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ABSTRACT

Mopane worms are the late-instar stage caterpillars of the mopane moth, Imbrasia belina/
Gonimbrasia belina, found in southern Africa virtually following their hosts' trees,
Colophospermum mopane, Terminalia seriscea, and Sclerocarya birrea, among others. The
caterpillars are harvested for consumption and sale, thus crucial for rural livelihoods. Due to their
importance to the livelihood of people and the rise in the human population, coupled with poverty,
there is growing concern about harvest rates which might pose a risk to their sustainability. It is
thus essential that research focused on aspects related to sustainable harvest rates is done alongside
research focusing on the general species ecology. This study has two parts; firstly, the study aimed
to do a systematic review to determine the current state of knowledge and research on mopane
caterpillars in southern Africa. Secondly, the study aimed to assess the contribution of mopane
caterpillars’ frass to nutrient cycling by determining the nitrogen mineralization rates of frass
compared to that of mopane leaves. We used search engines such as African Journals Online
(AJOL), Google Scholar, and Web of Knowledge. The online databases were searched using the
following keywords, 'mopane worms', 'mopane caterpillar', 'Imbrasia belina’, 'Imbrasia belina
caterpillars', and 'Gonimbrasia belina'. All the publications were compiled and evaluated based on
title, keywords, and abstract to select only studies focusing directly on mopane caterpillars. Only
peer-reviewed publications were included and did not include grey literature, such as reports,
presentations, dissertations, or book chapters. A total of 104 publications were found that fit the
assessment criteria. The temporal distribution showed that studies on mopane caterpillars began in
the 1960s, and there was a steady increase from 1991 onwards. The spatial distribution of
publications closely followed the mopane caterpillars distribution in southern Africa. Two main
themes emerged from the papers: resource use and ecology. Most papers (79 papers; 76%) focused
on resource use, while only 25 papers (24%) focused on the species' ecology. Furthermore,
spatially there was a lack of studies in many countries where mopane caterpillars occur,
highlighting the spatial bias in studies. The review highlighted that research on mopane caterpillars
is biased to resource use, with little attention toward the ecological role the species play in the

ecosystem.

We conducted an incubation experiment to measure mineralization rates between mopane
caterpillars’ frass and mopane leaves. The results showed that frass had high mineralizable N due

to the high NH4* and NOs™~ concentration compared to the whole and fine (ground) leaves. Overall,

v
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frass released more inorganic N than leaves; thus, it seems that mopane caterpillars’ frass has high
mineralization potential and is essential in aiding nutrient cycling in the ecosystem. From this, we
recommend more field and lab studies to establish the mineralization potential of mopane
caterpillar frass and the rate at which the frass release nutrients. We also recommend more studies
that will focus on consumption of leaves and the release of frass by mopane caterpillars to
determine the biomass consumed and consequently returned to the ecosystem by mopane

caterpillars.

Keyword: mopane caterpillar, mopane leaves, frass, mineralization, NH4*, NO3~
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CHAPTER 1: INTRODUCTION

1.1. Background

Insects have long been a part of the diet for the people in Sub-Saharan Africa (Van Huis, 2003);
this is because they are high in protein (Siulapwa et al., 2014; Chagwena et al., 2019) and are
accessible to the rural communities. Insects are collected to use for food and are also sold to
generate household income (Dube et al., 2013). In southern Africa, mopane caterpillars (Imbrasia
belina) are an example of insects that form part of both the household diet and income (Baiyegunhi
& Oppong, 2016). In addition to food and financial supplementation to local communities, mopane
caterpillars are also culturally important to communities. According to Mbata and Chidumayo
(2003) caterpillars have social significance deeply embedded in different cultures and traditional
beliefs of different ethnic groups harvesting the caterpillars in Africa.

The importance of mopane caterpillars as it relates to human resources has been studied
intensively; however, their influence on the natural ecosystem has seldom been studied (De Swardt
et al., 2018). However, all aspects of mopane caterpillars must be studied as there is emerging
evidence that current harvest rates might be unsustainable (Makhado et al., 2012). For example, in
many harvesting areas, it appears that current harvests yields are declining (Togarepi et al., 2020),
exacerbated by habitat destruction of mopane woodland (Makhado et al., 2012). Therefore, it is
essential to study and quantify their contribution to the natural ecosystem before they face an even

greater danger of extinction and thus conserve them.

1.2. Problem statement

In many landscapes, invertebrates are the major defoliators of leaves, releasing large amounts of
frass to the ground, enhancing the nutrients pool in the environments and thus accelerating nutrient
cycling (Reynolds & Hunter, 2004; Jankielsohn, 2018). The frass is often fast decomposing, thus
contributing to nutrients input into the soil (Reynolds & Hunter, 2004). For example, Periclista
sp. (sawflies) in Canada increased NOs™-N levels in soils and streams after only one short seasonal
defoliation (Reynolds et al. 2000).
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In southern Africa, mopane caterpillars are not just an essential defoliator of mopane woodland;
they are also an important food source for communities and wildlife. However, like all other
species, mopane caterpillars face challenges due to climate change, habitat destruction, and
overuse of as a food source, consequently influencing mopane caterpillars population. However,
the contribution of mopane caterpillars to nutrient cycling is not well understood. As such, the loss
of mopane caterpillars could negatively affect the ecosystem. Therefore, it is important to review
the current literature on mopane caterpillars to establish research themes to enable future research
trajectories. Secondly, it is essential to lay the groundwork on the importance of mopane

caterpillars for ecosystems.

1.3. Aims
e To determine the current state of knowledge and research on mopane caterpillars in
southern Africa.
e To determine the contribution of mopane caterpillars to nutrients cycling in semi-arid

regions of southern Africa.

1.4. Objectives
e Determine the current state of knowledge and research done on mopane caterpillars in
southern Africa, by collating all relevant published research.
e Compare the nutrient content of mopane leaves with that of frass of mopane caterpillars.
e Compare the NHs" and NOs~ mineralization rates between caterpillar frass and mopane
leaves to indicate the rate of nutrient return between mopane leaves with and without

mopane caterpillars (which convert leaves into frass).

1.5. Significance of study

The mopane caterpillar is an iconic species in southern Africa known to many people who consume
it. However, with the increase in the human population, resulting in more pressure on natural
ecosystems and species, there is concern about the long-term conservation of the mopane

caterpillars. In terms of the study’s specific aims, the significance is as follows:

© University of Venda
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Aim 1: The review is important because it will reveal gaps in knowledge in mopane caterpillar
studies, thus revealing areas that need research. It will show which aspects of mopane caterpillars
have not been studied and which have been understudied because it looked at the temporal trend
of studies and the scope covered in the studies. Previous reviews have highlighted that the impact
of invertebrates, particularly insects, on the African savanna has not been adequately addressed
(De Swardt et al., 2018). Thus, this study will reveal whether it is also the same for mopane

caterpillars.

Aim 2: Studies have shown that as herbivorous insects feed on leaves, they convert the leaves into
easily mineralizable frass, increasing nutrient availability and facilitating nutrient cycling at the
landscape level (Reynolds & Hunter, 2004). This study aims to assess the mineralization rates of
mopane frass in a semi-arid region of Limpopo and thereby lay a foundation for further ecological

studies investigating the broader ecological role of mopane caterpillars (De Swardt et al., 2018).

1.6. Thesis layout

This thesis is divided into two parts; the first chapter is a systematic literature review (Chapter 2),
where we reviewed all papers published on mopane caterpillars. The second part is the incubation
trial (Chapter 3), where we explore the ecosystem service of mopane caterpillars in terms of
nutrient cycling in semi-arid regions of Limpopo province. Each data chapter is prepared as a

standalone paper that will be submitted for publication (or is currently under review).
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2.1. Background

Mopane worms are late-instar stage caterpillars of the mopane moth, Imbrasia belina/
Gonimbrasia belina, belonging to order Lepidoptera and family Saturniidae (Ditlhogo et al.,
1996; Gondo et al., 2010). They are distributed across southern Angola, northern Namibia,
northern Botswana into Zimbabwe, central and northern Mozambique, southern Zambia,
Malawi, and northern South Africa (Makhado et al., 2012), which closely follow their major
host tree, Colophospermum mopane (mopane tree) (Stack et al., 2003) (Fig. 2.1). Even though
there seems to be host specificity towards C. mopane, mopane caterpillars have also been
recorded to feed on Terminalia seriscea and Sclerocarya birrea (Ditlhogo et al., 1996).
However, where both C. mopane and T. seriscea occurred, mopane moths preferred to lay eggs
on C. mopane (Ditlhogo et al., 1996). Under laboratory conditions, it took I. belina 56 to 62
days to develop from egg, larvae (5 instars) to pupation while feeding on C. mopane leaves,
while it took 72 days on S. birrea leaves (Teferra et al., 2000). Population breakouts have been
reported in Brachystegia spiciformis and Julbernadia paniculata; however, they occur in
highest numbers on B. spiciformis below 3 m in height, while on J. paniculata it is more

abundant from 3 m above to 10 m in height (Potgieter et al., 2012).

e G. belin
Distribution: a
| Colophospermum mopane ‘
Colophospermum
mopane | Brachystegia / Julbernardia |
|
I Sclerocarya birrea I
Gonimbrasia belina —
\/_’wa Schotia brachypetala /
L Acacia karroo

Figure 2. 1. Distribution of mopane caterpillars (source: Gardiner et al., 2012)
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2.1.1. Life cycle of a mopane caterpillar

Mopane caterpillars are bivoltine, emerging twice a year, from December to January and April
to May (Kozanayi & Frost, 2002; Makhado et al., 2014). During the October-November period,
the adult moth of I. belina emerges for a few days to mate, lay eggs, and die without feeding
(Gondo et al., 2010). The female oviposit eggs in clusters of 50-200 on twigs/leaves of mopane
trees (Gondo et al., 2010; Makhado et al., 2014). After 10 days of oviposition, the eggs hatch,
releasing tiny black larvae/caterpillars, which metamorphoses through five instars (I1-V) of
development for 4-6 weeks (Gondo et al., 2010; Makhado et al., 2014) (Fig 2.2). Early-stage
(instar stages I-111) caterpillars live in cluster groups of 20-200; however, during instar stage
IV, the caterpillars disband and disperse. When the caterpillars reach instar stages IV and V,
they are harvested (Gondo et al., 2010; Makhado et al., 2014). At the end of instar stage V, the
caterpillars crawl down to the base of their host tree and burrow into the ground and pupate to
emerge as a moth to lay eggs for the February-March generation. When the second generation’s
caterpillar burrows at the end of the outbreak, it enters a state of diapause for 6 -7 months until
emerging at the start of the next rainy season in October (Gondo et al., 2010; De Swardt et al.,
2018) (Fig. 2.2).

Male Female

Adult moth

Burrowing

Figure 2. 2. Life cycle of a mopane caterpillar (Image source: Gardiner et al., 2012)
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2.1.2. Importance as a resource for human consumption.
Mopane woodlands are found in areas of low natural resource potential, with similar low
cultivation potential (Stack et al., 2003). As such, local communities in these areas often
depend on subsistence farming for their livelihood (Baiyegunhi et al., 2016). In such areas,
mopane caterpillars are valued as an important source of nutrition to supplement food produced

from subsistence farming (Stack et al., 2003).

