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ABSTRACT

Cave ecosystems harbour diverse and specialized macroinvertebrate communities that provide vital ecosystem
services. This study investigated the within cave and seasonal patterns of terrestrial macroinvertebrate
assemblages in Gcwihaba cave, Botswana. Prior to this study, the macroinvertebrate assemblages of
Gcewihaba cave were only superficially surveyed and the temporal patterns of the invertebrate communities
were unknown. This study therefore aimed to improve knowledge on the macroinvertebrate taxa that occur in
the cave, their distribution across the cave sectors and the influence of climatic seasons on the distribution
patterns of the invertebrates. To examine the community patterns, terrestrial macroinvertebrates were collected
within three cave zones; the light sector, the transition sector, and dark sector. These collections were
undertaken during the rainy season (hot-wet) and the winter season (cold-dry) using pitfall traps and visual
surveys. A total of 31 macroinvertebrate taxa were collected, including 18 new families. Cave cockroaches
(Blaberidae) were the most abundant, followed by cave crickets (Rhaphidophoridae) and violin spiders
(Sicarridae). Species richness was similar across zones, but diversity (Shannon and Simpson indices)
decreased from the light zone to the dark zone, indicating a shift from a balanced community to one
dominated by specialized taxa. The abundance of macroinvertebrates was significantly higher in the dark zone
and during the hot-wet season, likely due to increased resource availability and favourable microclimates.
Seasonal variations influenced community composition, with some taxa exhibiting distinct seasonal
preferences. In terms of the spatial distribution of macroinvertebrate groups within the cave, the patterns are
similar to those reported by previous research, the main contribution of this research is the recording of 16
additional macroinvertebrate taxa in the cave and a demonstration that there is high macroinvertebrate activity

during the rainy season; which may benefit approaches to the cave management.

Keywords: Cave ecology, cave macroinvertebrates, species diversity, spatial distribution, temporal patterns,

Gcewihaba cave, community dynamics, biodiversity conservation, seasonal variation
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CHAPTER 1: INTRODUCTION

1.1.0verview of the cave environment.

Caves are underground, dark environments that humans can explore, containing air and/or water and inhabited
by species that are adapted to underground life (Mammola, 2019). There is substantial amount of biodiversity
supported by caves because caves are distributed throughout the world, with all continents having caves in
most of their member countries (Culver & Pipan., 2009). Caves are diverse in terms of their size and internal
morphology depending on factors leading to their formation (Moseley, 2009). These factors include tectonic
activity, atmospheric impacts, rock weathering, glacier melting, chemical reactions of diverse compounds,
rock disintegration, cave rock weathering and corrosion of rocks by water which shapes their morphological
features (Engel, 2010). The deeper parts of caves show narrow fluctuations in terms of their annual internal
temperatures and relative humidity, the latter often constantly close to saturation (Mammola, 2009). This
makes the cave internal conditions uniquely stable though it is influenced by change in local weather

conditions (Brunet & Medellin, 2001).

While caves may be morphologically diverse, they can be generally sub sectioned into distinct gradient zones
based primarily on light availability which correspond with the composition of biological communities within
the cave (Prous et al., 2004; Engel, 2011). The entrance zone is illuminated, with some parts directly exposed
to the sun at some point during the day. This zone can hold photosynthetic organisms like plants, lichen and
algae depending on the amount of sunlight received (Mendes et al., 2021). The zone also, owing to its
proximity to the surface environment, fluctuates in environmental conditions such as temperature and
humidity corresponding to the local weather conditions (Xiong et al., 2023). The next zone into the cave, is
the transition zone, which has relatively constant environmental conditions compared to the entrance. It is
almost completely dark with variable humidity and temperature (Macud & Nuneza, 2014; Howarth &
Moldovan, 2018). The deepest zone is the dark zone, the furthest away from the entrance with its
characteristic total absence of light, humidity at or near saturation, relatively stable temperature, and very little
air circulation (Biswas, 2010). Lunghi ef al., (2014) highlighted species occurrence in caves is influenced by
cave features like morphology and the cave’s internal environmental parameters. Previous studies have shown
that macroinvertebrate communities may vary between these cave zones (Lunghi ef al.,2014; Mazebedi &

Hesselberg, 2020).
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The cave’s local community and distribution is further determined by its internal ecological conditions like
nutrient availability, light availability, stable temperatures and high humidity. Caves are typically energy-poor
environments due to the lack of sunlight and primary production (Ravn et al., 2020). Macroinvertebrates
therefore rely on organic matter that enters the cave from the surface, such as leaf litter and decaying wood
(Ravn et al., 2020). The amount and type of these resources significantly influence the abundance and
diversity of macroinvertebrates (Prous et al., 2004). The absence of light especially in the deeper parts of
caves have also contributed to many cave dwelling macroinvertebrates evolving reduced or absent eyes and
pigmentation while other senses like touch and chemoreception are enhanced (Culver & Pipan, 2019). This
adaptation to darkness contributes to the unique biodiversity found in these environments. Stability of
temperatures and relatively high humidity as another key feature of internal cave environments can favour
species with narrow environmental tolerances and contribute to the evolution of specialised adaptations
(Mammola, 2019). However, variations in these conditions such as proximity to cave entrances or presence of

water bodies can create microhabitats and influence species distribution within the cave (Cuff et al., 2021).

The above-mentioned features contribute to a unique and challenging environment that drives the evolution of
highly specialised cave organisms (Mammola, 2019). Cave ecosystems therefore harbour a great diversity of
specialized and endemic species with distinctive morphologies, physiologies and behaviours (Culver & Pipan,
2019), reflecting adaptive convergences (Wilkens & Strecker, 2003; Juan et al., 2010; Mammola et al., 2020)
and unique evolutionary trajectories that largely match cave habitats (Christman et al., 2005; Mammola et al.,
2018). Many cave macroinvertebrates are vulnerable because of their restricted distributions, high endemism
and are specialised for living in the dark subterranean cave environment (Cardoso et al., 2021). The absence of
light in caves has resulted in some taxa developing morphological adaptations which vary among species but
are represented by having elongated appendages to aid in food and mate finding, depigmented skins due to
absence of melanin to protect from sunlight rays and having no visual apparatus likely due to absence of light
in their habitats. (Culver & Wilkens, 2000 ; Culver & Pipan, 2019). For example, about 192 species of the 512
known species of cave adapted arachnids show a reduction and /or total loss of eyes and pigmentation,
elongated appendages, lower metabolic rates, production of fewer and larger eggs (Mammola et al., 2022). For
many other cave taxa, major life supporting activities like, resource location (food, mating partner and space),
avoidance of competitors and predators all must be accomplished without vision (Horvath et al., 2021).
Through their diversity and specialised adaptations, cave organisms offer several benefits to human beings

collectively referred to as ecosystem services (Canedoli et al., 2022).

13
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1.2. Ecosystem services from caves.

