Crop residue application and rotation treatments

Figure 1. Effect of crop residue application, crop rotation and
soil fertility amendment on beetle diversity (Shannon index) in
maize at Hunyani farm, Chinhoyi, Zimbabwe, during the 2018/
2019 cropping season. Error bars are + standard error of differ-
ence (SED) for the comparison of soil fertility amendment and
crop rotation means within and across crop residue application
treatments. Mono =mono cropping with maize, Rotation=
maize/soyabean rotation, HF = soil high fertiliser, LF = low ferti-
liser, M = cattle manure, MLF = cattle manure + low fertiliser, M-
60 = cattle manure + 60 kg of N ha—1 MHF = cattle manure +
high fertiliser.

Maize grain yield and season quality

Compared to the 10-year average (670 mm), annual rain-
fall for 2018/2019 cropping season (470 mm) was 33.4%
lower, with an extended mid-season dry spell between
January and April 2019 (Figure 2). Tillage and SFA had
no significant effect (P>.05) on the maize grain yield.
However, there was a significant effect (P <.05) of crop
residue application on maize grain yield (Table 5). In par-
ticular, maize grain yield almost trebled in crop residue
treated plots (2471 kg ha™') compared to plots that
had no crop residues (902 kg ha™").

Discussion
Beetle community abundance

The results of the present study (Table 2) agree with
the findings of a recent study in Zimbabwe which
found species such as Zophosis boei to be among the
most dominant surface-dwelling beetles in maize
fields  (Mashavakure, Mashingaidze, = Musundire,
Gandiwa, et al. 2019). Most of the beetles that were
observed were beneficial, that is predators, e.g. Platy-
nus assimilis and detritivores e.g. Renatiella reticulata
and Z boei. These findings, therefore, suggest that
under the soil and environmental conditions of this
specific study, surface-dwelling beetles are among
soil biota that may be important in driving biological
processes in cropping systems. As shown in Table 2,
this study further revealed that reduced tillage (RT)
increases surface-dwelling beetle abundance compared
to conventional tillage (CT). These results corroborate
findings of several previous researchers who assert
that RT supports higher populations of soil dwelling
beetle communities (Kromp 1999; Shrestha and Paraju-
lee 2010; Soane et al. 2012; Mashavakure, Mashin-
gaidze, Musundire, Gandiwa, et al. 2019;
Mashavakure, Mashingaidze, Musundire, Nhamo, et al.
2019). Contrary to CT which causes habitat destruction
and food depletion, in RT systems, the soil habitat
structure is preserved and this provides stable breed-
ing, hiding and ambush sites for the surface-dwelling
beetle communities.

Retention of crop residues on the soil surface
increased the abundances of beetle groups such as
P. assimilis, Z. boei and total beetles (Table 3). These
results are in agreement with Dudas et al. (2016) and
Gill et al. (2011) who found larger populations of
ground beetle and other surface insect communities in
plant residues treated than untreated plots. Crop
residue mulch helps to moderate microhabitat con-
ditions such as soil moisture and temperature, making
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Figure 2. Ten-year mean (2007/2008-2017/2018) and 2018/2019 season rainfall for Hunyani farm, Chinhoyi, Zimbabwe.

them more favourable for beetle survival and reproduc-
tion. Surface residues also provide food for detrivorous
and shelter for predatory surface insects. However, the
role of crop residues in regulating beetle populations
was not quantified in the present study. Interestingly,
Graphipterus cordiger seemed to be negatively affected
by CA principles namely, namely RT and crop residue
application (R) as shown in Table 2. Shrestha and Paraju-
lee (2010) found that some surface-dwelling beetle
species are positively affected by soil inversion tillage.
A possible explanation for the positive response of
G. cordiger to soil inversion tillage could be that key

Table 7. Tillage, crop residue application and soil fertility
amendment effects on maize grain yield (kg ha™") at Hunyani
farm, Chinhoyi, Zimbabwe, during the 2018/2019 cropping
season.

Tillage system

CcT 1182
RT 2191
SED 488.5
P-value 175
Crop residue application

R 2471°
NR 902°
SED 305.7
P-value .007
Soil fertility amendments

Control 1174
HF 3428
LF 1028
M 1003
M-60 1861
MLF 1625
SED 1064.3
P-value 213

Note: For each treatment factor, means followed by the same letter within
each column are not significantly different based on +standard error of
difference (SED, P <.05). CT = conventional tillage, RT = reduced tillage,
R =crop residues applied on the soil surface, NR = plant residues were
removed from the soil surface, HF = soil high fertiliser, LF = low fertiliser,
M = cattle manure, MLF = cattle manure + low fertiliser, MHF = cattle
manure + high fertiliser.

life stages of this particular species do not coincide
with tillage operations, enabling it to evade mortality
due to direct impacts of habitat structural disturbance.

Contrary to Brust and King (1994) and in agreement
with O'rourke et al. (2008), we found no effect of crop
rotation on surface-dwelling beetle communities. This
is probably related to differences in soil and climatic con-
ditions from which the reported studies were con-
ducted. The lack of beetle community response to soil
fertility amendment (SFA) seem to agree with Mashava-
kure et al. (2018), Mashavakure, Mashingaidze, Musun-
dire, Gandiwa, et al. (2019) and Mashavakure,
Mashingaidze, Musundire, Nhamo, et al. (2019) who
recently found no effect of fertiliser treatment on agro-
biont macroinvertebrates namely nematodes, spiders
and surface-dwelling beetles. In these studies, the
authors found that some beetles including Z. boei
were associated with the cold dry season, hence in the
present study, their presence during the later part of
the cropping season probably signals the commence-
ment of population build up as the winter season
approaches.