Mopane caterpillars are an excellent protein source, with their protein value exceeding other
usual protein sources such as beef and chicken by up to three times unit weight (Potgieter et
al., 2012). They are also rich in unsaturated fatty acids, phosphorus, iron, and calcium, which
are essential for human nutrition (Potgieter et al., 2012). Mopane caterpillars are also food
sources to animals, with some exported from Botswana to South Africa for animal feed
(Madibela et al., 2007). Several studies have also looked at the potential of mopane caterpillars
as food sources for fish (Mwimanzi & Musuka, 2014; Rapatsa & Moyo, 2017; Rapatsa &
Moyo, 2019; Moyo et al., 2019) and birds (Chiripasi et al., 2013; Marareni & Mnisi, 2020;
Mogwase et al., 2018; Nobo et al., 2012(a); Nobo et al., 2012(b); Moyo et al., 2019).

Apart from being a source of nutrition, they also provide financial support as they create
employment opportunities during their seasonal availability (Makhado et al., 2014), through
harvest period (short-term employment on harvesting days), and through selling (medium-term
employment throughout the selling months). Trading of mopane caterpillars provides income
for the poor rural women and children (lligner & Nel, 2000), financing things like school fees
(Stack et al., 2003). Kozanayi et al. (2002) found that prices of mopane caterpillars fluctuate
amongst localities and selling points. During periods when mopane caterpillars are available,
their trade resulted in an average monthly income of R1,775 (US$161) in rural areas, which

constitutes about 30% of a household’s total monthly income (Baiyegunhi et al., 2016).

2.1.3. Mopane caterpillar herbivory as an important ecological function in mopane woodlands
In mopane woodlands, the primary nutrient cycling process seems to be modulated by mammal
herbivory (De Swardt et al., 2018). Grazing mammals increase foliar N in the mopane
woodland ecosystem by excreting N in forms that plants can easily take up (De Swardt et al.,
2018). However, leaf fall and decomposition also play an essential role in mopane woodland
nutrient cycling. For example, although C. mopane is leguminous (Makhado et al., 2014), it

does not “nodulate” (Swardt et al., 2018), and as such, one of the main mopane trees’ main
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nutrient cycles pathways is through leaf flush, leaf fall, and decomposition. However, plant
litter/litterfall is not readily available as nutrients for plant uptake since decomposition and
subsequent release of plant-available nutrients are lengthy processes (Belovsky & Slade, 2000;
Reynolds & Hunter, 2004). As such, processes that can facilitate the breakdown of mopane
leaves to readily available plant nutrients would be an essential process in mopane woodland

nutrient cycling.

Arthropod herbivory can be an important ecosystem process in woodland and forests. For
example, Reynolds et al. (2000) studied sawflies in Canada and found that “a short-term, one
season defoliation” resulted in an increase in NOsz - N levels in soil and stream draining the
watershed at the centre of the outbreak due to frass and cadaver production, by 60 ug/l as
opposed to 35 ug/l in control. Similarly, Belovsky and Slade (2000) found that increased
grasshopper (Melanoplus sanguinipes) density increased frass production, which led to
increase in N and NHs+. Frost and Hunter (2004) found that frass from the eastern tent
caterpillar, Malacosoma americanum increased total soil N, however frass deposition did not
increase NO3z-N concentration as reported in (Reynolds et al., 2000). These opposing results
thus make the quantifying role of herbivore insects on nutrient cycling difficult.

When mopane caterpillars feed on leaves of mopane tree, they release frass into the ecosystem,
and such a process can be a key component in mopane woodland nutrient cycling. This is
because, in mopane woodlands, mopane caterpillars are one of the key leaf defoliators of
mopane trees (Ditlhogo, 1996; De Swardt et al., 2018). Mopane caterpillar herbivory releases
a large amount of “fast-decomposing frass” (Reynolds & Hunter, 2004) into the soil, which
aids with plant nutrient uptake and nutrient cycling (De Swardt et al., 2018). According to
Styles (1994), during the fifth instar stages, a larva can consume >40g of dry leaf material. The
fourth/fifth instars release an average of 1.42g of frass per day (De Swardt et al., 2018). Mopane
caterpillars’ frass were also found to influence the cycling of potassium (K), nitrogen (N), and
phosphorus (P), returning more K and P into the soil (De Swardt et al. 2018). Thus, highlighting
their potential in nutrient cycling, nonetheless, the role of arthropods herbivores in
biogeochemical cycles in the African Savannas is not well documented (De Swardt et a., 2018),

and the role of mopane caterpillars is no exception.
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2.2. Objective and importance of the review

The mopane caterpillar is an iconic species in southern Africa, that is known to many people
that consume them. The species plays an important role in human nutrition, food security and
income generation. Sustainable harvest of the species will require thorough understanding of
their life cycles as well as their ecological role in the mopane woodlands. It is, therefore,
important to assess the current and historical research to enable researchers to evaluate harvest
rates as well as develop new research ideas. Therefore, the aim of this review is to establish the
current state of knowledge regarding mopane caterpillar research, its temporal and spatial

trends and identify future opportunities or research needs.

11
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2.3. Materials and Methods

2.3.1. Selection of studies

To assess the spatial, temporal, and thematic research on mopane caterpillars, we conducted a
systematic literature review covering 1961 to 2020. In terms of reproducible research, we
developed a prior defined set of criteria to allow for replication of the review process (Fig. 2.3),
which followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA statement and Checklist) guidelines when including or excluding publications
during screening stages (Fig. 2.3). We used several search engines to find research papers,
including African Journals Online (AJOL), Google Scholar, and Web of Knowledge. The
online databases were searched using the following keywords, ‘mopane worms’, ‘mopane
caterpillar’, ‘Imbrasia belina’, ‘Imbrasia belina caterpillars’ and Gonimbrasia belina’. All the
publications were compiled and evaluated based on title, keywords, and abstract to select only
studies focusing directly on mopane caterpillars. Only peer-reviewed publications were used.
Grey literature was not included, such as reports, presentations, dissertations, or book chapters.
For the Google Scholar search, which resulted in over 1000 papers, we stopped evaluating
papers when there were no usable records in a sequence of more than 20 records. The records
returned at this point consisted of grey literature, presentations, abstracts, or the same
publications that were already captured. After removing the duplicates, 104 papers were
retained (Fig. 2.3).

12
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Figure 2. 3. PRISMA guideline (Source: Page et al., 2021)

To adequately evaluate the types of studies and identify the knowledge generated and the gaps
in mopane caterpillars' research, we categorized the papers into two broad themes, namely
‘Ecology’ and ‘resource use’. Ecology studies focused directly on mopane caterpillars
themselves, including papers on genetics, reproduction, interaction with other species, impact
on mopane trees, and nutrient cycling. Resource use studies focused on the use of mopane
caterpillars in human and animal nutrition, impact on the local economy, post-harvest processes

or policies, and sustainable use.
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From the selected publications, the following information was extracted: title, authors,
publication date, study type (such as review publication or experimental trial), broad topic,

study area (location of the study area), and main result.

Table 2. 1. Themes and subthemes used in categorizing publications

Theme Ecology Resource use
subthemes Autecology Human nutrition
Synecology Animal nutrition
Social impact
Economics
Sustainable use

2.3.2. Data analysis

The Chi-Square test (Franke et al., 2012) was used to investigate the effect of country on
research theme, research theme per country as well as the number of studies per country. The
Mann-Kendall test was used to test for a significant temporal trend in research publications
(Pettitt, 1979). Analysis was done in R (R Development Core Team, 2012) with the ‘Kendall’
package for trend analysis (McLeod, 2011).

14
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2.4. Results

2.4.1. Temporal

A total of 104 papers fit the selection criteria (Fig. 2.4). There was a significant positive
publication trend (Mann-Kendall test: tau = 0.601, p < 0.0001; Fig 2.4) with an average of 1.99
publications per year. However, the study themes affected the positive trend (Fig. 2.5a&Db).
Papers focusing on mopane caterpillar ecology showed a slight significant trend (Mann-
Kendall test: tau = 0.229, p= 0.028; Fig. 2.5a) over the review period with an average of 0.41
papers per year. In contrast, papers focusing on resource use had a significant positive trend
(Mann-Kendall test: tau = 0.692, p < 0.0001; Fig. 2.5b) with an average of 1.33 papers per year
(Fig. 2.5b). The publication rate focusing on resource use were 3.02 times higher than paper

focusing on ecology (Fig. 2.5a&b).
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Figure 2. 4. Number of research papers on mopane caterpillars published per year
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2.4.2. Spatial representation of studies

There were 104 papers from which 176 location points were extracted, from 6 different
countries (Fig 2.6). Many of these points were in the same location. While the study locations
closely followed the distribution of mopane caterpillars, there was a disparity in the number of
studies per country (X% = 60.186, p < 0.0001; Fig 2.6). The highest number of studies was
done in South Africa (30%) followed by Botswana (27%), Zimbabwe (22%), Namibia (9%),
Zambia (4%), Malawi (1%) and Nigeria (1%) as well as a combination of the above countries,

that were labeled southern Africa (6%) (Fig. 2.6). Even though there are mopane caterpillars
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and mopane trees in southern Angola and central and northern Mozambique (Makhado et al.,

2012), no studies were found in these countries.
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Figure 2. 6. Spatial distribution of mopane caterpillar studies in southern Africa

2.4.3. Study themes

There was a significant difference (X% = 28.038, p < 0.001) in the number of publications
among the broad themes, with most papers (76 %) focusing on resource use (Fig. 2.7).
Similarly, in terms of resource use, there was a significant difference in the sub themes (X% =
52.625, p < 0.001), where most papers focused on studies related to the nutritional value of
mopane caterpillars to humans (Fig. 2.7). Papers focusing on the sustainable use of mopane
caterpillars were limited to 6 % of total research effort (Fig. 2.7). Papers on mopane

caterpillars’ ecology are almost equally divided between synecology and autecology (Fig. 2.7).
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The discrepancy between papers focusing on resource use and ecology was also evident in the
different countries, even though non-significant (X?7 = 10.112, p = 0.18) the pattern suggests
that countries focus more on resource use than ecology of mopane caterpillars (Fig. 2.8). Two
countries, South Africa (30 % of papers) and Botswana (27 %) had the highest number of

papers related to mopane caterpillar ecology.
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Figure 2. 8. Number of studies per theme per country
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2.5. Discussion

2.5.1. Spatial and temporal distribution of papers

As expected, mopane caterpillar studies overlap with mopane tree distribution in southern
Africa. However, a spatial discrepancy still emerged. Recourse use studies are more often in
private land where other forms of resource extraction like wood harvesting also occurs. In
contrast, ecological studies were mostly done in reserves, particularly in South Africa. Such a
spatial bias in studies could hamper the ability to inform policies around sustainable use and
the ecological role of mopane caterpillars. For example, density of mopane caterpillars in
private land can be affected by factors not necessary present in protected areas, which can
include wood harvesting, variation in livestock grazing/browsing densities and land clearing
activities. By extrapolating caterpillar densities from protected areas, we can over estimate

abundance in private areas and lead to overharvesting.