The continuity of ecosystem services that humans derive from caves rely on protection of cave environments
and conservation of cave fauna (Medina, 2023). These services, while sometimes overlooked, are crucial for
human well-being and include vital resources like clean water, regulation of biogeochemical cycles, and
support for biodiversity (Culver & Pipan, 2019). The continued availability of ecosystem services from caves
is dependent on the conservation of cave biodiversity, including cave macroinvertebrates. Ecosystem services
can be categorised into four main categories as provision services, regulatory services, supporting services,

cultural and recreational services (Kunz et al. 2011).
Provision services

One of the most significant ecosystem services provided by caves is the provision of groundwater. Caves
often act as important aquifers, storing and filtering vast quantities of freshwater that are essential for human
consumption, agriculture, and industry (Ford & Williams, 2007). More than half of the world's population
relies on groundwater associated with caves for these purposes (Elshall et al., 2020). The unique geological
structure of caves, with their interconnected networks of fissures and channels, facilitates the movement and
storage of groundwater, making them crucial components of regional hydrological systems (White et al.,
2019). Certain macroinvertebrates like, Heptageniidae and Corydalidae, are commonly used as bioindicators
to assess water quality in subterranean aquatic ecosystems because of their sensitivity to environmental
changes (Galindo- Pérez et al., 2017). Protecting cave environments from pollution and over-extraction is

therefore essential for ensuring the continued availability of this vital resource (Gilli, 2015).
Regulatory services

Cave macroinvertebrates also play key roles in upholding ecological balance. As primary decomposers, they
break down organic matter like leaves and bat guano, facilitating nutrient cycling within the cave environment
(Mazebedi & Hesselberg, 2020). This decomposition process supports microbial communities and forms the
foundation of the cave food web, sustaining various life forms. Bacterial genomic studies have revealed that a
large number of bacterial communities that reside within the guano play a crucial role the nitrogen
biogeochemical cycle (De Mandal et al., 2015), making caves important sites for nutrient cycling which are
processes essential for maintaining soil fertility and supporting plant growth, both within and outside of the

cave environment (Cardoso et al.,2021).
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Supporting services

Through macroinvertebrates diversity, caves also offer supporting services. Some insects, such as
Ceuthophilus pima, a type of camel cricket native to North America, primarily serve as detritivores. They
consume organic matter, fungi, and decomposing plant material, which positions them as significant players in
the nutrient cycling process within caves and other underground ecosystems through their faecal deposits
(Pape & O’Connor, 2014). This helps make nutrients available to other cave organisms. Camel crickets also
play a crucial role as a primary food source for predatory organisms in caves (Pape & O’Connor, 2014),
including cave spiders and cave salamanders, thereby supporting the balance of subterranean ecosystems.
Additionally, other macroinvertebrates adapted to cave environments, such as the tropical cockroaches of the

Nocticola genus, are preyed upon by arachnids like whip spiders (Lucanas & Lit, 2016).

Cultural and recreational services

Many caves hold considerable archaeological and paleontological significance, providing invaluable insights
into human history and past environments (Faulkner, 2010). Caves also attract tourists, generating income and
supporting local economies (Benedetto er al., 2022). The recognition and appreciation of these diverse
ecosystem services, both tangible and intangible, are crucial for promoting the long-term conservation and
sustainable stewardship of cave ecosystems (Gunn, 2004). Protecting caves ensures the continued delivery of
these valuable services for present and future generations. Effective management strategies for caves must
acknowledge and address the interconnectedness of these subterranean ecosystems with the broader

surrounding environment.

1.3. Cave macroinvertebrates diversity.

Caves harbour a diverse array of macroinvertebrate life, playing crucial roles in the functioning of these
subterranean ecosystems. Studies from tropical and temperate regions have demonstrated significant variation
in cave biodiversity, with tropical caves generally exhibiting higher species richness due to greater organic
input and stable climatic conditions. For instance, studies in Brazilian limestone caves in the neotropics have
documented a wide range of troglobitic arthropods, including cave-adapted spiders, beetles, and crustaceans
(Ferreira et al., 2023), while European caves, particularly in the Balkans peninsula situated in temperate
region, are known for their high diversity of specialized subterranean fauna (Deli¢ et al., 2023). The diversity
of macroinvertebrates also varies with cave type; limestone and lava tube caves often support distinct
communities due to differences in microclimate and nutrient availability. While this macroinvertebrate

diversity is found globally, cave macroinvertebrates are better described in American and European countries
15
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(Mazebedi & Hesselberg, 2020) with a handful of studies in Africa, such as (Ferreira ef al., 2020; Mazebedi &
Hesselberg, 2020;Harvey & Du Preez, 2014). Despite these efforts, considerable gaps persist, and African
subterranean ecosystems have largely been understudied resulting in Africa ranking among the least explored
continents concerning cave-restricted species and their habitats (Moutaoukil ef al., 2024), thus a need for more

studies to better understand local diversity.

Insects play various trophic roles that contribute to nutrient cycling within caves, including detritivore,
predator, and parasite. Some like cave crickets bring organic matter into caves as they return from their
foraging outside (Lavoie et al., 2007). Their eggs are also eaten by several carabid beetle species (Kane &
Ryan, 1983). Many of the cave species are guanophilic (Ferreira et al, 2007). Some insects are also
decomposers, and scavengers (Coleoptera). Different insect orders represented in caves include Thysanura
(Zygentoma or silverfish), Orthoptera (Crickets, grasshoppers), Dermaptera, Isoptera (Termites), Blattodea
(cockroaches), Hemiptera (True bugs, hoppers, aphids and cicadas), Phthiraptera (lice), Coleoptera (beetles),
Hymenoptera (ants, bees and wasps), Lepidoptera (moths and butterflies) and Diptera (flies, mosquitos and
midges) (Romero, 2009). Some specific insect species identified at Gcwihaba cave by Mazebedi & Hesselberg
(2020) are darkling beetles and cave cockroaches. Class Arachnida is also well described; with nine cave
orders representing 300 species (Mammola ef al., 2018) Their feeding habits include predation, consumption
of detritus, and parasitism (Romero, 2009). Some of the orders in this class includes Acari (ticks and mites),
Araneae (Spiders), Scorpionida (Scorpions) and Pseudoscorpionida (Pseudoscorpions) (Romero, 2009). Some
of the specific mite species observed in Southern African caves include Chiropturopoda coprohila, Laelaps sp.
and Sancassania sp. (Dippenaar- Schoeman & Myburgh, 2009). Some spiders and scorpion venoms have been
found to contain neuroactive compounds that can help keep the human heart rhythm thus a potential

application to human health. (Novak, 2001).

1.4.Classification of cave macroinvertebrates.

