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Simple Summary: The expansion of urban areas in combination with climate change places great
pressure on species found in freshwater habitats. Dragonflies are iconic freshwater organisms
due to their large body sizes and striking coloration. They have been widely used to indicate the
impacts of natural and human-mediated activities on freshwater communities, while also indicating
the mitigation measures required to ensure their conservation. Here, we review the major threats
to dragonflies in southern Africa, specifically those in urban areas. We also provide information
on effective mitigation measures to protect dragonflies and other aquatic insects in urban spaces.
Using three densely populated areas as case studies, we highlight some of the greatest challenges for
dragonflies in South Africa. More importantly, we give a summary of current mitigation measures
which have maintained dragonflies in urban spaces. In addition to these mitigation measures,
public involvement and raising awareness contribute greatly to the common cause of protecting
dragonflies around us.

Abstract: Urban settlements range from small villages in rural areas to large metropoles with densely
packed infrastructures. Urbanization presents many challenges to the maintenance of freshwater
quality and conservation of freshwater biota, especially in Africa. There are many opportunities
as well, particularly by fostering contributions from citizen scientists. We review the relationships
between dragonflies and urbanization in southern Africa. Shifts in dragonfly assemblages indicate
environmental change, as different species are variously sensitive to abiotic and biotic water and
bank conditions. They are also conservation umbrellas for many other co-occurring species. Ma-
jor threats to southern African dragonflies include increasing infrastructure densification, frequent
droughts, habitat loss, pollution, and invasive alien vegetation. Mitigation measures include imple-
mentation of conservation corridors, maintenance of healthy permanent ponds, pollution reduction,
and removal of invasive alien trees. Citizen science is now an important approach for supplementing
and supporting professional scientific research.

Keywords: aquatic insects; biodiversity conservation; Cape Floristic Region; community engage-
ment; Highveld; Maputaland-Pondoland-Albany biodiversity hotspot; mitigation; Odonata; south-
ern Africa

1. Introduction

Human settlements have increased in global proportion, especially during the last
century [1]. Urban settlements range from villages with fuzzy boundaries in rural areas to
large cities with dense human populations. Over time, villages growing into towns and
towns growing into cities result in rapid infrastructural densification [2,3]. While large
cities are becoming more prevalent, classification boundaries between types of settlements
are often unclear [4]. Yet, urban settlements are generally hardscapes overlying green-
scapes [5]. Gradients of urbanization have complex consequences for the global natural
environment [6,7]. These impacts broadly include habitat loss, pollution, alien vegetation
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encroachment, and changes in microclimates, and their effects often extend far beyond
settlement centers [8-10].

Urban landscapes are not usually designed for biodiversity conservation [11]. A mani-
festation of this is that insect species richness generally declines towards city centers [12,13].
However, urban greening can be highly beneficial for insect biodiversity [14]. This in-
volves including green spaces, such as botanical gardens, public parks and cemeteries in
urban design, along with clearing alien vegetation and encouraging native vegetation [5].
These green spaces allow insects from a range of functional groups to persist in areas domi-
nated by urbanization, while simultaneously promoting human well-being and bringing
urbanites closer to nature.

Africa is the fastest urbanizing continent [15], with settlements being established
close to waterbodies in response to severe water scarcity, especially across sub-Saharan
Africa where El Nifio events lead to unstable water supplies [16]. Due to the space lim-
itations in existing urban areas, the fastest urban growth is in small towns with high
poverty levels. Ecological impacts are expected to be particularly severe in ecologically
sensitive areas [17,18], further exacerbated by ineffective environmental regulations due to
limited scientific knowledge on biological responses to urbanization [15]. Africa presents a
range of abiotic and biotic challenges to biodiversity, and with much of the continent still
undeveloped, urbanization is considered one of the greatest looming threats.

Within sub-Saharan Africa, southern Africa is the most urbanized region due to its ac-
cessible coastline, abundant mineral deposits and rich soils [19]. In southern African cities,
urbanization primarily increases as a result of rural-urban migration. In contrast, local hu-
man population growth is the leading driver of urbanization in rural areas, albeit slower
compared to major cities. Yet, scientists have been slow to investigate the ecological impact
of urbanization on the rich African insect fauna. Most aquatic insect groups are poorly
studied across the continent [20]. Southern African dragonflies (referring to both dragon-
flies and damselflies; Odonata: Anisoptera and Zygoptera) are by far the most studied
group of insects in terms of their taxonomy and biogeography [21].