Since 1991 studies focusing on mopane caterpillars gradually increased, while prior to this,
very few studies were found, these earlier studies primarily investigated ecological aspects of
mopane caterpillars, such as the distribution and seasonal occurrence of caterpillars in the
Transvaal (Van den Berg et al., 1973) or chemical composition of the mopane caterpillar’s gut
(Cmelik, 1970; Glew et al., 1999). The increase in caterpillar-related studies might be a
response to the increase in pressure on natural resources in dry and semi-arid regions. Amongst
other factors, increased population growth and poverty in these areas result in increased
pressure on natural resources, such as wood and wildlife (Makhado et al., 2012). As pressure
on natural resources increases, some of these might become locally extinct, increasing food
insecurity for local communities that depend thereon (Kamwi et al., 2020). The increased
pressure on food sources can highlight the importance of food security and local economics
and the ecological impact of extinction on the environment. In response, a possible increase in
research interest resulted in increased publications on this topic (Makhado et al., 2012, Kamwi
et al., 2020).

2.5.2. Types of studies
The high number of studies on resource use could probably be because mopane caterpillars are
valued more for being a source of food and income (Baiyegunhi et al., 2016). The ecological

importance of insects is often overlooked as they are mostly focused on as pests (Jankielsohn,
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2018). The importance of invertebrates has often been overlooked in research and society.
Therefore, they are also overlooked in terms of conservation (Reid, 1999), with conservation

energy mainly focusing on big animals like the Big Five (Potgieter et al., 2012).

(i)Ecology

Synecology

Studies focusing on habitat distribution and life cycles of mopane caterpillars found that
mopane moths start emerging from October until the beginning of April. Up to three
generations could occur, from the end of October to the end of November, between mid-
January to the beginning of March, and from the end of April to the end of May (Van den Berg
et al., 1973). Mopane caterpillars are common in semi-arid regions of southern Africa and
overlap well with the mopane veld (Douglas, 1991). However, mopane caterpillars are not
entirely restricted to mopane veld only, as they can also feed on several other trees, such as the
Salix bebbiana (willow), Searsia lancea (karee), Protorhus longifolia (red beech), Sclerocarya
birrea (marula), Terminalia sericea and Ficus craterostoma (wild fig) (Douglas, 1991).
However, larvae could not ingest and assimilate T. sericea leaves and showed slower growth
rates when feeding on S. birrea, while C. mopane provided better nutrition than S. birrea
(Teferra et al. 2000). This might explain why mopane moths prefer to lay their eggs on C.
mopane. However, this could be co-evolution rather than preference, i.e., the presence of more
mopane trees resulted in caterpillars co-evolving and becoming more adapted to mopane

leaves.

Wiggins (1997a) found that eggs are more likely to be deposited in areas of clusters on
conspecific trees, while small trees or solitary trees rarely receive clutches. The choice of host
trees is further based on the measure of resource abundance, namely tree size, as expected for
an outbreak species, since resources availability rather than nutritional quality is likely to be
determinant of larval survival (Hrabar et al., 2009b; Ditlhogo et al., 1996; Hrabar & Du Toit
2014). Survival, impact on habitat, wellbeing and health of mopane caterpillars have been

studied on different levels. The following aspects has been investigated:

e Impact on habitat:
The tree-grass relationship in the African savanna affects mopane trees' survival, and
subsequently, mopane caterpillars. Apart from fire, invertebrate herbivores can also affect the

tree-grass dynamic (Duffy et al., 2018). Complete defoliation of trees resulted in altered
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competitive relations between trees and grasses. Models run by Duffy et al. (2018) showed that
the tree-grass relationship could change under high caterpillar abundance (complete
defoliation). High worm abundance resulted in a two-fold increase in grass biomass density,

whereas low caterpillar abundance resulted in 80% tree biomass density (Duffy et al., 2018).

Defoliation activity of mopane caterpillars not only removes leaves but also impacts the
regrowth of host trees. When defoliation (from mopane caterpillar) was compared to natural
pruning (e.g., elephants), the natural pruning resulted in longer shoots and leaves, while
defoliation produced shorter shoots and leaves (Hrabar et al., 2009a). Despite the difference
between pruning and defoliation, mopane trees showed no visible trade-off in investment, as
mopane trees are adapted to both (Hrabar et al., 2009a). Heavy pruning resulted in egg masses
almost halved in the next season, resulting from lower leaf biomass (Hrabar & Du Toit., 2014).
The caterpillars' defoliation pressure affects trees' fecundity (Ditlhogo et al., 1996). Only 14%
of defoliated trees produced seeds whereas 84% of the undefoliated trees produced seeds
(Ditlhogo et al., 1996).

Burning influences the preference of certain forage-tree species. Early burning enhanced the
preference of mopane caterpillars for Brachystegia spiciformis, Terminalia sericea and D.
condylocarpon whilst late burning changed the preference to Brachystegia manga (DeWild).
(Mughogho & Munthali, 1993). While mopane trees have been associated with the presence of
mopane caterpillars, not all mopane veld were found to have mopane caterpillars. Local
absence was investigated by Styles and Skinner (1996). Extensive utilization of mopane veld
by mammalian herbivores had a negative impact on the caterpillars' presence and the
preponderance of ants, which could act as an effective anti-herbivory mechanism (Styles &
Skinner, 1996).

The only paper studying the mapping of caterpillar defoliation using remote sensing (Adelabu
et al., 2012) showed that detecting defoliation by remote sensing is not always effective due to
understory of grasses and herbs that may be present, because the reflectance of heavily
defoliated mopane tree may be mistaken to that of grasses and herbs, and in addition, field
monitoring to map is often intensive (Adelabu et al., 2012)

Mopane caterpillars' defoliation and frass release may affect nutrient cycling, especially
potassium (K) and to some extent, phosphorus (P), in their environment. Leave litter together
with frass resulted in higher K and P values in the soil under mopane caterpillars' infected areas
(De Swardt et al., 2018).
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e Tree properties
Research from the reviewed papers indicated that several relationships between mopane
caterpillars' occurrence and mopane trees were investigated. Leaf nutrition (Nunu et al., 2019)
or tannin levels (Mufandaedza et al., 2018) did not influence caterpillars' distribution.
Similarly, Hrabar et al. (2009b) found no relationship between oviposition by females and leaf
nutritional value. It therefore seems that leaf chemistry do not influence egg mass density,

suggesting that mopane moths choose resource quantity, rather than quality.

Wiggins (1997b) looked at fluctuating asymmetry in leaf length and mean leaf size and found
no difference in terms of the presence of eggs. However, Hrabar et al. (2009b) found that leaf
size seems to influence the presence of eggs; at least in Venetia Nature Reserve, because the
trees that mopane moths utilized had greater leaf size. A study of moths' preference in laying
eggs on mopane trees in the Venetia Nature Reserve (Hrabar et al., 2009b) showed that utilized
trees were significantly taller, had significantly greater shoot weight, and had a larger shoot
biomass, than proximate non-utilized trees. Egg mass abundance showed an increase with an
increase in tree height. Host selection regarding canopy volume showed that larger canopy
trees were preferred instead of trees of smaller canopy (Hrabar et al., 2009b). Thus, tree size
seems to be the primary factor influencing oviposition at the individual tree level. However,
the degree to which ovipositing females select host trees concerning resource

availability/individual level is unclear and still needs further research (Hrabar et al., 2009b).

The age of larvae influences forage patterns, as older larvae have a higher assimilation
efficiency than younger larvae (Teferra, 2003). Leaves of both C. mopane and S. birrea
contains indigestible cellulose thus limiting assimilation and making it difficult for the larvae
to utilize the plant material because the larvae do not have the cellulase for cell wall break
down (Teferra, 2003).

e Climate
The climate was found to influence the caterpillars’ presence and functioning. Frears et al.
(1997) tested whether 1. belina has physiological mechanisms of thermoregulation and found
that they have no behavioral mechanisms to elevate temperature but hang upside down to
reduce high temperatures. While a study (Frears et al.,1999) on the influence of temperature
on the foraging activity of caterpillars reported that temperature is not the only factor

influencing foraging, but factors such as predation also have an influence.
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Heavy rains during harvesting periods can interfere with the harvesting and drying process,
reducing the number of caterpillars harvested and causing caterpillar spoiling due to cloudy

periods (Mataboge et al., 2016).

e Predation
Gaston et al. (1997) expressed patterns of predation faced by the caterpillars in the
environment. There is a strong positive correlation between the body mass of the predator birds
species and the body mass of the successive instars they are feeding on (Gaston et al., 1997).
As successive instars develop, different bird species with a broader range of body sizes feed on
them (Gaston et al., 1997); thus, caterpillars rarely outgrow predation because as they advance

in size, they also get preyed on by different birds species of bigger sizes.

e Soil properties
Styles and Skinner (1996) suggested that unsuitable burrowing substrate or soil could limit
caterpillars' activity in a region. They found that the soil was of fine texture in areas (entire
Tuli block) where caterpillars' exoskeletons were encountered. In contrast, in the Northern Tuli
Game Reserve (NTGR, which is within the Tuli block), where the caterpillars had been absent
for two decades, the soil had a very coarse texture and a rocky surface ground (Styles &
Skinner, 1996). Mufandaedza et al. (2018) studied how soil parameters (soil texture, soil pH)
influenced the distribution of Imbrasia belina in the southeastern Lowveld of Zimbabwe and
found that soil texture only influences the caterpillars' distribution indirectly through the
distribution of mopane trees. Soil chemical properties such as N and P did not influence the

caterpillars' distribution (Mufandaedza et al., 2018).

e Competition
Only one study investigated the interaction between the two edible caterpillars, G. belina and
G. maia in Kasungu National Park, Malawi (Mughogho & Munthali, 1993). Both caterpillars
have similar food requirements, but they circumvent competition by feeding at different heights
in the same tree. This divergence may have evolved due to interspecific competition for the
same food. There were differences in the abundance of the two caterpillar species by forage
species and tree height. G. belina dominated Brachystegia spiciformis, at heights more than 3

meters, while G. maia occurred abundantly in the lower height classes. Both fed on mature
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leaves rather than on tender leaves (Mughogho & Munthali, 1993); however, there were no

records for differences in temporal exploitation.