The Scheiner-Racovita system classifies cave species based on their ecology and morphological adaptations to
the cave environment into three categories namely, a) troglobionts, b) troglophiles, and c) trogloxenes
(Trajano & de Carvalho, 2017). Troglobionts are permanent cave dwellers, mostly found in the deeper parts of
caves and they often exhibit adaptations to cave life such as, reduced or absent eyes, lack of pigmentation,
elongated appendages for navigating in the dark, and slow metabolisms to conserve energy in resource-scarce
environments (Howarth & Moldovan, 2018). Troglophiles are more flexible in their habitat preferences. These

organisms use caves to complete their life cycle but can survive outside the cave (Hesselberg et al., 2019,
16
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Mammola & Isaia, 2017). They often venture into subterranean environments for shelter, or to escape harsh
conditions on the surface. While they may exhibit some adaptations to cave life, they are not as specialised as
troglobionts. Lastly, species that use caves occasionally are called trogloxenes. These organisms use caves for
specific purposes such as hibernation, nesting or escaping predators. They do not complete their entire life
cycle underground and rely on the surface environment for most of their needs (Howarth & Moldovan, 2018).
Trogloxenes are usually found at the entrance zone or the twilight zone (Culver & Pipan, 2009), and they
usually show no proper adaptive features to cave environments since they visit or use caves occasionally.
Other studies (Sket, 2008; Novak ef al., 2012) have also classified troglobionts /troglobites as organisms that
permanently reside in subterranean environments whereas trogloxenes were classified as organisms that are

not able to establish sustainable populations in the subterranean environments.

1.5. Factors affecting distribution of macroinvertebrates within caves.

Environmental variability within caves has been postulated to be the main driver for distribution patterns of
macroinvertebrates in cave ecosystems. Previous studies have demonstrated the importance of several
environmental factors in influencing the occurrence and abundance of different cave macroinvertebrates
groups including resource availability (Chertoprud et al., 2020; Borisov ef al., 2021), microclimate variability
( Mammola et al., 2019; Cuff et al., 2021), invasion history (Nicolosi ef al., 2023), and species interactions
(Cuff et al, 2021). Some troglobionts like cave cockroaches may show a temporal variation in their
distribution by burrowing beneath the guano for other sensitive phases of their life cycle like laying of eggs
(Mammola ef al.,2019). This varying usage of space within caves is due to different factors like specialization,
through avoidance of inter- and intraspecific competition and nutrient limitation (Cuff et al., 2021).
Understanding these spatial variations is key as they determine the biological functions of individuals and

species at large (Araujo et al., 2010).

At a smaller scale, in response to climate change cave species could theoretically change their spatial
distribution inside the cave system itself (Fejér & Moldovan, 2013; Lunghi et al., 2017; Mammola & Isaia,
2017). Increasing temperatures due to climate change leads to internal cave temperatures especially in the
shallow parts slightly rising leading to macroinvetebrates moving to cooler microhabitats within the caves
where they can biologically function optimally (Mammola et al., 2019). Evidence suggests that several
subterranean species tend to migrate toward greater depths and vice versa, from one season to the other
(Mammola et al., 2019: Tobin et al., 2013). For instance, Bento et al, (2016) found out that invertebrate

communities showed differences in their structure according to the collection season, the rainy season having
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the highest species diversity. Cave cricket’s numbers have been found to vary around the cave entrance with
time of day and season (Lavoie ef al, 2007). Short range endemics (organisms with limited geographic
distribution due to their specialised adaptation to specific limited environmental conditions) may likely be
pushed to extinction because of their inability to cope with environmental changes brought about by climate
change. Most cave species have narrow thermal tolerances; therefore they may not be able to adapt to even

slight temperature changes as such may die (Medina et al., 2023).

1.6. Threats to cave ecosystems

Despite harbouring important macroinvertebrate diversity, which provides essential ecosystem services, the
cave ecosystems face key threats like climate change, invasion by alien species and a number of
anthropogenic activities. Climate change forecasts using theoretical models have shown a possible impact in
cave temperatures and humidity (Badino, 2004; Covington & Perne, 2015). Some model-data comparison
studies have confirmed such forecasts (Dominguez-Villar et al., 2015; Culver & Pipan., 2018). Cave
environments are particularly sensitive to climatic altering activities carried out at the surface above and in the
aquifers below (Gillieson, 2011). Throughout the course of evolution and adaptation, some cave species have
lost their resistance to variation of temperature (Mermillod-Blondin et al/., 2013) thus with the onset of
increased cave temperatures such species may be driven towards extinction. Caves exchange air masses and
water with the external atmosphere and environment which are the main natural causation agents of
disturbance in the sub-surface. (Mammola et al., 2019; Chiarini et al., 2022). This further exposes caves to
climatic changes that occur on the surface. For instance, as global temperatures continue to rise due to
increased carbon-dioxide concentration in the atmosphere, the amount of heat energy entering caves through
exchange of air masses with the surface increases thus increasing internal cave temperatures which will
directly affect cave animal species i.e. their metabolism rate (Chiarini ef al., 2022). Roth (2014) suggested that
as global temperatures continue to rise, an increasing number of macroinvertebrate taxa may go extinct due to
desiccation while nonnative alien species may retreat into caves for shade and establish populations which

may outcompete the native species and colonize caves.

Another significant threat to cave ecosystems is the invasion by non-native or opportunistic invertebrate
species, which can disrupt ecological balance. Invasive insects such as cockroaches, ants and flies often gets
introduced into caves by human activities, climate change driven range expansions, or alterations in
surrounding land use (Wagner & Van Driesche, 2010). These species can outcompete native cave adapted
invertebrates for limited resources, introduce new pathogens or alter nutrient cycling by rapidly consuming

organic matter that would otherwise sustain endemic species. Additionally, some insects such as invasive
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predatory beetles or aggressive ant species, can directly prey on native cave fauna leading to population
declines or local extinctions (Liebherr & Krushelnycky, 2007; Walker, 2006). The disruption caused by insect
invasions can have cascading effects, threatening not only invertebrate biodiversity but also higher trophic

levels, including bats and other cave dwelling vertebrates (Wagner & Van Driesche, 2010)

Tourism presents a significant threat to cave ecosystems through direct habitat modification and disturbance.
For example, some caves such as the Kronio cave complex in Sicily, Italy (Badino and Torelli, 2014) and Lu
Di Yan (Reed Flute Cave) in Guangxi, China (Cigna,2012) are developed as show caves and for tourist
activities. To prepare caves for tourist activities, some modifications are done to the cave’s internal
environment including but not limited to modifying some cave sediments or speleothems (a structure formed
in a cave by the deposition of minerals from water, e.g., a stalactite or stalagmite) thus destroying the natural
morphologies and microhabitats for different cave organisms (Calaforra et al., 2003). Nitzu (2021)
demonstrated that species composition varies across different microhabitats, with certain species showing
preference for specific microenvironments at different times. Therefore, tampering with natural morphologies
inside caves will lead to a direct negative impact on macroinvertebrates compositions and distributions.
Moreover, the frequent movement of tourists inside caves causes disturbances that ultimately negatively affect
cave environments. The physical compaction of cave floor substrates (guano and soil) occurs as tourists step
as they walk. Pacheco et al., (2021) reported a significant difference between touristic and non-touristic areas
of a cave due to the impacts of stepping on substrates like bat guano, fine sediment, cobble and boulders. It is
therefore a necessity to establish well defined touristic routes and pathways in any subterranean environment

to mitigate such threat to cave ecosystems (Pellegrini & Lopes Ferreira, 2012).