Here, we review the interface between dragonflies and urban/suburban areas across
southern Africa. We provide insight into the direct and indirect impacts of urbaniza-
tion on dragonflies in the global context, and highlight how certain urban areas provide
particular opportunities for dragonfly occupancy and conservation. Using three densely-
populated regions in water-scarce South Africa as case studies, we also synthesize urban
impacts and opportunities for dragonflies. Finally, we evaluate citizen science as a data
collection method for investigating and monitoring urban dragonfly ecology, and make
recommendations for future research.

2. Urban Impacts on Dragonflies and Their Habitats
2.1. Direct Impacts on Dragonflies

Urbanization places immense direct pressure on freshwater habitats (Figure 1). Infill-
ing and draining for infrastructure development are a major cause of freshwater habitat
destruction [22,23], with losses in freshwater habitats strongly correlated with losses of
green space in some countries [24]. About 50% of global ponds and wetlands have been lost
during the last century, partly due to urbanization [25]. Furthermore, global urbanization
during the last 50 years has led to sediment loads in rivers being up to 120 times higher
than natural loads [26]. African pond and river losses have been poorly documented,
yet it is estimated that as much as 97% of all wetlands have been lost around Cape Town,
South Africa, as a direct result of infrastructural development [27]. These numbers reflect
the potential wide impacts of accelerating urbanization across Africa.
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Figure 1. Direct (solid arrows) and indirect (dashed arrows) impacts of urbanization on dragonflies. These impact
act synergistically, and together exert immense pressure on dragonflies in urban areas. Red crosses indicate elimination

of dragonflies.

Translating habitat losses to biodiversity losses is challenging, since information on the
historical states of freshwater habitats across Africa is lacking. Nearly 6% of all described
insect species occupy freshwater habitats [28], including over 900 species of dragonflies in
sub-Saharan Africa [29]. These dragonflies and other aquatic insects are under immense
pressure from accelerating rates of urbanization at the expense of natural waterbodies,
ultimately leading to decreasing population sizes and local extinctions [30]. Habitat loss is
particularly problematic for rare species that occupy natural ponds. Although these ponds
are often regarded an ecologically unimportant, they are in fact highly complementary at
the regional scale [31].

High road density is almost synonymous with urbanization, and roads affect drag-
onflies in several ways (Figure 1) [24]. Roads can limit movement between favorable
habitats and act as dragonfly movement barriers [32], resulting in progressive isolation of
populations and loss of genetic diversity over time. Roads and other glossy surfaces may
also attract some flying insects, especially adult dragonflies, functioning as ecological traps
so placing additional pressure on breeding populations, especially for localized species [33].
Although no information is available for Africa, >60% of all insects killed by moving vehi-
cles in India are dragonflies [34], while in Japan the figure is only 17% [35]. These differing
figures suggest that various factors are involved, ranging from vehicle density and speed,
to the type of roadside environment, to the distance from a waterbody [24]. Even dragonfly
flight behavior has an effect, with species that fly close to the ground being impacted the
most [36]. These findings indicate that road construction close to dragonfly habitats should
be avoided, especially important sites for endemic species [37].

2.2. Indirect Impacts on Dragonflies

Indirect urban impacts on aquatic insects are complex, and their collective magni-
tude may outweigh the magnitude of direct impacts [24]. Many adult aquatic insects,
including dragonflies, rely on terrestrial environments. Urban modification of their terres-
trial surroundings is as important as modifications to their freshwater habitats, and has
far-reaching effects on their fitness (Figure 1). For example, many dragonfly species re-
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quire submerged or overhanging marginal vegetation for oviposition. Emergent adults
(tenerals) also move away from water to vegetation, only returning to aquatic habitats
when mature [38]. The loss of terrestrial vegetation, thus, reduces functional connectiv-
ity, limits local dragonfly movement and inhibits natural dragonfly population dynam-
ics. Indeed, vegetation cover is often a better predictor of dragonfly occupancy than
in-water conditions, and vegetation conservation and restoration can even buffer the effects
of urbanization [39,40]. Dragonflies in general respond more to vegetation cover and
complexity than to plant species identity. Yet, some do not rely on vegetation to complete
their life cycles, meaning that preservation of vegetation integrity alone does not guarantee
dragonfly occupancy.