Autecology
e Biochemistry

Cmelik (1970) studied the sterols in the diet and some organs of the caterpillar and found that
the main sterol from the mopane tree was B-sitosterol, while the sterol fractions from various
organs of the mopane caterpillars were identified as mixtures. The gut and fat bodies contained
cholesterol as a major component and lesser qualities of B-sitosterol, campesterol, and di-
unsaturated sterol (Cmelik, 1970). He also studied laboratory processes and measuring of fat
bodies of insects (Cmelik, 1969). No significant difference was found in the nutritional content
of caterpillars in different regions (Jennings et al., 2001). Mopane caterpillars have a
comparatively high nutritive value; with a protein content of 38-74% (Motshegwe et al., 1998;
Moyo et al 2019), or more specific, 55-57% (Jennings et al., 2001; Siulapwa et al., 2014; Dube
et al., 2013; Musundire et al., 2016), fat content of 10% (Siulapwa et al., 2014) to 16%
(Jennings et al., 2001), and carbohydrate content of 7.8% (Siulapwa et al., 2014). They also
contain high quantities of essential minerals, including Ca, Fe, Mg, Mn, Zn (Glew et al., 1999),
as well as a significantly higher content of Na (42.1 mg/100g) and Fe (26.7 mg/100g) (Amadi
and Kiin-Kabari, 2016) with Fe at 122-350% of the Daily Recommended Intake (DRI), and Zn
at 125 — 450% (Payne et al., 2015). The protein, zinc, and iron contents are higher compared

to cowpeas (Nantanga & Amakali, 2020)

The caterpillar contained 10 essential amino acids in varying amounts (Amadi & Kiin-Kabari
2016). The predominant amino acid was glutamic, and the predominant essential amino acid
was arginine (Siulapwa et al., 2014). The major fatty acids included palmitic, oleic, and linoleic
(Amadi and Kiin-Kabari, 2016), of which linoleic acid was the most abundant (Motshegwe et
al., 1998; Yeboah and Mitei, 2009; Pharithi et al., 2004), but there is dramatic variation in the
composition of palmitic and linoleic acids in the lipid content from early Il to late V instar of
the larvae (Pharithi et al., 2004). The oil profiles for mopane caterpillar’s oil were like those of
seed oil (Motshegwe et al., 1998) and compared better to cow’s milk than animal fat (Zinzombe
& George, 1994). It is thus a better source of essential fatty acids than many other animal food

sources (Motshegwe et al., 1998).
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The cholesterol content of the mopane caterpillar was relatively high compared to other
animals, such as ox, pig, or chicken meat. In general, it is considered that the relatively high
cholesterol could be mitigated by the presence of a substantial amount of B-sitosterol and
campesterol which are known to be blood plasma cholesterol-lowering phytosterols (Yeboah
& Mitei, 2009).

e Genetics

Greyling et al. (2001) found that two geographically distant (approximately 170 km apart) I.
belina populations had high levels of polymorphism (42% and 47%) and heterozygosity (0.182
to 0.210). There was a high amount of gene flow between these two 1. belina populations and
a large amount of variation, and overall genetic divergence between the groups were therefore
relatively small. The different generations in a year were genetically similar, suggesting that
two generations are not sub-species and that pupae from the first generation are the moths that
emerge in the second generation (Greyling et al., 2001).

Langley et al. (2020) studied the mitogenomes of G. belina and G. maja and found that the
mitogenomes of G. belina and G. maja are the first representatives of African Saturniidae, thus,
laying a foundation for assessing the genetic diversity, population structure, and
phylogeography of African edible caterpillars.

(if)Resource use

Human nutrition

Alternative protein sources are commonly investigated with ever-increasing pressure on food
sources and a growing population. Insects as a protein source have attracted increasing
attention (Siulapwa et al., 2014; Chagwena et al., 2019), and in semi-arid regions, seasonally
abundant mopane caterpillars could be an ideal protein replacement (lligner & Nel, 2000;
Obopile & Seeletso, 2013; Nantanga & Amakali, 2020). Mopane caterpillars are a significant
food source for many rural communities, and most studies in the review focused on the value
of these caterpillars as human nutrition. These caterpillars are a significant source of protein in
rural areas where it is expensive for the marginalized poor to afford other protein sources like
beef or chicken. However, even affluent people purchase the caterpillars from markets and/or

rural harvesters as they also enjoy the caterpillars as a delicacy or snack.
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Mopane caterpillar is one of the 250 edible insects in Africa (Van Huis, 2003). Early studies
on entomophagy in southern Africa found that insects are delicacies, of which mopane
caterpillars are a favourite (Quin, 1964; Dube et al., 2013). In some communities, mopane
caterpillars are still popular; a study done in the Limpopo Province at Lemana College showed
that 60% of students included mopane caterpillars in their diet (Mbhenyane et al., 2005).
Similarly, Baiyegunhi et al. (2016) found that 61.7% of sampled households in the Mopani
district consumed mopane caterpillars at least 3 to 5 times a week. Another Zimbabwe study
showed that only 10% of the study sample did not participate in entomophagy due to religion,
stigma, or repulsion (Dube et al., 2013). However, in other communities, the popularity of
mopane caterpillars has declined, for example, in Botswana (Obopile & Seeletso, 2013). This
could be due to fear of recent cases of allergic reactions to the caterpillars (Kung et al., 2013)
or due to religious reasons such as the Zion Christian Church (ZCC), which forbids its members
from consuming insects (Baiyegunhi et al., 2015). A study on socio-economic factors
influencing mopane caterpillars harvesting in Limpopo province in the Mopani district reported
that about 26% of participants' households belonged to religious groups that forbid mopane

caterpillar collection.

Pollution, especially heavy metal contamination from industries and mines, could influence the
safety of mopane caterpillar consumption. A study in Botswana, found that caterpillars found
closer to a smelter had higher heavy metals concentration (Ca, Cu, Al, Zn, Co, Cd & Mn) than
those in the control sample site, 56km away, possibly due to the heavy metals deposited in the
leaves consumed by the caterpillars (Ekosse et al., 2005). It is recommended that food safety
regulation should be in place as these have potential health risks to those consuming the
caterpillars (Greenfield et al., 2014). However, no studies are showing clear health risks faced
due to consuming caterpillars contaminated with heavy metals, highlighting that it is of no

serious concern.

When using mopane caterpillar meal as nutritional additives, it was found that smaller particle
size increases the meal functionality (Ekpo et al., 2008). Including mopane caterpillar meal in
fermented cereal could increase the bioavailability of Fe and Zn (Gabaza et al., 2018).

Post-harvest processing and storage of mopane caterpillars impact the quality or safety of
consuming the caterpillars (Kachapulula et al., 2018; Dangwa et al., 2014). A review on the
safety of edible insects showed that processing methods that include boiling, frying, and

roasting greatly affect the safety of edible insects (Murefu et al.,, 2019; Potgieter &
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Ramalivhana, 2020). When mopane caterpillars that were field dried and laboratory dried were
tested for microorganisms, both types showed contamination with fungi and bacteria,
including Escherichia coli, Klebsiella pneumoniae, Aspergilli flavus,
Penicillium sp. and Fusarium sp. (Gashe et al., 1997; Simpanya et al., 2000). During storage,
dried caterpillars were subject to pest infestation, including bacteria, molds, insects (Mpuchane

et al., 2000), and fungi (Nawases et al., 2018).

Ramashia et al. (2020) studied the microbiological quality of different dried insects sold at the
Thohoyandou open market. The quality of food products at street vendors suggests that food
safety and hygiene standards are low. All dried insects were sold from open containers, with
insects being handled with bare hands. Vendors also lacked appropriate shelters and clean,
suitable utensils (Ramashia et al., 2020). Yeast and mold were some of the microbial infections
found, and although these were still within an acceptable range, it indicates possible sources of
contamination (Ramashia et al., 2020; Potgieter & Ramalivhana, 2020). Degutting, roasting,
and boiling in saltwater, coupled with open pan roasting, reduced bacterial count in dried

caterpillars (Mujuru et al., 2014).

However, there are also negative aspects associated with mopane caterpillar consumption. The
caterpillar was found to have a lower protein efficiency ratio than other edible insects, possibly
due to limited amino acids (Chagwena et al., 2019). It also contains 27% chitin which could
impede digestion, thus limiting nutrient absorption (Kwiri et al., 2014). The presence of fungi,
such as Aspergillus, which occurred in 47% of samples, reached toxic levels under post-harvest
conditions (Mpuchane et al., 1996), impeding consumption. Another negative impact reported
in the literature is mopane caterpillar's allergy. A few cases were described by Okezie et al.
(2010), Kung et al. (2013), Potter (2013), and Ribeiro et al. (2017). Some of the symptoms
included headache, dyspnoea, cough, wheeze, tongue, and lip swelling within 10 minutes after

consuming mopane caterpillars (Kung et al., 2011).

Animal nutrition

Apart from humans, mopane caterpillars also provide food for different animals. Mopane
caterpillar meal was found to be an adequate protein replacement for ruminants (Madibela et
al., 2009), fish, broilers, layers, and guinea fowl (Moyo et al., 2019) and has the potential to
replace soybean products in quail diets without compromising their performance, health, or

meat quality (Marareni & Mnisi, 2020). Degutting influences chemical attributes and improves
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the quality of caterpillars for consumption by animals, as it increases the crude protein,
consequently improving rumen undegraded protein (Madibela et al., 2007; Madibela et al.,
2009). Compared to fish meal and soybean, . belina caterpillars contain greater concentrations
of some essential amino acids, such as threonine, valine, tryptophan, and phenylalanine. Its
inclusion into the diet may balance the indispensable amino acids level. Mopane caterpillars
are composed of all essential amino acids required by Oreochromis mossambicus (Tilapia;
Rapatsa & Moyo, 2017). I. belina caterpillar is a lipid source that provides essential fatty acid
(Moyo et al., 2019) as well as unsaturated fatty acids that can improve the concentration on
conjugated linoleic acids (Madibela et al., 2007). It was found that there is no significant
difference in dietary fat levels of I. belina caterpillar meal and that of fish meal (Moyo et al.,

2019).

Inclusion of 4.5% (Nobo et al., 2012a) to 9% (Chiripasi et al., 2013) and 13% (Mogwase et al.,
2018) of mopane caterpillar meal for guinea fowl, did not affect growth patterns, mineral
intake, or taste of meat products. Similarly, mopane caterpillar inclusion did affect the growth
rate or eggs production in Tswana hens (Manyeula et al., 2018) or the taste of meat in Tswana
hens (Manyeula et al., 2019). However, including too much mopane caterpillar meal (higher
than 13%) could negatively affect growth. It is possibly unpalatable and reduces the overall
food intake (Nobo et al., 2012a; Nobo et al., 2012b; Moyo et al., 2019). Including mopane
caterpillar meal to feed tilapia is a good source of protein. Up to 60% inclusion was optimally
profitable (Rapatsa and Moyo, 2017), while others suggested 50% inclusion yielded the highest
growth performance (Mwimanzi & Musuka, 2014). Nonetheless, it seems that the inclusion of

40-60% of caterpillars in fishmeal could lead to liver degradation (Rapatsa & Moyo, 2019).

Regardless of the caterpillars’ potential as poultry and fish meal, factors such as chitin, the risk
of being overexploited, their unpalatability, and a chance of indigestions at higher inclusion
levels in diets limit the use of mopane caterpillars as protein substitutes in animal feed (Moyo
et al 2019). Rasengwatshe and Madibela (2005) also found that mopane caterpillar has a higher
effective degradability than carcass meal. Thus, more mopane caterpillars would be fermented
in the rumen than carcass meal. Roasting or basking were recommended to protect mopane

caterpillars from rumen fermentation (Rasengwatshe & Madibela, 2005).

Social impact
Mopane caterpillar harvesting has real monetary, economic, and social benefits (Swemmer et

al 2015). Consumption and commercialization are crucial in supporting rural livelihoods. These
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caterpillars supplement nutritional requirements and are sold to generate income.
Consequently, their conservation is affected, and thus there is a need to improve rural
livelihood to forge a balance between utilization and conservation (Baiyegunhi et al., 2016).
Although poorer households tend to harvest the caterpillars more, they are collected by
households from all income groups (Stack et al., 2003), and thus, it is predicted that the increase
in profitability and productivity could exclude poorer communities, as better-off communities
have access to technologies that can lead to overexploitation (Stack et al., 2003). Most of the
harvesters are female (96%) (Stack et al., 2003) and are also more dependent on mopane

caterpillars for a source of income (Togarepi et al., 2020).