The introduction of artificial lighting to help illuminate the inside of caves for touristic purposes is also a
threat as it disrupts the natural subterranean conditions and habitat use of cave adapted macroinvertebrate
communities. For instance, Kurniawan et al., (2018) found clear differences in arthropod community
structures between artificially lit show caves and unlit wild caves in the Gunungsewu karst area, suggesting
that light influences where and how species are distributed within the cave environment. Nicolosi (2023) also
assessed the impact of cave lighting by comparing two caves with similar conditions but differing touristic
traffic. The results indicated that higher tourist numbers significantly increased lampenflora proliferation in
Toirano cave as the caves are lit for prolonged periods. The growth of lampenflora such as algae and mosses
further alters these habitats by modifying the substrate and microclimate, creating unsuitable conditions for
some macroinvetebrates while providing niches for others. This can be observed in Cango caves, South Africa
where deeper cave surfaces are covered by green algae after introduction of light inside the caves (Cigna,

2012).
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Other human activities posing threats to cave ecosystems includes mining, pollution and deforestation, which
leads to habitat degradation and biodiversity loss (Mammola et al., 2019). Mining particularly for limestone,
phosphate and metals, alters cave morphology, disrupts subterranean water systems and destroys
microhabitats essential for troglobitic species (Jaffe et al., 2016). Additionally, pollution from agricultural
runoff, industrial waste and untreated sewage introduces heavy metals, pesticides, and nutrients into cave
waters causing eutrophication and toxicity that threaten obligate cave organisms (Simon et al., 2007; Du Preez,
2014). Deforestation exacerbates these effects by reducing organic matter input which is crucial for cave
detritivores and increasing soil erosion leading to sedimentation that clogs cave entrances and alters
hydrological dynamics (Ladle & Whittaker, 2011). These disturbances not only threaten cave biodiversity and
also compromise ecosystem services such as ground water filtration and paleoclimatic record preservation,

thus the urgent need for conservation measures (Mammola et al., 2019).

1.7. Research problem

Despite the important ecosystem services provided by cave macroinvertebrates and the ecological roles they
play in cave ecosystems, the inventory of Botswana’s cave macroinvertebrates and other cave biodiversity is
still in its infancy due to limited ecological studies in these kinds of subterranean ecosystems. The few
ecological cave studies in Botswana have been undertaken at Gewihaba cave, most likely because the cave is
larger and easily explorable without cave equipment (Du Preez et al., 2015). Cave macroinvertebrate diversity
has only been quantitatively surveyed by (Mazebedi & Hesselberg 2020). Their preliminary survey did not
look into seasonal patterns in the distribution of macroinvertebrates within the cave. A comprehensive study
of cave macroinvertebrate assemblages was needed to improve the inventory of macroinvertebrates taxa and
their community dynamics. To address the above knowledge gap about macroinvertebrates of Gewihaba cave,
the study set out to describe the spatio-temporal patterns of the cave’s terrestrial macroinvertebrates
communities. The hypothesis of this study was that macroinvertebrate communities of Gcwihaba cave

undergo significant changes that are driven by weather seasons.

Study Objectives

The following objectives were drawn to address the aim above:

° To compare macroinvertebrate diversity and relative abundances across distinct cave zones

within Gewihaba cave during different weather seasons.
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290 ° To compare the similarity of macroinvertebrate assemblages of different cave zones across

291 different weather seasons.
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292 CHAPTER 2: MATERIALS AND METHODS

293
294 2.1. Study area

295

296  2.1.1. Location

297  The Gewihaba cave system is located within the Ngamiland district in the Okavango basin, to
298  the north-western edge of Botswana (Figure 1) (Mbaiwa & Sakuze, 2009). The cave system
299 is a complex underground tunnel network found underneath the low-lying dolomite
300  Gewihaba hills. The length of the cave is north-south oriented with corresponding north and
301  south entrances (Dandurand et al., 2019).
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304  Figure 1. Location of Gcewihaba hills in Botswana indicated by a red triangle.

305 (Mazebedi & Hesselberg., 2020)
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2.1.2. Climate

The Gcwihaba hills are surrounded by a semi-arid, dense, shrub savanna, referred to as the
Kalahari Thirstland (Thies & Lewis, 2015). The area receives an annual mean rainfall of 490
mm (Moses, 2019) with temperatures ranging from 8.5°C to 42.2°C (Thies & Lewis, 2015).
Mean monthly maximum temperatures range between 32°C and 35°C in October and January,
but daily maximums can be as high as 43°C. The lowest mean monthly temperature is about

10°C (recorded in July) (Moses, 2019).

2.1.3. Formation process of Gewihaba cave

Gcewihaba cave was formed because of earth movements that occurred at the end of the pre-
cambrian era (Cooke & Baillieul, 1974, Cooke 1975, Dandurand et al., 2019). The earliest
movements caused the elevation of the Gcwihaba hill mass above the earth surface. The
second phase of earth movements involved a local up thrust of the dolomite part of the hill
relative to the calcrete part resulting in a fault of about 3-5 m between the two rock types. The
faults, which were in NW-SE direction, led to the formation of a river that flowed along the
faults, resulting in the formation of Gecwihaba cave. The cave is likely formed by movement
of acidic water across the fracture zones, which dissolved large volumes of the cave. The
flow of the acidic water later formed a variety of secondary flowstone and dripstone
formations including stalactites, stalagmites, massive bosses and pillars (Cooke 1975,
Dandurand et al., 2019). Some flowstones have been extensively eroded which Dandurand et
al., (2019) attributed to biogenic erosion. The base of some flowstones is covered by sandy
material which could be either blown into the cave by wind or washed into the cave by water

inflows from surface floods (Dandurand et al., 2019).

2.1.4. Biodiversity of Gewihaba area

The Gcewihaba hills and those around them, the Koanaka hills supports an assemblage of
mammalian species, ranging from small rodents to large carnivores like cheetahs and flying
ones like bats (Thies & Lewis, 2015). Previous studies together documented 43 mammalian
species representing 7 orders. Three bat species (Chiroptera) which also occurs in Gecwihaba
cave were documented in the area namely, Rhinolophus denti (Dent's horseshoe bat),

Hipposideros commersoni (Commerson's leaf-nosed bat) and Nycteris thebaica (Egyptian
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slit-faced) (Ferguson et al.,2010). Macroinvertebrate taxon like cave crickets, which have
been found to be among the common taxa in Gecwihaba cave by Mazebedi & Hesselberg
(2020) enhances biodiversity especially in caves like Gewihaba cave. C. secretus cave cricket
has been observed scavenging on mushrooms and other dead insects (Taylor et al., 2007).
Beetles have also been observed to be common in Gewihaba cave (Mazebedi & Hesselberg,
2020). Many of these cave beetles are predators preying on other invertebrates in the cave
like the mites, collembola, and fly larvae in the guano. Some are specialized in terms of
feeding, feeding either on eggs or larvae of a particular species (Culver & Pipan , 2009).
Cave cockroaches (Gyna sp) also appear to be among the common taxa’s in Gewihaba cave
(Mazebedi & Hesselberg, 2020). This taxon is typically found in association with guano,
either burrowing in it or foraging. They are omnivores and consume fluids from rotting
organic materials, i.e., from dead bats (Romero, 2009). The last observed common
macroinvertebrate taxa in Gcewihaba cave is violin spiders (Loxosceles sp). These
macroinvertebrates are top predators preying on a wide range of insects even those larger
than them (Ponce-Saavedra et al., 2023). They also contribute food resources in the cave
environment through laying of eggs and their dead bodies which may be eaten by other
predators (Doran et al., 2001). Predation by these macroinvertebrate taxa helps manage
insect’s populations thus balancing the cave ecosystem. This also helps ensure nutrients flow

inside Gewihaba cave.