On the other hand, when marginal vegetation is too dense, there is a decline in drag-
onfly diversity (Figure 1) [41,42]. When dense stands of invasive alien shrubs and trees,
especially Acacia trees, replace native riparian vegetation in urban areas, dragonfly habi-
tats are adversely transformed mainly through loss of sunny local environments [43,44].
About a quarter of all South African dragonflies are endemic to the country, with twelve
red-listed as threatened [45]. These dragonflies are almost exclusively threatened by alien
vegetation in their habitats. In addition to shading, alien vegetation contributes to soil
erosion through homogenization of riparian plant communities, and leads to increased
runoff into rivers and higher sediment loads [46]. Invasive water hyacinth (Eichhornia cras-
sipes) is another cause of concern across Africa, forming dense mats of floating vegetation
on ponds and lakes in urban areas and some protected sites [47]. Riparian and floating
invasive plants eliminate native species and reduce overall habitat heterogeneity (e.g.,
through a reduction in oxygen supplies and increases in water temperature), which in turn
leads to local changes from specialist dragonfly assemblages to assemblages dominated by
generalists [48].

In arid and semi-arid countries, construction of dams alleviates water scarcity for the
benefit of agricultural, industrial and domestic sectors [21]. Damming does not destroy
aquatic habitats so much as converts lotic (flowing) into lentic (standing) habitats, with a
concurrent shift in dragonfly composition from a characteristically lotic assemblage to a
lentic one, as shown for the subtropical region of South Africa [49]. Combined with alien
vegetation, damming of rivers can lead to great reductions in macroinvertebrate diversity
(Figure 1) [50]. River impoundment for water security leads to a local loss of almost half
of the native riverine dragonfly species, although this recovers farther downstream [51].
Damming of rivers also introduces other disturbances, such as alien fish (e.g., Oncorhynchus
mykiss and Micropterus salmoides) for recreational fishing. These generalist predators feed
in different areas of the water column, leading to population declines of dragonfly larvae
and adults. Other damming disturbances include increased wave action from boating,
which can have a great impact on marginal vegetation integrity, and uncontrolled civilian
access, leading to bank disturbance and increased pollution levels [5].

Freshwater contaminants predominantly originate from construction, maintenance,
production activities, and erosion [52-54]. Trace metals and alteration of water temperature,
pH, conductivity, and dissolved oxygen gradients are of particular concern [52,55]. Drag-
onflies are variably sensitive to these characteristics and their occupancy is determined
by physicochemical gradients (Figure 1) [56]. While highly polluted urban waterbodies
function as ecological traps for dragonflies, some adult dragonflies are able to assess
physicochemical properties of aquatic habitats and may avoid breeding in them [57]. Sensi-
tive species may be killed by pollutants and, with less competition, tolerant species may
dominate [58,59]. Some widespread species, such as Ischnura senegalensis, are adapted
to breed in ponds and slow-moving water channels engineered by hippos, and where
defecation takes place. These damselflies are therefore predisposed to occupy organically
polluted urban water bodies.

Other less obvious impacts of urbanization, such as excessive artificial lighting,
may also have an indirect impact on dragonflies (Figure 1). Some dragonfly species
may be attracted to artificial lighting sources [60], especially in the case of certain crepus-
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cular species such as those in the genus Gynacantha. Artificial lighting may interfere with
dragonfly dispersal, and also function as ecological traps through increasing encounter
rates with insectivorous predators [61].