During their seasonal availability, mopane caterpillars create both short-term (a few days) and
medium-term (a few months) employment opportunities for the rural unemployed people,
providing up to 10,000 seasonal jobs in southern Africa (Makhado et al., 2014), thus aiding

household livelihood.

Several household socio-economic factors influence mopane caterpillar harvesting (Hope et
al., 2009; Baiyegunhi et al., 2015). These included age, gender, education, income from
mopane worm sales, social capital (group affiliation), household size, lack of institution/law to
regulate the use, distance to the nearest harvesting site, and regional locations (Hope et al.,
2009; Baiyegunhi et al., 2015).

Economics

Mopane caterpillars have been traditionally harvested as subsistence food, however, there has
been a shift to trade, e.g., in some sites in Zimbabwe, 59% of mopane caterpillars’ stocks were
sold for cash, 19% exchanged for goods, while only 9% were consumed at home (Stack et al.,
2003). In Zambia, the sales of mopane caterpillars generated income higher than that of
agricultural produce, i.e., the study estimated that an average family of 6 can produce 552.6

medas of sun-dried caterpillars per harvesting season (Mbata & Chidumayo, 2003).

Mopane caterpillars have a high level of commercialization, as 63% of harvested caterpillars
in Mopani district are sold within a production year (Baiyegunhi & Oppong, 2016). The
product's utility is a function of its form, location, concentration, and time of availability.
Changes in these attributes along the marketing chains add value to the product as it moves
from producers (collectors) to consumers (Kozanayi & Frost, 2002). Factors that influenced

commercialization decision and commercialization intensity of mopane caterpillars in Mopani
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district of Limpopo Province were household head, household size, income, association, the
average distance to the nearest market, transporting, communication assets, and lack of
institutions/laws regulating the use and management of the woodland resources (Baiyegunhi &
Oppong, 2016). Export prices highly influenced local availability, especially close to the border
of South Africa, where the price for mopane caterpillars is higher than local prices in Botswana

or Zimbabwe. This can create local shortages (Mufandaedza et al., 2014).

Mbata and Chidumayo (2003) found that even in instances where mopane caterpillars' harvest
volumes are relatively small (an average of 19.28 Liters per household), it can contribute
positively to households in terms of consumption and income generation in Zambia. A study
by Swemmer et al. (2020) in the Kruger National Park, reported that most of the respondents
(75%) consumed all their harvested caterpillars at home, while those that sold their harvest
gained an average amount of R517.14 per person (Swemmer et al., 2020).

Sustainable use

Studies suggest that mopane caterpillars are being used unsustainable (Gondo, 2010; Thomas,
2013). Several factors were identified that affect the sustainable use of mopane caterpillars.
These include a growing demand both locally and in urban populations, rising prices in urban
markets [which increase financial incentives), maximizing harvest volume (which can lead to
overexploitation) Roberts, 1998; Thomas, 2013; Baiyegunhi & Oppong, 2016], and damage to
mopane trees during harvesting process (Roberts, 1998). Furthermore, growth in settlements
results in a reduction of vegetation cover and mopane woodlands and consequently a decline
in caterpillar harvests (Ndlovu et al., 2019). A descriptive study to identify the factors that
determine the abundance and distribution of mopane caterpillars in north-central Namibia,
found that non-climatic factors that influence caterpillar abundance and distribution included
human activities such as deforestation, overharvesting, urbanization and burning of mopane
veld. Deforestation was concluded to be the major contributor to mopane caterpillars’ decline,
i.e., the majority of participants (57.5%) from Okahao and 36.7% from Tsandi, indicated that
deforestation is the major contributing factor to the decline of mopane caterpillars (Togarepi et
al., 2020). A review showed that climatic factors affect the preservation of mopane trees, which

affects the sustenance of mopane caterpillars (Mataboge et al., 2016).

Lack of regulatory laws to govern caterpillar extraction which result in excess harvesting,

damage to mopane trees, and harvesting of younger caterpillars which subsequently reduce the
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emergence of subsequent generations affects mopane caterpillars’ sustainability. There is thus
a need for government to establish regulations and laws to control harvesting (Moyo et al.,
2019, Baiyegunhi & Oppong, 2016), especially in localized harvest areas, as this is where
harvesters tend to be excessive. However, larger areas in Limpopo, such as Venetia Nature
Reserve, seem to be unaffected by these factors. A harvesting governance study in the Vhembe
and Mopani districts showed that private and public governed land exercised more control and
monitored caterpillars harvesting than communal systems, as one must negotiate and pay a set
price for a specified period (Sekonya et al., 2020). There should also be strict regulatory laws

to govern the harvesting of mopane trees for firewood or logs by big commercial companies.

To improve the sustainable use of mopane caterpillars, several practices have been suggested
in various publications (Dube & Dube, 2010; Thomas, 2013; Ndeinoma & Wiersum, 2017,
Akpalu et al., 2007; Mufandaedza et al., 2015), these include: improving property rights and
institutional arrangements that govern the use of mopane caterpillars, by supporting
communities to establish indigenous natural resource management systems (Thomas, 2013),
allocating woodlots can help instigate responsible and sustainable harvesting and protect the
environment (Dube and Dube, 2010), and developing policies and regulations, either on a
community level or self-organized governance (Ndeinoma and Wiersum, 2017), such as
restrictive harvest periods, optimal tax that corrects for undervaluation of the scarcity value of
mopane stock (Akpalu et al., 2007) or properly enforced permit system (Mufandaedza et al.,
2015). Domestication and mopane caterpillar farming, which is the artificial rearing of mopane
caterpillars, independent of the wild (Gardiner, 2003; Hope et al., 2009), is another method to
ensure the sustainability of the caterpillars in their natural environment. A three-year
domestication experiment in Botswana showed that domestication can results in production of

fresh caterpillars, in high numbers and at any time of the year (Gardiner, 2003).

The results showed very few papers (six) on sustainable use, while 41 papers were focused on
human nutrition, with greater emphasis on the use of mopane caterpillars as food and fewer
concerns around sustainability. The implication of few studies on the sustainable use of mopane
caterpillars is that the danger of them going extinct is overlooked. Their conservation is not
considered as there is little knowledge on their conservation status and ways to best conserve
them. Not knowing their ecological importance and conservation status will hinder early

measures that could conserve them for the foreseeable future.
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2.6. Conclusion

This literature review highlighted the spatial and temporal trend in mopane caterpillar research.
If further highlighted, the discrepancy in research topics, as most research focused on social-
economic impacts of harvesting. In contrast, ecological research and topics related to the

ecological role of the caterpillars in the ecosystem received less attention.

In general, the published research shows that the caterpillars provide a readily available and
cheaper source of animal protein, containing comparatively higher quantities of protein, fat,
carbohydrate, and valuable minerals (Kwiri et al., 2014). This provisioning extends from
humans (adults, pregnant women, and children; Jennings et al., 2001; Siulapwa et al., 2014;
Quin, 1964; Musundire et al., 2016; Glew et al., 1999; Mushaphi et al., 2017) to livestock
(Madibela et al., 2007), poultry (Nobo et al., 2012b; Chiripasi et al., 2013) and fish (Mwimanzi
& Musuka, 2014; Rapatsa & Moyo, 2017). Several researchers suggested and emphasized that
effort should be made to retain the tradition of entomophagy (Van Huis, 2003).

Commercial utilization of caterpillars depends on the correct postharvest practices and
educating harvesters could improve the cleanliness and safety of mopane caterpillar
consumption (Simpanya et al., 2000). Additionally, harvesters can be taught about semi-
domestication and domestication to reduce pressure on the natural environment and increase

the availability of caterpillars outside of the wild.

While this review highlighted the limited research on ecology, several important topics
emerged. Mopane caterpillars stand out as a key mopane tree defoliator and thus place a
significant role in nutrient cycling, tree-grass dynamics, tree recruitment and ecosystem
stability. However, several of these impacts remains unexplored and provide a great starting

point for research on mopane caterpillar ecology and its impact on the ecosystem.
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CHAPTER 3: INCUBATION TRIAL: Nitrogen Mineralization of Mopane Caterpillar

Frass: An ecosystem service from an iconic edible caterpillar.
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3.1. Background
Nutrient cycling is a key driver of ecosystems (Lavelle et al., 2005), affecting their composition,

structure, and functioning (Lavelle et al., 2005; Wolf et al., 2013). Nutrient cycling is the life cycles
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of nutrients and its movement within and between the biotic and abiotic pools over time (Lavelle
et al., 2005). Nutrient cycling and availability control the productivity and growth of the biosphere
(Wolf et al., 2013). Nutrient cycling requires many different organisms (Lavelle et al., 2005) with
herbivory animals being one of them. While there is a rich body of research exploring the role of
large mammalian grazers, mixed feeders and browsers on ecosystem functions and nutrient cycling
(Sinclair, 2003; Kerley et al., 2008, Wolf et al., 2013; Lacher et al., 2019), there is growing interest
on invertebrate herbivory on ecosystem functioning (Belovsky & Slade, 2000; Chapman et al.,
2003; Reynolds & Hunter, 2004; De Swardt et al., 2018). This is because research has highlighted
that the impact of mammalian herbivory on ecosystems can be matched or exceeded by
invertebrate herbivory (Frost & Hunter, 2004; De Swardt et al., 2018). For example, Cirina
forda larvae which mainly feed on Burkea africana can defoliate about a third of its leaf biomass
(Scholtz, 1976). Grasshoppers in the Serengeti potentially consumes as much grass as mammalian
grazers (Sinclair, 1975), while one termite colony can remove up to 15,000 kg/ha of litter per year
(Dangerfield et al., 1998), with their biomass (70-100 kg/ha; Wood & Sands, 1978) exceeding that
of large mammals (10-80 kg/ha; Bell, 1982).

Arthropod biomass in many ecosystems often exceeds mammalian biomass (De Swardt et al.,
2018) and can thus play even more critical roles in ecosystem processes than mammals (De Swardt
et al., 2018). For example, herbivorous insects feed on leaves and release frass to the ground,
enhancing the nutrient pool in the environment, accelerating nutrient cycling (Reynolds & Hunter,
2004; Jankielsohn, 2018). Frass is often fast decomposing and can significantly contribute to
nutrient input into the soil, aiding growth in the tree community (Reynolds & Hunter, 2004).
Consequently, frass has been found to release nutrients faster than leaves, e.g., woodlice
decompose frass (of Operophthera fataga) faster than beech leaf litter (Zimmer & Topp, 2002).
Arthropod’s herbivory does not just affect biogeochemical cycling but can also affect tree survival,
plant chemistry, and nutrient content (De Swardt et al. 2018). It has further been suggested that

insect outbreaks increase nutrients in the landscape (Reynolds & Hunter, 2004).

Insect herbivory offers a number of services to nutrient cycling and availability in soil. Herbivore
insects supplement litter and soil by depositing frass in large quantities, thus returning more N into
soil (Fogal & Slansky, 1985; Grace, 1986). Consequently their N return from plants to soil tend to
be double (Hollinger, 1986). During outbreaks, insect cadavers accelerates litter decomposition
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(Swank et al., 1981; Schowalter & Crossley, 1983; Seastedt & Crossley, 1984) because they
decomposes more easily as compared to leaf litter (Schowalter et al., 1986). Insect herbivory also
increases nutrients in precipitation passing through the plant canopy (Reynolds and Hunter, 2004),

thus increasing nutrient deposition into soil.