2.2. Study design (Spatial and temporal design)

2.2.1. Spatial design

The cave zone was divided into three distinct zones based on light intensity, a key
environmental gradient influencing cave ecosystems. Measurements were taken
systematically at each sampling point along a transect extending from cave entrance to the
deeper part of the cave (Lunghi et al., 2020). The light zone (0-20m) received direct sunlight
and significant reflected light with average lux meter reading of 0.23 Klux. The transition
zone (21-50m) exhibited diminishing light, with noticeable shadows and average meter
reading of 0.01 Klux. The dark zone (51-130m) was characterised by complete darkness with
light readings undetectable. These zones were established to represent a spatial gradient of

light availability, a primary factor affecting macroinvertebrate distribution.
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Given the cave’s rugged and uneven terrain, establishing precise, continuous measurements
throughout the entire cave length was logistically challenging. However, within each defined
zone, pitfall traps were strategically placed along cave walls and across the floor to capture
macroinvertebrates. Opportunistic visual surveys were conducted concurrently, with a hand
held lamp to survey cave floor and walls and record macroinvertebrates observed. The
number of individual macroinvertebrates of each species observed was recorded for each
zone. This data augmented the pitfall trap data, providing a more comprehensive
understanding of macroinvertebrates assemblages within each zone. The visual surveys were
done by two people for 20 minutes per a 10 m interval. The same two visual surveyors

carried out all collections for this study.
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Figure 2. Approximate zoning of the cave. (Adapted and modified from Dandurand et

al.,2019).

2.2.2. Temporal design

To determine macroinvertebrate abundance across seasons, collections were undertaken once
in summer and once in winter. The winter collection was undertaken between the 24™ of July
2021 and the 30" of July 2021, whereas the summer collection was undertaken between 2™
of February and the 11" of February 2022. The selected seasons present contrasting surface

temperatures and humidity; hot and wet summers and cold and dry winters (as described in

25



394
395
396
397

398

399

400

401

402
403
404
405
406
407
408

409

410
411
412
413

2.1.2. Climate above). Although caves are stable environments, in highly fluctuating
environments such as arid landscapes, they exhibit some degree of environmental fluctuations
(Engel, 2011), which may influence seasonal variations in cave macroinvertebrate

abundances.

Figure 3. A live pitfall trap.

Triplicate live pitfall traps made from 250 ml disposable cups were dug into the cave floor
such that the mouth of each cup was on the same level as the floor surface (Figure 3). All the
pitfall traps were retrieved after three days since it was observed that setting the traps longer
led to death and cannibalism of trapped individuals. The use of live pitfall traps reduced
disturbances on the fragile cave macroinvertebrate communities during installation and
collection of samples after the three days, and allowed many macroinvertebrates to be caught

during the sampling period with minimal effort.

Representative sample collections for each new species from the survey were taken to the
Botswana International University of Science and Technology for identification. The sample
collections were identified based on their morphological features using field guides prepared

from the previous study by Mazebedi & Hesselberg (2020). The samples/specimens were
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identified to meet necessary standards for scientific research purposes by experts.
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2.3. Environmental variables measurements

To establish zones inside the cave (as described under 2.2.1.Spatial design), light intensity
was measured using the Hanna HL97500 a portable lux meter. This instrument was selected
for its sensitivity and ability to detect low light levels typical of cave environments.
Measurements were taken at systematically at each sampling point along a transact extending
from cave entrance to the deeper part of the cave (Lunghi ef al., 2020). At each point, the lux
meter sensor was held at ground level where macroinvertebrate activity was observed to
capture light conditions directly influencing the macroinvetebrates. Readings were recorded
in Klux, with the meter set to the 0.001-1.999 Klux range to allow for high resolution

detection of low intensity light typical of caves.

2.4. Data Analysis

Diversity comparisons across cave zones and weather seasons were compared using Hill
numbers computed for each cave zone using merged data for both seasons and separate
seasons across zones. Hill numbers were used over the traditional diversity indices because
they provide a unified and interpretable framework for comparing biodiversity while
accounting for both species richness and evenness (Chao et al., 2014). These were used to
compare macroinvertebrate diversity across cave zones. Hierarchical clustering with Bray-

Curtis was used to measure similarity of cave zones based on species composition.

Comparison of macroinvertebrate diversity across seasons and cave zones was done by
comparing data recorded during the two different seasons. A Poisson Generalized Linear
Model was applied to analyse macroinvertebrate count data, as it is suitable for modelling
discrete data that follow a Poisson distribution. The model used a log link function to
examine the relationship between macroinvertebrate abundance and variables like season and
cave zone, allowing for identification of statistically significant patterns. Furthermore, a
PERMANOVA was used to assess statistical significance between macroinvertebrate
composition of cave zones. A student t test was also used where appropriate. Statistical tests
and graphs were performed using OriginPro 2022b software and Paleontological Statistics

Software (PAST) version 5.02.
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CHAPTER 3: RESULTS

3.1. Macroinvertebrates assemblage composition and diversity.

A total of 31 macroinvertebrate taxa belonging to 18 families were identified (Table 1). Cave
cockroaches (Blaberus) were the most common with a total of 11078 observations, followed
by cave crickets (Rhaphidophoridae) and violin spiders (Loxosceles simillima) with 1219 and
1183 observations, respectively. Only six taxa could not be identified to the family level. The
majority of taxa were widely distributed throughout the cave, except for a few that occurred
in only one or two zones. Out of the 31 taxa observed in this study, 18 had not been reported

in previous surveys.
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Table 1. Taxonomic identification of taxa observed and their frequency of occurrence inside the cave. Un- unidentified.