Effects of treatment interactions on beetle
communities

There is evidence from this present study that abun-
dances of surface-dwelling beetles can be increased by
application of manure alone or in combination with an
inorganic fertiliser (sole manure: M, manure + 60 kg of
N ha™": M-60, and manure + low rate of inorganic fertili-
ser: MLF) in mono cropping systems (MONO), and inor-
ganic fertiliser (low rate of inorganic fertiliser: LF and
high rate of inorganic fertiliser: HF) in maize/soyabean
rotation systems as shown in Table 4. These results
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concur with the findings of Sadej et al. (2012) who found
higher beetle abundance and diversity after application
of organic manure. The application of organic manure
may positively influence the beetles’ capability of over-
wintering, burrowing, oviposition and also availability
of prey. This is so because soils which contain high
organic carbon which is the primary content of soil
humus are readily populated by a variety of soil organ-
isms. Animal manure may be an essential food substrate
for soil dwelling beetle communities and therefore
support higher populations of these important macroin-
vertebrates (Abdallah et al. 2016). In cereal/legume
rotation systems (ROT), biological processes such as bio-
logical nitrogen fixation are important in providing
essential soil constituents including organic carbon
and therefore, such habitats can still support sufficient
populations of beetles without any need for manure
application. Meanwhile, we observed that some ben-
eficial beetle species like P. assimilis in ROT when crop
residues were retained on the soil surface. Again crop
residues provide essential substrate for refuge as well
as food for prey populations.

It is noteworthy that a detritivorous beetle species,
R. reticulata, exhibited the most prominent response to
treatment interactions (Table 4). Evidence from the
present study suggests that in farming systems where
either RT or MONO + crop residue retention is practised,
application of sole inorganic fertiliser at a high rate (HF)
is important in increasing the populations of R. reticulata.
It can be argued that RT and crop residue application
create conditions for high biological activities that
provide adequate amounts of soil carbon and such
systems will not require amendment with organic fertili-
ser such as manure. Meanwhile ROT + crop residue
retention have the twin benefits of increased soil
carbon and nitrogen due to BNF. This system will there-
fore not benefit from either manure application or high
nitrogen application. For detritivorous species such as
Z. boei, the results suggest that farmers who practice
mono-cropping can increase beetle population and
activity by application of crop residues on the soil
surface (Table 5). As argued earlier on, higher abundance
of beetles in crop residue treated plots may be indirectly
related to high moisture and improved soil physical
properties caused by the addition of organic material
thus encouraging survival and population build up of
surface dwelling macro-invertebrates.

Surface-dwelling beetle diversity

Crop residue application on the soil surface was most
important in influencing surface dwelling beetle diver-
sity, with higher diversity estimates in crop residue

treated than bare plots (Table 6). These results were in
agreement with Dudas et al. (2016) who found that
the application of organic mulch significantly increased
the diversity of carabid beetles. Of the three CA prin-
ciples, R+ ROT resulted in the highest surface-dwelling
beetle diversity when 10 t ha™' of manure were
applied (Figure 1). It can be argued that this combination
provided favourable soil conditions such as soil moist-
ure, soil carbon and stable sites to support diverse
species of beetles.

Our present study has potential limitations. Firstly,
the study was conducted during a drier year, that is
total rainfall received during the cropping season was
66.6% of the 10-year average precipitation for the
same site. Drier conditions are known to be associated
with reduced biological activity including macro-arthro-
pod activity. This could be the reason for fewer beetle
catches during the four-month sampling period.
However, it is noteworthy that treatment effects on
surface-dwelling beetles were in agreement with pre-
vious findings by researchers in other geographical
regions. This suggests that the findings of this present
study can be a reliable basis for drawing meaningful
conclusions and recommendations for management
despite these limitations.

Maize grain yield

As illustrated in Table 7, tillage, crop rotation and SFA
showed no effect on maize grain yield. However, appli-
cation of crop residues on the soil surface increased
maize grain yield. This was most likely because in a dry
year like the 2018/2019 season, surface residue appli-
cation is more important in regulating crop yield than
mechanical soil disturbances (Kodzwa et al. 2020;
Mashavakure, Mashingaidze, Musundire, Gandiwa,
et al. 2019).

The present study revealed that (1) reduced tillage
and crop residue application had positive effects on
surface-dwelling beetle abundance. Crop rotation and
soil fertility amendment (SFA), particularly when
applied alone, had no effect on surface-dwelling beetle
abundance. (2) Organic SFA in systems in which mono
cropping as well as crop residue removal were practised,
and inorganic SFA in maize/soyabean rotation as well as
crop residue treated systems were found to increase
surface-dwelling beetle abundance. Finally, (3) when
some two conservation agriculture (CA) principles,
crop residue application and crop rotation, were used,
applications of well-rotted cattle manure profoundly
increased surface-dwelling beetle diversity. We, there-
fore, recommend that farmers who practise CA should
use organic SFA in order to enhance surface-dwelling
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beetle diversity and realise some potential benefits such
as biological pest control and nutrient cycling. Further
studies should be focused on understanding the
specific ecological roles of the beetle species that were
observed in this study.
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