3.1.1. Nutrient cycling in Mopane woodland

Colophospermum mopane (mopane) savanna covers around 555,000 km? of southern Africa
(Mapaure, 1994). The main nutrient cycling processes in this ecosystem are modulated by mammal
herbivory because grazing mammals increase foliar N in the woodland ecosystem by excreting N
in forms that plants can easily take up (De Swardt et al., 2018). For example, African elephants
(Loxodonta africana) and the mopane caterpillar are the primary herbivores of the mopane tree
(Hrabar & Du Toit, 2014). Elephants drive biomass recycling through the process of wasteful
feeding, tree toppling, and processing barks and roots, which are fibrous (Kerley et al., 2008). They
feed by stripping, debarking, branch, and stem breaking, and uprooting mopane vegetation (Hrabar
& Du Toit, 2014).

Leguminosae plants form N»- fixing symbioses with bacteria such as Rhizobium, Bradyrhizobium,
Sinorhizobium, Mesorhizobium, Azorhizobium and Allorhizobium. These plants form root nodules,
where these rhizobial bacteria reduce atmospheric N2 into NHz* and exchange this nitrogenous
solute for photosynthate from the host plant (Pule-Meuelenberg & Dakora, 2007). Although C.
mopane is leguminous (Makhado et al., 2014), it does not “nodulate” (De Swardt et al., 2018), and
as such, nutrient cycling is through leaf flush, leaf fall, and decomposition. However, plant
litter/litterfall is not readily available as nutrients for plants uptake since decomposition, and
subsequent release of plant-available nutrients is a lengthy process (Belovsky & Slade, 2000;
Reynolds & Hunter, 2004). Thus, processes that can facilitate the breakdown of mopane leaves to

readily available nutrients would be crucial to mopane woodland nutrient cycling.

C. mopane is the primary host for the lepidopteran I. belina (mopane caterpillars) (Ditlhogo et al.,
1996). During their growing period, mopane caterpillars can completely defoliate extensive tracts
of the mopane woodland (van Voorthuizen, 1976, Ditlhogo, 1996), releasing large amount of “fast-
decomposing frass” (Reynolds and Hunter, 2004) into the soil, which aid with plants nutrient
uptake and nutrient cycling (De Swardt et al., 2018). Styles (1996) observed that fifth instar larvae
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could each consume >40g of dry leaf material. In contrast, the fourth/fifth instars release an
average of 1.42g of frass per day (De Swardt et al., 2018). Mopane caterpillars’ frass has been
found to influence the cycling of potassium (K), nitrogen (N), and phosphorus (P) (De Swardt et
al., 2018). Considering that frass is fast decomposing (Reynolds & Hunter, 2004), the existence of

mopane caterpillars could aid in nutrient release, especially nitrogen (N) through mineralization.

3.1.2. Nitrogen cycling

The nitrogen cycle outline the pathway of how N sources, such as manure, fertilizers and plants
moves through different stages, such as soil, plants, water and air (Johnson et al., 2005) (Fig. 3.1).
The N cycle is a microbial driven process, and start with mineralization or decomposition of
organic matter, converting organic N into plant available N forms. This is absorbed by plants and
microbes, and eventually returns to the soil when plants or microbes dies, or through animal waste
(McNeill & Unkovich, 2007). Plant available N forms are converted from N2 gas into organic N
forms via biological N> fixation, industrial N2 fixation, and lightning (Fig. 3.1). From there, N can
undergo various processes, such as mineralization, ammonification, nitrification, before returning
to the atmosphere as a gaseous N form and completing the cycle (Poffenbarger et al., 2018).
Fixation, mineralization and nitrification processes increases N available for plants, whilst
denitrification, volatilization, immobilization, and leaching result in N losses (Bierman & Rosen,
2005; Johnson et al., 2005).
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Figure 3. 1. The Nitrogen Cycle (source: Hislop, 2007)

3.1.3. N processes
I.  Nitrogen fixation is when atmospheric N is converted to organic N components. This can be
achieved through biological process such as nitrogen fixing bacteria as well as industrial
process when producing commercial fertilizers (Johnson et al., 2005).
ii. Mineralization is microbial facilitated breakdown or decomposition of organic matter
(Johnson et al., 2005). This process can be influenced by soil temperature, soil water, soil
chemistry such as pH, the type of organic materials, the type of soil or the amount of oxygen

in available.
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iii. Nitrification is the conversion of ammonium to nitrate through oxidation. This is a microbial
process to obtain energy. The rate can be increased when soil is warm (19 - 30°C), with
adequate soil water and temperature. As with other N processes, this is a microbial mediated
process, and will be affected by conditions that reduce microbial activity, such as high and
low temperatures (Johnson et al., 2005).

iv. Denitrification is the loss of N, particularly NOz in anaerobic soil conditions. When the soil
IS saturated, bacteria use nitrate as an oxygen source (Johnson et al., 2005), and subsequently
convert NOs into N2O or eventually N> components. This is the final step to complete the
cycle, as these N forms are returned to the atmosphere (Poffenbarger et al., 2018).

v. Volatilization is the loss of N through ammonia gas, which is released to the atmosphere
(Kusumah, n.d.). Volatilization is more likely at higher soil pH and conditions that favor
evaporation (e.g., hot and windy) and are also higher for manures and urea fertilizers that
are surface applied (Johnson et al., 2005).

vi. Immobilization is the process in which N fractions are temporarily unavailable for plant
uptake. NH4", NOs", or NO; can be taken up by soil organisms and therefore become
unavailable to crops (Johnson et al., 2005; Poffenbarger et al., 2018). Immobilization occurs
when organic materials with a high C:N ratio are applied to the soil. The microbes are
stimulated due to the C-rich source but cannot satisfy their N needs from the organic
supplement. Microbes will then extract N from the soil matric, resulting in a decrease of
plant available N (Johnson et al., 2005).

vii. Leaching is a pathway of N loss into water. Due to the negative charge of NO3’, clay minerals
cannot adsorb these molecules, and it is typically highly soluble. Nitrate can therefore move
in the soil with the water, and in high rainfall regions, nitrate leaching is a common loss of
N from the soil (Kusumah, n.d.)

The aim of this study was to compare the NH4" and NOs~ mineralization rates between mopane
caterpillar frass and mopane leaves to indicate the rate of nutrient return between mopane leaves

with and without mopane caterpillars (which convert leaves into frass).
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3.2. Materials and Methods

3.2.1. Study area

Soil, mopane leaves and frass were collected from Venetia Nature Reserve, close to the Botswana
and Zimbabwe border. Venetia Nature Reserve is located in Musina Local Municipality, Limpopo
Province (22°08°27” S and 29°13°28” E) (Fig. 3.1.). It is situated in the semi-arid savanna and is
characterized by wet, hot summers with mean monthly temperatures of 32°C during October to
December and dry, mild winters with mean monthly temperatures of 24.7°C during June (Hrabar
et al., 2009) with long-term rainfall averages of 350 mm per year. This area has a flat topography
dominated by sandstone underlying deep (>2m) colluvial soils (Hrabar et al., 2009). The

vegetation is woodland dominated by acacia trees and mopane veld.

ima | M ity

Figure 3. 2. Study area, Venetia Nature Reserve
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3.2.2. Collection of frass, leaves and soil

Soil, mopane leaves and mopane caterpillars’ frass (Fig. 3.2) were collected in January 2021. Frass
was collected from mature caterpillars. Mature leaves were collected from the trees with mopane
caterpillars, as well as surrounding trees (Fig. 3.3). Topsoil (0-20cm) was also collected from the
same site as frass and leaves. Soil, leaves and frass samples were submitted to Nvirotek laboratory

where standard laboratory analysis were used to determine chemical composition (Table 3.2).

7

Figure 3. 3. Mature mopane caterpillar frass (left) are easily seen on the cleared soil. Mature

mopane caterpillar (right)
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Figure 3. 4. Marked tree with leaf litter removed to aid in the collection of fresh frass

3.2.3. Incubation trial

In preparation for the incubation trial the soil was prepared by drying and sieving, the leaves were
dried and some of the dried leaves were finely grinded. The finely grinded leaves was included as
a fine leaf treatment, to check if any difference between whole leave and frass is attributed to the
size of the fraction, or additional nutrients added through mopane caterpillar digestive processes.
The field capacity (FC) of the soil was also determined, and the amount of soil and treatment

quantities were calculated as follows:

Field capacity
The incubation study was done at FC to determine optimal mineralization rates. To determine the
FC of the soil, three freely drained cylinder containers (40cm X 3.5cm)( Van Niekerk et al., 2005).
were used. One end of the container was covered with a mesh (40cm) that allow free drainage of
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water. The containers were filled with soil and packed to resemble natural bulk density. The
containers were saturated with water, were covered with their caps to prevent evaporation, and the
containers were left to drain for 24 hours. After 24 hours, soil samples (40g) were taken from each
container, weight, and then oven dried at 100°C until dry. The soil was weighed again. The
difference between the mass of wet soil and dried soil, is expressed as a percentage per dry soil,
and represent FC of the soil (Van Niekerk et al., 2005).

Treatment rates
Treatment rates of whole leaves, fine (grinded) leaves and frass were calculated using the

following parameters:

e 40 g of solil

e Contact with leaves and frass is limited to the top 5 mm of soil (soil depth)

e Soil bulk density is 1.3 Mg m™

e An average of 1,6 Mg (1600 kg) of mopane leaves per hectare (Mutakela, 2009)

In one hectare of soil, the total volume of soil (5 mm depth) is
100 m x 100 m x 0.005 m = 50 m?

With a density of 1.3 Mg m=, the total mass of this soil is:

50 x 1.3 = 65 Mg (65000 kg) of soil

According to Mutakela (2009), an average mass of 1.6 Mg (1600 kg) of mopane leaves can be
found in 1 hectare, so the application of leaves to 40 g of soil was calculated as follows:

0.04kg/65000kg x 1600kg x 1000 = 0.00098 kg = 0.98 g frass

The N content of the frass and the leaves were similar, so 1g of frass, whole and fine leaves were

added respectively to the soil.

Trial design
The incubation trial was done over a period of 3 months (Table 3.1). Treatments included a control
(soil only with no leaves or frass added), whole leaves, fine leaves and frass (Fig. 3.4). Each
treatment was replicated four times and repeated seven times to allow for seven sampling events.