Taxa Common Number of  Class Order Family Genus Species Cave zone(s) of
name individuals occurrence

Blaberus Cave 11078 Insecta Blattodea Blaberidae Blaberus Un L, T,D
cockroaches

Rhaphidophoridae  Cave crickets 1219 Insecta Rhaphidophoridae  Un Un L, T,D

Orthoptera

Loxosceles Recluse/violi 1183 Arachnida  Araneae Sicarridae Loxosceles Loxosceles L, T,D

simillima n spiders simillima

*Formicidae Ants 1030 Insecta Hymenoptera Formicidae Un Un L, T

*Carabidae Ground 630 Insecta Coleoptera Carabidae Un Un
beetles L, T,D

*Periplaneta Cave 626 Insecta Blattodea Blattidae Un Un L, T,D
cockroaches

*Paratachys Beetle 363 Insecta Coleoptera Carabidae Paratachys Un L, T,D

*Cynaeus sp. Floor beetles 284 Insecta Coleoptera Tenebrionidae Cynaeus Cynaeus sp L, T,D

Tenebrionidae Darkling 277 Insecta Coleoptera Tenebrionidae Un Un L, T,D
beetles

Emesinae Thread 179 Insecta Hemiptera Reduviidae Un Un L, T,D
legged bugs

30



Selenopidae

*Trogidae

*Strongylium

Reduviidae

*Coccinellidae

*Isopoda

*Diplopoda
*Chilopoda
*Ixodida

Lepidoptera

Withiidae

Physocyclus

Pholcidae

Flat
spiders/wall
spiders
Hide beetles
Darkling
beetles
Assassin
bugs
Ladybug
Pillbug

Millipede
Centipede
Hard ticks
Butterflies/m
oths
Pseudoscorpi
on

Short bodied
cellar spider
Long bodied
cellar

spiders/dadd

107

97
87

46

40
20

19
14
13
13

Arachnida

Insecta

Insecta

Insecta

Insecta
Malacostra
cans
Diplopoda
Chilopoda
Ixodida

Insecta

Euchelicera
ta
Euchelicera
ta
Euchelicera

ta

Araneae

Coleoptera

Coleoptera

Hemiptera

Coleoptera

Isopoda

Un
Un
Ixodidae

Lepidoptera

Pseudoscorpi

ones

Araneae

Araneae

Selenopidae

Trogidae

Tenebrionidae

Reduviidae

Coccinellidae

Un

Un

Un
Un

Withiidae

Pholcidae

Pholcidae

Un

Un

Strongylium
Emesinae(subf
amily)

Un
Un

Un

Physocyclus

Un

Un

L, T,D

L, T,D

L, T,D

L, T,D

T,D

2

L, T,D

L, T,D
LT

L, T,D

T,D

L, T,D
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*Chlaenius
tricolor
Vespidae
*Chlaenius

dusaultii

Gynnidomorpha

alisman

*Porcellionides

*Cucujiformia

*Histeridae

*Theriididae

y long legs
Ground
beetles
Wasps
Ground

beetles

Moths

Plum
woodlouse

Beetle

Hister beetle

Cobweb
spider

Insecta

Insecta

Insecta

Insecta

Malacostra
ca

Insecta

Insecta

Arachnida

Coleoptera

Hymenoptera

Coleoptera

Lepidoptera

Isopoda

Coleoptera
*Cucujiformi
a(infraorder)

Coleoptera

Araneae

Carabidae

Vespidae
Carabidae

Tortricidae

Porcellionidae

Histeridae

Theridiidae

Chlaenius

Un

Chlaenius

Gynnidomorph

a

Porcellionides

Un

Un
Theridion

Chlaenius
tricolor
Un
Chlaenius

dusaultii

Gynnidomorp

ha alisman

Un

*Shows taxa that were not recorded by previous surveys.

L — light zone, T — transition zone, D — dark zone

Un - Unknown
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3.2 Variability of terrestrial macroinvertebrates across cave zones

The dark zone, transition zone and light zone had 15,13 and 14 number of species
respectively (table 2). For Shannon diversity the light zone had the highest
diversity(5.49),followed by transition and dark zone with 4.97 and 2.69 respectively. This
indicates that the light zone and transition zones had a more balanced distribution of species
compared to the dark zone. For Simpson diversity, the light zone still had the highest
diversity (4.33) followed by transition and dark zones with 3.62 and 1.68 respectively. This

indicates a few dominant species occupied the dark zone.

Table 2. Hill numbers (effective numbers) of macroinvertebrate taxa across cave

zones.

Diversity order(q)  Light zone Transition zone Dark zone
q=0(Species 14 13 15
richness)

q=1(Shannon 5.49 4.97 2.69
diversity)

q=2(Simpson 4.33 3.62 1.68
diversity)
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According to figure 4, in terms of species composition, the light and transition zones are most
similar as they merge at high similarity level (~ 0.7) while the dark zone is distinct from the
rest as it joins the cluster at much lower similarity level meaning it has the most different
species composition. A Poisson Generalized Linear Model (GLM) was conducted to examine
the effect of cave zone (light zone, transition zone, dark zone) on macroinvertebrates
abundance. The overall model was statistically significant (y= 12.45, df = 2, p = 0.002),
indicating that species abundance varied by cave zone. The dark zone had the highest
macroinvertebrates abundance (B =6.45, SE =0.009, z = 688.98, p < 0.001). In comparison,
macroinvertebrates abundance was significantly lower in the light zone (B =-1.45, SE =
0.021, z =-67.43, p <0.001) and the transition zone (B =-1.28, SE =0.020, z =-63.83, p <
0.001). These results suggest that macroinvertebrates are significantly more abundant in the
dark zone compared to the other zones. A PERMANOVA was also conducted to assess
whether there were statistically significant differences in the macroinvertebrate composition

among the zones. The results indicated no significant differences (F=1.19, p =0.319).

Dark zone

Transition zone

Light zone

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Similarity

Figure 4. Hierarchical clustering of cave zones according to macroinvertebrate taxa.
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3.3. Seasonal comparisons of terrestrial macroinvertebrates across seasons

According to table 3, species richness was higher across all zones during both seasons with a
statistically significant difference of #2)= 5.00,p = 0.03. Both Shannon and Simpson diversity
decreased from light zone to dark zone with higher values recorded during the hot and wet
season except in the light zone. However, the differences between seasons were not
statistically significant for Shannon diversity (#2)= 1.18,p= 0.36) and Simpson diversity
(#(2)= 0.85,p=0.49).

Table 3.Hill numbers (effective numbers) of macroinvertebrate taxa across seasons. A-

hot and wet season, B- cold and dry season.

Light zone Transition zone Dark zone

Diversity order(q) A B A B A B
q=0(Species 10 8 10 8 9 8
richness)

g=1(Shannon 4.63 4.67 4.41 3.90 3.23 3.12
diversity)

q=2(Simpson 5.48 5.61 5.17 4.63 3.82 3.73
diversity)
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Hierarchical clustering shows the dark zone remained distinct across the two seasons,
especially during the cold and dry season as it joined the cluster at very low similarity level
(~0.1) (Figure 5). Light and transition zones were similar during both seasons as they merged
at higher similarity levels. Paired student’s t tests indicated no statistical difference of
zones(in terms of abundance of macroinvertebrates) across the different seasons: transition
zone (#(-1.59),p=0.15) , dark zone (#(-1.28),p= 0.23). The light zone was close to significance,
light zone (#(-2.06),p= 0.07).

Dark zone
Rainy
Season Transition zone

Light zone

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Similariry
Dark zone

Winter

Transition zone

Light zone

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Similarity

Figure 5. Hierarchical clustering of cave zones according to macroinvertebrate taxa

across seasons. Rainy season-hot and wet season, Winter- cold and dry season.
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Figure 6 illustrates the relative abundance (%) of various cave macroinvertebrates under two
different seasonal conditions. Histeridae, Pholcidae, Withiidae and Coccinellidae show a
higher relative abundance in the cold and dry season, suggesting that these groups thrive in
colder and dry conditions. In contrast, taxa like Porcellionidae, Trogidae and Tenebrionidae
exhibit a greater presence in the hot and wet season indicating adaptation to warmer
environments. Rhaphidophoridae, Sicarridae and Blaberidae display a marked preference for
the hot and wet season with minimal representation in the cold and dry season. A Poisson
Generalized Linear Model revealed a significant effect of season on abundance, B =
1.23, SE = 0.018, z = 67.79, p < 0.001. Specifically, species abundance was significantly
higher in the hot and wet season compared to the cold and dry season. These findings suggest
that environmental conditions in the hot and wet season are more favourable for

macroinvertebrates proliferation.

e Cold and Dry %

Araneidea Hot and Wet %

Histeridae
Forcellicnidae
Tortricidae
Vespidae -
Pholcidae
Withiidae
Caccinellidae
Trogidae
Selencpidae
Reduviidae
Tenebrionidae
Blattidae
Carahidae

Formicidae
Sicarridae -

Bhaphidophoridae
Glaberidae -

0 20 40 60 80 100
Relative abundance(%0)

Figure 6. Relative abundance of macroinvertebrate taxa during cold and dry season and

hot and wet season.
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The estimated species richness (number of taxa) increases with sampling effort, suggesting
that the actual number of species present is higher than what was recorded. The absence of a
plateau in this rarefaction curve indicates that additional sampling would likely reveal more

species (Figure 7).

34
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Figure 7. Estimated number of taxa to be observed with increase in sampling effort.
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CHAPTER 4: DISCUSSION

4.1. The diversity of Gewihaba cave macroinvertebrates

Our study identified a total of 31 macroinvertebrates taxa within Gecwihaba cave (table 1).
This represents a substantial contribution to the known cave fauna, with 18 of these taxa not
previously recorded by the previous study (Mazebedi & Hesselberg, 2020) in Gewihaba cave.
The newly recorded taxa were Formicidae found in light and transition zones only, Carabidae
found across all three zones, Periplaneta found across all three zones, Paratachys found
across all three zones, Cynaeus sp. found across all three zones, Strongylium sp found across
all three zones, Trogidae sp. found across all three zones, Coccinellidae found in transition
and dark zones only, Isopoda found across all three zones, Diplopoda found in light zone
only, Chilopoda found in light zone only, Ixodida found across all three zones, Chlaenius
tricolor found in light zone only, Chlaenius dusaultii found in light zone only, Theriididae
found in dark zone only, Cucujiformia found in dark zone only, Histeridae found in light
zone only, and Porcellionides found in light zone only. This highlights the importance of
ongoing biodiversity surveys in understudied environments like caves. Dainelli et al., (2024)
also recorded an equal number of taxa (31) in a guano-rich temperate cave. While 31 taxa
were identified, the Mao’s Tau rarefaction curve (Figure 7) continued to rise, suggesting that
the true species richness of macroinvertebrates in Gewihaba cave is likely higher and that

further sampling efforts could reveal additional taxa.

The dominance of cave cockroaches (Blaberus) is notable, comprising a large proportion of
the total individuals observed. The high abundance of cave crickets (Rhaphidophoridae) and
violin spiders (Loxosceles simillima) (table 1) is another notable feature of this
macroinvertebrate community. In temperate caves like Gecwihaba cave, cave crickets are
considered as keystone species that can also be used as cave ecosystem bioindicators
(Kurniawan ef al., 2022) as they are the primary food sources for other cave species either as
carcasses, their droppings or eggs (Yonder et al., 2010). Violin spiders act as natural

predators in cave ecosystems preying on several cave dwellers (Silva & Ferreira., 2014). This
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suggests the functional roles of these two taxa in Gcwihaba cave ecosystem, potentially

regulating other invertebrate populations in this ecosystem.

The highest species richness was observed in the dark zone, closely followed by the light
zone and transition zone (Table 2). However, when considering diversity indices, a different
pattern emerges. Shannon diversity(q=1) and Simpson diversity(q=2) decrease from the light
zone progressively with distance into the cave (Table 2). A similar pattern was observed by
Mazebedi & Hesselberg (2020) and in other caves as well (Salaga, 2020). The light zone
exhibited the highest Shannon diversity (H’= 5.49) and Simpson diversity (D= 4.33),
indicating a more balanced distribution of species. The transition zone showed intermediate
values (H’= 4.97, D= 3.62), while the dark zone had considerably lower diversity (H’=2.69,
D=1.68). The lower diversity in the dark zone, despite similar species richness, suggests the
dominance of a few species, as confirmed by the low Simpson diversity. This is consistent
with expectations for cave ecosystems, where limited resources and environmental
constraints often lead to communities dominated by highly adapted specialists (Milks ef al.,
2024). The cluster analysis (Figure 4) further supports these findings. The distinct separation
of the dark zone from the other two zones highlights the distinct community composition in
the deeper parts of the cave. The closer clustering of light and transition zones suggests a
greater similarity in their macroinvertebrate communities, likely due to the shared influence
of surface conditions and the observed similarities of the cave floor substrates. Gecwihaba
cave is an important tourism attraction site in the area (Mbaiwa & Sakuze, 2009), and
therefore tourists’ movement within the cave could also play a role in the distribution of
ground dwelling macroinvertebrates, but this needs to be confirmed. Other environmental
factors like cave soil pH, electronic conductivity and moisture content could also be
attributing factors to this pattern of diversity as shown in a previous study by Mazebedi &

Hesselberg, (2020) in the same cave.

The species richness of macroinvertebrates for Gewihaba cave was relatively high at 31
(Table 1) compared to 12 reported by the previous study (Mazebedi & Hesselberg, 2020).
Even when compared with other caves globally, species richness reported in this study is

relatively high. For example, Macud & Nuneza (2014) reported only ten species of macro-
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invertebrates belonging to six orders in the Mighty Cave in Tagoloan, Lanao del Norte,
Philippines. High species richness in cave ecosystems is often associated with fewer
disturbances in the cave (Salaga, 2020). For example, caves that experience frequent human
movements through tourism and other activities often have low macroinvertebrates
abundance (Calaforra et al., 2003). However, other studies have reported more species
richness, for instance, Pape & O’Connor, (2014) reported 98 species, including 16 species
that were new to science in the Kartchner Caverns in Arizona. It is important to also note that
other factors such as cave size, shape and type, sampling method, other environmental
conditions play a vital role in species detection and diversity and could have led to the

differences in diversity between the present study and the one mentioned above.