Extra soil (four jars) that served as controls were added for analysis prior to the incubation.
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Figure 3. 5. Mopane caterpillar frass (left), and whole mopane leaves (middle) and fine leaves
(right)

Table 3. 1. Treatment allocation and sampling days

Treatments Day 0 | Day 1 Day | Day | Day Day | Day Day Total per
3 7 14 21 |40 60 treatment
Pre- 4 4
incubation
Control 4 4 4 4 4 4 4 28
Frass 4 4 4 4 4 4 4 28
Leave fine 4 4 4 4 4 4 4 28
Leave large 4 4 4 4 4 4 4 28
Total per 4 16 16 16 16 16 16 16 116
sampling day

The 100 glass containers (352ml) were filled with 40g of soil, and 4ml of water was added to bring
the soil to FC. The containers were slightly closed and placed in an incubator at constant
temperature of 21°C for seven days as a pre-incubation step to allow the microbes to adjust to the
water content and set temperature. During this pre-incubation period and for the duration of the
experiment, the water content was checked at least every second day by weighing the jars and
adding water to keep the soil at FC. The last day of the pre-incubation period was marked as ‘day
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0’. On day 0, four glass jars were removed to be analysed for NH4* and NO3s~ (see description
below), which will represent the baseline NH4* and NOs~ content of the soil. Also, on day 0, the
treatment was added to the glass jars: 28 glass jars each received 1 g of frass; 28 jars received 1 g
of whole leaves; 28 jars received 1 g of fine leaves, and 28 jars were kept as control (Fig 3.5). The

treatments were slightly mixed with the soil, to ensure better soil contact area for effective decay.

Twenty-four hours later, on day 1, one set of samples were extracted to be analysed for NH4* and
NOz". Subsequent samples were taken on days 3, 7, 14, 14, 21, 40 and 60 (Van Niekerk et al.,
2005).

Figure 3. 6. Randomized block design glass jars for incubation trial

3.2.4. NH4" and NOs~ Analysis

Nitrogen was extracted from all the soil in jars by adding 100 ml of 0.01M K>SO4 solution and
shaking the jars for half an hour. The samples supernatant were then filtered through Whatman’s
42 filter paper (Fig. 3.6 below). The extractions were kept in a fridge at 4°C and transported the
next day in a cooler box with icepacks to NviroTek Laboratories. NH4" and NO3~ analysis were
done on a spectrophotometer using a colour indicator.
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Figure 3. 7. Soil filtration

3.2.5. Total N and Cumulative N estimation
Total inorganic N was calculated by adding together the values of NH4™ and NO3~ in each sampled

day.

The cumulative NH4* was calculated by adding together the NH4* value of the present day (day
60) and NH4" value of the previous day (day 40) and this was also done for the cumulative NO3".
The total cumulative N was calculated by adding together the cumulative NHs* and NOs~ for each

sampled day.

3.2.6. Statistical analysis

The effect of treatment factors on the amounts of NHs" and NOz~ were tested using a one-way
analysis of variance test (ANOVA). We ran an ANOVA for each day and used the adjusted
Tukey’s method for post hoc testing using “glht” function from the “multcomp” package (Hothorn
et al., 2008). All the statistical analyses were done using R software version 3.6.0 (R Development
Core Team., 2019).
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3.3. Results

3.3.1. Chemical composition of soil, leaves and frass

Chemical analysis of the soil, leaves and frass (Table 3.2) revealed that the soil had low C content
(0.43% soil organic C) compared to frass (54.72% C) and leaves (54.46 % C). Nitrogen content
was highest in soil (18.10 %) compared to leaves (1.82 %) and frass (1.38%; Table 3.2) having the
lowest. Chemical composition of Ca, Mg, K, Na, Mn, Cu, Fe for both soil, leaves and frass are

listed in Table 3.2. The C:N ratio for both leaves and frass is also shown in Table 3.2.

Table 3. 2. Chemical analysis of soil, leaves and frass

Element | Unit Content Content Content
Soil Leaves Frass

C % 0.43 54.46 54.72
(Organic C)

N % 18.10 (Total | 1.82 1.38
N)

Ca mg/kg 945 19 400 13100

Mg mg/kg 92 1400 2 300

K mg/kg 149 8 100 9100

P mg/kg 7 1400 1500

Na mg/kg 23 100 99

Fe mg/kg 22.99 65 124

Mn mg/kg 68.73 51 28

Cu mg/kg 1.44 8 6

Zn mg/kg 0.57 30 13

B mg/kg 0.77 112 71

C:N ratio 0.02 29.92 39.65
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Table 3. 3. Concentrations of daily production of ammonium (NH4*) from 1(g) of mopane

caterpillar frass, whole mopane leaves and fine mopane leaves as a function of time.

Day | Control Whole leaves | Fine leaves Frass P-value
NHs* | O 3.35+0.22a 3.35+0.22 a 3.35x0.22a 3.35+0.22 a ns

1 2.90 +0.39% 237+0.61a 3.22+123a 30.95+0.15b | ***

3 3.60 +0.49a 3.07+0.21a 1.52+0.6a 29.96 +59b faleka

7 3.84 +0.47a 1.51+0.54a 2.21+0.48a 1143+£336b | ***

14 4.38+1.0a 412+126a 413+131a 415+1.48a ns

21 5.18 +0.39 a 454 +0.98 b 247+1.88b 2.29+0.59b il

40 3.51+0.32a 4.01+0.83a 3.64+0.37a 532+2.07a ns

60 2.94 +0.51a 6.40+0.23 b 4.26 +1.09a 4.29 + 0.42a falekal

***n<0.001, **p<0.01, *p<0.05, ns=not significant at p>= 0.05. Within the same row and per

parameter, means (£standard error) with the same letters are not significantly different.

Table 3. 4. Concentrations of daily production of nitrate (NOs") from 1(g) of mopane

caterpillar frass, whole mopane leaves and fine mopane leaves as a function of time.

Day | Control Whole leaves | Fine leaves Frass P-value
NOs~ | 0 14.69 + 0.49 14.70 + 0.57 14.70 + 0.57 14.70 + 0.57 ns

1 15.05+0.24 1480+143a |223+4.46D 0£0b folalad

3 15.30 + 0.57 13.62+162a |050+£0.75b 0x0b ikl

7 13.77 £ 0.42 299+142 0.09+0.10 4.27 +4.99 ns

14 14.90 + 0.92 401+1.70a 0.17+£0.34b 0.55+0.59Db e

21 22.37 (£0.43) |5.99+2.00a 0.12+0.10b 10.12+8.15a | *

40 24.09 (£0.40) |1.16+0.96a 0+x0a 4.09+491a ns

60 31.12(£1.82) |194+0.78a 236+1.30a 540x7.35a ns

***p<0.001, **p<0.01, *p<0.05, ns=not significant at p>= 0.05. Within the same row and per

parameter, means (xstandard error) with the same letters are not significantly different
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3.3.2. Ammonium

NH4*-N concentration (Fig. 3.8) in the frass treatment drastically increased immediately after frass
application and remained high during day 1 and 3, but thereafter the daily NH4* production
decreased, until similar to that of the other treatments. In terms of significance, only frass had
significantly higher NH4" values compared to control on days 1 & 3 (see Table 3.3 for significant
values), whole leaves on day 1 and 3 (Table 3.3) and fine leaves on day 1 and 3 (Table 3.3). There
was no significant differences between whole leaves, fine leaves or control treatments for the entire
treatment period (Table 3.3), and these remained low at daily NH4* production of between 1.5
mg/kg and 4.5 mg/kg. The standard deviation for frass was also higher than for the leaf treatments
and control (Table 3.3). It decreased during day 14 and from there fluctuated with the whole leaves
treatment and control, i.e., as NH4"-N concentration in frass decreased (days 14-33), the NH4*-N
concentration in whole leaves and control increased and vice versa, whilst it stayed fairly low in
the fine leaves treatment. However, in the latter days of the trial, NHs"*-N concentration in all
treatments was considerably low, i.e., below 7 mg/kg. There was a significant increase in NH4*
concentration on day 60 in the whole leaves treatment, with a total of 6.40 mg/kg (Table 3.3).
However, as the experiment stopped on day 60, it cannot be determined if this was the start of an

increase, or just normal variation.
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Figure 3. 8. Daily NH4* concentration on selected incubation days for control, whole leaves,

fine leaves and frass
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3.3.3. Nitrate

NOs~ -N concentration varied within treatment and across time (Fig. 3.9; Table 3.4). The control
was notably high and increasing, contrasting to the results we expected. Control values of day 21,
40 and 60 were possibly contaminated (unclean/broken samples), and therefore discarded.
However, it has been noted that this could have been to microbes active in the soil, thus high NO3z~
-N concentration values, however this cannot be verified as samples analysis were outsourced.
Frass had significantly lower NOs~ values compared to the control on days 1 & 3 (Table 3.4),
whole leaves on day 1 and 3 (Table 3.4) and fine leaves on day 1 and 3 (Table 3.4). There was no
significant differences between whole leaves, fine leaves or control during treatments days 7, 40
and 60 (Table 3.4). Frass and fine leaves treatments experienced a reduction in daily NOs"
production directly after treatment application (Fig. 3.9; Table 3.4). The whole leaves had a
slightly high response but also had a reduced NOs~ concentration after day 3 (Fig. 3.9). While the
concentrations in all the treatments varied, it remained relatively low. Towards the end of the trial,
between Day 40 and 60, an increase in NOs~ values were observed in all treatments, especially in
the frass treatment, although not significant (Table 3.4). Unfortunately, the experiment ended on
Day 60, and it cannot be established if this was the start of a new trend, or just normal variation.
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Figure 3. 9. Daily NOs~ concentration on selected incubation days for control, whole leaves,

fine leaves and frass
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3.3.4. Total inorganic N release

Total inorganic N release over time was considerably higher in control than the three treatments,

from day 7 onwards (Fig. 3.10). Inorganic N release was higher in frass during the first seven days,

which is driven by the high NH4* release in the first week but decreased below control. Standard

deviation in frass treatment was higher than leaves treatments and control. There was a

considerable decrease in inorganic N release in frass treatment in day 14 to below control and

whole leaves and approximately equal to fine leaves. The total N released from the treatments with

exception of control was higher in the first ten days but was lower than control for the rest of trial

days (Fig. 3.10 below).
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Figure 3. 10. Total daily inorganic N (NH4* + NO3") production
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3.3.5. Cumulative inorganic N release

For the cumulative inorganic N release, we first expressed the cumulative release of NH4* (Fig.
3.10), then that of NOs~ (Fig. 3.11) and lastly the combined inorganic N release (NH4* fraction +
NOgz fraction) (Fig. 3.12). For these graphs, we removed the control sample, as the control produce
relatively high inorganic values, which is not supposed to accumulate, since there was no N source
added to this soil. The original soil also had very low C and N content, and thus the increase in
inorganic N in the control is possibly due to contamination or laboratory error. We therefore only
focus on the treatments that received organic materials to compare how the inorganic N content

changed over time.