4.2. Seasonal variation of Gewihaba cave macroinvertebrates.

The seasonal differences in macroinvertebrate diversity and similarity across zones reveal
important ecological patterns within Gecwihaba cave. According to table 3 species richness
(q=0) was generally higher in the hot and wet season across all zones, with a statistically
significant difference (¢ (2) = 5.00, p = 0.03). Similarly, Shannon (q=1) and Simpson
diversity (q=2) were higher during the hot and wet season compared to the cold and dry
season, except in the light zone, where values remained relatively stable. These trends
suggest that warmer temperatures and higher humidity levels during the wet season promotes
increased biological activity and resource availability, which may explain the observed
increase in species richness and evenness (Culver & Pipan, 2019). Figure 5 supports these
observations by showing that cave zone similarity was higher during the hot and wet season
(light and transition zones clustering at 0.7, dark zone diverging at 0.3) and lower during the
cold and dry season (light and transition zones clustering at 0.8, dark zone diverging at 0.1).
This suggests that during the hot and wet season, macroinvertebrates taxa were more evenly
distributed across zones, leading to a more homogenous community structure, whereas during
the cold and dry season, the dark zone became more distinct, indicating a relatively more
specialized and isolated community. This is likely due to a slight drop in temperatures and
humidity in the dark zone during the cold and dry season thus only a select few more adapted
taxa could survive here. This is consistent with the decrease in species richness from hot and
wet to cold and dry season across all zones (Table 3), particularly in the dark zone, where
richness drops from 9 taxa to 8 taxa. Shannon and Simpson diversity also decline in the dark

and transition zones during winter, further indicating that fewer species dominate the
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community during the cold and dry season. These findings are supported by previous studies,
which report that seasonal variations in temperature and humidity significantly influence
subterranean species distributions (Tobin et al., 2013: Lunghi ef al., 2017: Mammola ef al.,

2015).

Seasonal changes have shown to be influencing the overall abundance of macroinvertebrates
in this cave. A general trend of higher macroinvertebrate abundance in the hot and wet season
compared to the cold and dry was observed (Figure 6). This could be due to an increased
influx of food resources during the hot and wet season from the outside environment in the
form of tree leaves and rich guano from the insectivorous bats in the caves (Souza- Silva et
al., 2012). Another reason for the low abundance during cold and dry season could be due to
overwintering mechanisms used by macroinvertebrates like hibernation to shield themselves
from prevailing unfavourable conditions (Santos et al., 2020; Day et al., 2020). They may do
this by migrating into even smaller cracks in cave walls and/or diapause, whereby some
invertebrates discontinue their development and spend the winter season as either larvae or
pupae until there are optimum conditions for them to develop (Farooq ef al., 2022). Thus, the

observed fewer numbers during the cold and dry season.

Studies done by (Silva & Ferreira, 2014; Bento ef al., 2016) concurs with the present study as
they reported an increase in abundance of invertebrates during hot, rainy seasons than in cold,
dry seasons in caves. Poisson Generalized Linear Model revealed a significant effect of
season on diversity of macroinvertebrates. This significant effect of seasonal variation is
evidenced by the relative abundance of certain taxa like ants (Formicidae), ladybug
(Coccinellidae), plum woodlouse (Porcellionidae) and hide beetles (Trogidae) as they were
observed in only one of the seasons. These variations could be linked to specific life cycles,
resource availability (Souza- Silva et al., 2012) or microclimatic preferences. Specifically, the
notable high relative abundance of ants (Formicidae) during the hot and wet season could be
related to increased foraging activity (Roeder ef al., 2022) or colony expansion (Wong et al.,
2023) during warmer months. The dominance of cave cockroaches (Blaberidae), cave
crickets (Rhaphidophoridae) and violin spiders (Sicarridae) across both seasons is a sign of
their key roles and thus qualifying them to be considered as keystone species for any
management plan for Gewihaba cave. This could also be testament to their high degree of

adaptability to this environment.
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Cave cockroaches (Blaberidae) were the most abundant of all taxa recorded in this study
(Tablel) and were dominant during both seasons. Cave cockroaches (Blaberidae) were also
observed scavenging on bat carcasses in the dark zone, which also could be a contributing
factor to the observed abundance of cockroaches in both seasons (Bell et al.,, 2007). Similar
studies (Macud & Nuneza, 2014; Kurniawan et al., 2021; Mazebedi & Hesselberg., 2020)
have also reported cave cockroaches as being among the most abundant taxa in caves. On the
contrary, Marshall & Beehler (2007) have reported cave crickets to be the most abundant
species in deep zone areas with thick guano deposits. They are usually considered as
keystone species, owing to their large numbers (Weckerly, 2012). This could be as a result of
cave cockroaches being the most adapted species in Gewihaba cave as opposed to cave
crickets as in the contrasting study. Despite this, cave crickets were the second most abundant
species. Kurniawan et al., (2022) also observed that cave cockroaches prefer the more humid

dark zones.

One significant finding of particular interest was the sighting of reddish coloured ants
(Formicidae) actively moving into the cave in the light and transition zones during the hot
and wet season. Even though this ant taxa could not be identified to species level in the
current study, its presence is a significant finding. Certain red ant species are known to be
invasive and can pose a serious threat to cave ecosystems (Wagner & Van Driesche., 2010;
Nicolosi et al., 2023). These ants can disrupt native invertebrate communities through
predation, competition for the limited resources and alteration of the cave environment.
Wagner & Van Driesche (2010) specifically highlight the negative impacts of these ants on
cave beetles, a group that was also observed in Gewihaba cave. This observation therefore
provides compelling evidence that the cave fauna and fragile ecosystem here could be under
serious threat and highlights an urgent need for management action to conserve this unique
environment. The presence of Formicidae, together with other taxa like Carabidae, and
Tenebrionidae, which are trogloxenes and troglophiles, may suggest that Gcwihaba cave acts

as an ecotone between surface and subterranean habitats (Moseley, 2009).

4.3. Study Limitations
This study offers important insights into the spatio-temporal patterns of macroinvertebrate
communities within Gcwihaba cave, however while efforts were made to identify all

specimens to the lowest possible taxonomic level, limitations in taxonomic expertise and the
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availability of identification resources may have resulted in some uncertainties. In particular,
some specimens could only be identified to the family or genus level. Future research should

utilize molecular techniques to improve the accuracy and resolution of species identifications.

4.4. Conclusion

In conclusion, this present study has expanded previous records by identifying 31 taxa,18 of
which were not reported previously. While species richness remained relatively consistent
across cave zones, a notable shift in community composition was observed, with diversity
declining from light zone to the dark zone. This pattern suggests a transition from a more
balanced community near the cave entrance to one dominated by specialised species adapted
to harsher conditions in the deeper parts of the cave. Climatic seasons also influenced
macroinvertebrate dynamics, with a greater macroinvertebrate abundance during the rainy
season (hot and wet) season compared to the winter season (cold and dry). The seasonal
differences were attributed to increased food resource availability and warmer temperatures
with favoured high macroinvertebrate activity. While this study provided valuable knowledge
on the macroinvertebrate taxa that are supported by Gcwihaba cave as well as their
community dynamics, there is still needed to further our understanding especially the
knowledge of the taxa at species level. Through well designed approaches, further research

should also focus on explore the influence of environmental factors on individual taxa.
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Appendix A. Representatives of the top 10 most abundant macroinvertebrate taxa in Gewihaba cave.

Carabidae(Ground beetles) Rhaphidophoridae(Cave crickets) Blaberidae( Cave coakroaches) Formicidae (Ants)

Tenebrionidae(Darkling beetle) Reduviidae(Assasin bugs) Sicariidae (Violin spiders) Blattidae (Cave coakroaches) Trogidae(Hide beetles)
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