The NH4* production in the frass treatment was higher compared to the other treatments. This was
due to the high priming response during the first few days after application, however a
corresponding increase in NOs™ increase was not observed. Fine leaves and whole leaves had a
gradual increase in NH4* content, indicating a slow and steady release or breakdown of organic
matter substrate. NO3z~ content unexpectedly resulted in high concentrations of NO3z™ concentration
in the whole leave treatment, followed by frass and fine leaves. Overall, frass produced the most
inorganic N (112.8 mg/kg), followed by whole leaves (70.5 mg/kg) and then fine leaves (26.9

mg/kg).
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Figure 3. 11. Cumulative NH4* production
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Figure 3. 13. Total cumulative inorganic N (NH4* + NO3") production
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3.4. Discussion

3.4.1. Ammonium

Organic components added to the soil are subject to microbial processes that can convert nitrogen
from one form to another (Mattson et al., 2009). One of the first nitrogen products resulting from
the mineralization process is NH4*-N. In our experiment, the NH4* concentration in the frass
treatment showed an immediate increase after application. Organic components with easily
mineralizable N can release a flush of NH4* immediately after application to the soil (Stevenson,
1986; Drinkwater & Snapp, 2007). According to Lovett and Ruesink (1995) the N in frass is readily
extractable; thus the high NH4* release from the frass treatment occurs immediately after
application. However, after three days, the daily production decreased. This decrease could have
been due to N losses through nitrification or volatilization, which are both possible pathways for
NHa4" in the soil. As the soil in the incubation trial was kept at field capacity, it is expected that
there was enough oxygen to convert NH4" into nitrate. However, microsites in the soil can be
anaerobic and gaseous losses through denitrification can also occur (Coyne, 1999; Poffenbarger et
al., 2018). There was a significant increase in NH4"-N concentration on day 60 in the whole leaves
treatment. This could indicate a slow breakdown of organic materials and subsequent release of
the first mineralization production, NH4*, after 60 days. In a natural system, this could possibly be
accounted for by the addition of new organic matter into the system. Poffenbarger et al., (2018)
noted that biologically- assimilated N may become plant available after some time when microbes
die and release the absorbed nutrients. However, the experiment stopped at day 60, and thus we

cannot explain this new activity.

The C:N ratio of the frass was 39.6 and that of the leaves 29.9; both are relatively high and could
result in slower mineralization due to the relatively high C to N content (Coyne, 1999). Around
days 14-33, NH4*-N concentrations in the frass treatment decreased, while it showed an increase
in the control and whole leaves treatment. Lovett and Ruesink (1995) also found that frass has
extremely labile C, stimulating microbial activity such as fungi, resulting in immobilization of N
fractions within the first 10 days of the incubation (Lovett & Ruesink, 1995). Thus, this could have
resulted in immobilization after day 14 in this present study. In the latter days of the experiment,
NH4*-N concentrations for all treatments remained relatively low as most of the easily

mineralizable N fractions in the frass and leaves were already consumed (Van Niekerk et al 2004).
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3.4.2. Nitrate

NOs™-N concentration varied within treatments and across time. The NOz-N from all the
treatments decreased after application. Due to the relatively high C:N ratio in the leaves and frass,
N immobilization is expected after application. The high C concentration compared to N in the
organic material stimulates microbial activity but cannot provide enough N for microbial needs,
thus extracting NOz~ from the surrounding substrate or soil (Coyne, 1999), resulting in a decrease
of NOs™ in the soil. The NO3s~ concentrations will increase later as microbes go through their life
cycle. From day 14, NOs-N concentration for frass increased and surpassed whole leaves
treatment. NOs™-N concentration in fine leaves treatment remained low throughout the experiment,
taking a slight increase from day 40. NOs™-N concentration was notably high in control, which
was not expected as the control had no N source. After day 14, NO3z-N concentration in frass and
whole leaves treatment increased, corresponding with a decline observed in NH4*-N, which could
mean nitrification occurred. From day 60, NOs™-N concentration increased in all treatments, which
unfortunately cannot be clearly explained as the experiment ended on day 60. However, this could
be corresponding with remineralization (Poffenbarger et al., 2018), which was explained for NH4*-
N concentration above. In a natural setting, this may be because of added organic matter resulting
in a new cycle. Because this experiment was carried at field capacity, it could be that the soil was
not enough or there was excess water leading to denitrification, as noted in Poffenbarger et al.
(2018) in anaerobic conditions, denitrification could occur, resulting in gaseous N losses through
reduction that can reduce NOs-N reduction, N2O or Nz, thereby reducing the NOs concentration

in the soil.

3.4.3. Total Inorganic N release

Total inorganic N was considerably higher in frass in the first seven days and was mainly driven
by the high NH4*-N production in the first three days. However, from day 7 all three treatments
had less total N than the control. This could be due to the N immobilization due to the high C:N
ratio of the organic substrates. When the easily mineralizable N components are consumed by
microbes, the total production will reduce (Van Niekerk et al. 2005). Our results followed the same

trend with a high initial N release that levels off after the first few weeks to a stable, gradual release.
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3.4.4. Cumulative Inorganic N release

The cumulative inorganic N release indicates the total N release from organic treatments over time.
The cumulative inorganic NH4*- N release was higher in frass than in the leaf treatments, whereas
NOz™ -N cumulative concentration was higher in whole leaves treatment followed by frass and fine
leaves. Frost and Hunter (2004) observed that frass deposition from red oak (Quercus rubra)
saplings led to a relative increase in NH4"-N but not NO3-N. We could have explained the low
NOz™ -N and NH4*-N concentrations to leachate losses in an open system, as NOz~ can dissolve in
water (Frost & Hunter, 2004). Interestingly, whole leaves treatment had considerably lower

cumulative NH4*-N concentration and a much higher cumulative NO3z™ -N concentration.

Overall, the frass treatment produced the highest inorganic N with 112.8 mg/kg of inorganic N
released over 60 days, while the whole leave treatment released 70.5 mg/kg and fine leaves 26.9
mg/kg in the same period. In addition, De Swardt et al. (2018) found that frass of mopane

caterpillars contributes to the nutrient cycling of N, K and P.

3.4.5. Surface area

Fine leaves treatment yielded the lowest concentrations for both NH4*-N and NOs~ -N. Considering
that the surface area of the fine leaves is closely related to that of frass, we expected that the fine
leaves would display faster mineralization than whole leaves. However, fine leaves treatment had
overall low N concentrations compared to whole leaves. This can possibly mean that the fraction
size of the leaves and frass may not affect decomposition activities but rather the contents of the
organic matter. In this study, size did not affect decomposition. Factors that is known to be mainly
responsible include climate and microbes, such as bacteria and fungi (Aerts, 1997). However, this
could not have affected the experiment as all treatments were under the same climatic conditions.
It appeared that the surface area does not influence decomposition, as grinding the leaves seemed
to have decreased its reactivity to decomposition. However, the larger surface area of whole leaves
could mean more bacterial activity, and immobilization of inorganic N in these soil microbes,
which will eventually be available for mineralization when the soil microbes die and thus the
subsequent release of inorganic N observed in the later stages of the trial from whole leaves (Brust,
2019).
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3.4.6. Mineralisation rate

It appears that frass has a high mineralisation rate as seen by the NH4*-N concentration that
increased immediately after frass application but remained so low in the leaves treatment. The
overall N release was high in frass treatment compared to whole and fine leaves. This supports
that frass has easily mineralizable contents (Lovett & Ruesink, 1995; Reynolds & Hunter, 2004),
making them important to nutrient cycling in the mopane ecosystem as they seem to have high

nutrient release potential.

3.5. Conclusion

From the results of the incubation experiment, it is clear that frass produced by mopane caterpillars
has a higher nitrogen turnover than whole leaves and fine leaves. We included a fine leaf treatment
to compare the effect of surface area on the mineralization rate. Nevertheless, regardless of the
finer fractions of mopane leaves, frass still decomposed faster and released much more N than
leaves, indicating the role of mopane caterpillars in nutrient cycling. Not only does mopane
caterpillars convert the leaves into small sizes, in the digestion process, the leaves are converted
into an organic product that can decompose faster and release nutrients back into the environment
at a faster rate and more effectively. This suggests that mopane caterpillars form an integral part
of the nutrient cycling process. In a system where mopane caterpillars are absent, leaves would
fall to the ground and dry out; mineralization in this system would be very slow. As the
mineralization of leaves is very slow, nutrients can be removed from these systems if leaves are
removed through burning or are blown away. Nutrient removal in these semi-arid regions is
especially problematic, as sparse vegetation due to the low rainfall and high temperatures cannot
be replaced easily. However, from day 60 NH4"-N concentration in whole leaves treatment started
to rise again; thus it could be that although whole leaves released NH4*-N slower as compared to
frass, they have the potential to release nutrients over a longer time period, thus sustaining nutrient
availability in these systems after the complete decomposition of frass. Unfortunately, the NH4'-
N and NOs-N concentrations in control samples were much higher, which was not expected for a

sample with no N source. This could have been due to sample contamination.
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CHAPTER 4: CONCLUSION AND RECOMMENDATIONS

Mopane caterpillars are a food source for both humans and animals such as mongooses, birds, fish
and livestock. They are also a source of income to those involved in their harvesting and trade.
They are of considerable social, economic and cultural significance. Mopane caterpillars research
has focused more on their importance as food and as an income source, with less concern for their
ecological importance, particularly their role in nutrient cycling in the African Savanna (mopane
woodland). Mopane caterpillars are one of the main defoliators of mopane trees, thus there is a
need to study how they influence the mopane woodland through defoliation and frass release to

reveal whether they have an influence on nutrient cycling in these systems.

There was a lack of studies in countries that have been reported to have distribution of mopane
caterpillars, thus studies are needed in such countries to bridge the gap in knowledge found.
Mopane caterpillars are being harvested unsustainably, and rules governing harvesting are not so
effective because they are often overridden. Climate change, land use change, lack of effective
laws threatens the sustainability of this resource.

We recommend more research on gap areas found on the study such as ecosystem service in terms
of nutrient cycling and on sustainable use. There is need for actual implementation of stricter laws
to govern the harvesting process and quantity of caterpillars harvested, and stricter fines for those
who override the laws to ensure the sustainability of mopane caterpillars, especially at the local

scale where there is excessive harvesting and overriding of laws set by local Chiefs.

Compared to mopane leaves (fine and whole leaves), mopane caterpillars’ frass had higher
mineralisation rates, because the mineralisation of frass released inorganic N faster than mopane
leaves, thus increasing amount of inorganic N released into the ecosystem at a faster rate than in a
system where frass would be absent. Overall, the frass treatment produced the highest inorganic N
as compared to the other treatments. However, it was worth noting that mopane leaves showed an
increase in NH4*-N concentration during the end of the trial, whilst it remained low for frass
treatment, thus it could be that although leaves release inorganic N at a slower rate, they can sustain
the system for a longer time by releasing inorganic N when frass has completely decomposed, thus

the co-existence of frass and leaves in the mopane woodland is essential for nutrient availability.
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Additionally, the release of inorganic N from whole leaves during the end of the trial could
possibly be due to immobilization of the N, which mineralizes when soil microbes eventually die.
The high NHs*-N and NOs-N concentrations in control samples are of interest as it was not
expected considering there was no added N source. This consequently led to a questions of why
the absence of N source led to high inorganic N and the addition of N source led to lower inorganic

N concentrations.

The trial also revealed that the assumption that the fast mineralisation of frass as opposed to leaves
could be due to their fraction size could not possibly hold, as fine leaves had notably the lowest
inorganic N released, lower than for whole leaves. This could mean that frass have some easily

mineralizable content or an added advantage due to digestion in the caterpillars gut.

Mopane caterpillars have shown to have potential in terms of nutrient cycling through high
mineralising frass. This study however led to more questions such as how much caterpillars
consumes on average in a day and throughout their life span, how much leaf biomass is returned
to soil as frass and how much of this is nitrogen. Thus the average leaves consumed by caterpillars,
frass released, biomass returned to the ecosystem by mopane caterpillars would be important topics

for future research.
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