Potential urban impacts on dragonflies and other aquatic macroinvertebrates vary
with context. For instance, a comparison of urban and rural ponds in the United King-
dom showed that macroinvertebrate assemblage composition varied among pond types,
and urban ponds made an equal contribution to regional diversity as rural ponds [62].
Conversely, a long-term comparison between urban stormwater ponds and natural ponds
in Canada showed that anisopteran species richness and abundance, and zygopteran
abundance, were lower for stormwater ponds, suggesting that urban ponds have little
added value in this particular regional context [63]. In South Africa, a comparison between
agricultural and urban rivers showed that agricultural and urban land use changes have
similar effects on total dragonfly species richness, endemic dragonfly species richness,
and zygopteran species richness alone, but not anisopteran species richness [64]. These re-
sults suggest that agricultural and urban land use change equally contribute to overall
biotic homogenization, but the two dragonfly suborders may respond differently to various
types of disturbances.

3. Opportunities for Dragonflies in Urban Areas

As much as 80% of land may be covered by hard surfaces in city centers [65], and
a rising skyline strongly limits the movement of individuals. Urban green spaces, such
as parks, gardens, cemeteries and nature reserves, are fragmented habitat patches in an
otherwise inhospitable matrix. These urban green spaces are no substitute for wild ar-
eas, but they play an important role as refuges and supplementary habitats, both for
widespread species and those of high conservation concern (Figure 2) [5]. Although urban
green spaces are potential sites for alien vegetation colonization, this can be circumvented
by establishing native vegetation that improves functional connectivity for insect popu-
lations [24,39]. Biotope requirements are highly variable among dragonfly species [66]
and size, quality and connectivity of urban green spaces are essential for maintaining
dragonfly assemblages. Most zygopterans require only 50-300 m of favorable environment
around their central habitats [67], while certain anisoperans, such as Sympetrum depressius-
culum, require foraging areas of about 0.5-1 km around their natal habitats [68]. In turn,
highly mobile and migratory species such as Pantala flavescens may fly over oceans in search
of breeding habitats.

Both natural and artificial freshwater habitats are often abundant in urban green spaces
(Figure 2) [69]. Although wetlands today are valued for their aesthetics and richness of
biodiversity, in past centuries they were considered as miasmatic breeding sites for disease
vectors. Health issues aside, urban wetland habitats, whether natural or artificial, can be of
high value for aquatic insects, while simultaneously increasing conservation awareness.

In turn, urban rivers and streams with wide (>30 m) riparian zones, but free of
woody alien vegetation, provide sunny microhabitat and promote habitat heterogeneity
(Figure 2). These green corridors buffer urban impacts and are attractive breeding sites for
some dragonflies. Dragonfly assemblages recover remarkably well when alien vegetation
is cleared, and some endemic species recover their area of occupancy and part of their
former distribution ranges [70]. Artificial wetlands in urban areas initially attract only
common and widespread dragonfly species, but they may also attract rare and localized
species once native vegetation has had enough time to establish [71].
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Figure 2. Green and blue spaces provide several opportunities for dragonflies to establish and persist in urban areas.

Urban ponds may be built for aesthetic enhancement, water storage, managing ur-
ban hydrology, and/or for biodiversity conservation. Although insect conservation is
rarely the primary aim of pond construction, some artificial water bodies have high sec-
ondary value as tiny reserves for aquatic insects in urban environments (Figure 2) [72,73].
Opverall, small urban ponds may host higher biodiversity compared to large lakes [24,74],
especially when heterogenous ponds are considered collectively [62]. For some central
European cities, ponds can increase the area of occupancy for nearly 93% of all dragonflies
present in the region, especially Mediterranean species. Acknowledging that some with
specialized habitat requirements are excluded from urban environments, some dragonfly
species colonizing urban ponds may be of high conservation value [75]. In arid regions
of Namibia, dams encourage wetland dragonflies to establish breeding populations in
formerly inhospitable environments [76]. Similarly, ponds established for municipal use
or conservation of game animals (e.g., water holes) in arid regions of South Africa may
attract some generalist dragonflies and extend their areas of occupancy into formerly unoc-
cupied regions [21,77]. It is urban ponds and rivers with gradual margins, with moderate
levels of native submerged and riparian vegetation, no pollutant input, and no alien fish,
which attract the richest set of dragonfly species [73,78].

4. Dragonfly Conservation in Urban Areas of South Africa

Extensive existing urban landcover, and the inevitability of increased urbanization
in the future, calls for adaptive responses instead of mitigation measures, per se [79].
Ecosystem-based adaptation is a sustainable and cost-effective approach for improving
adaptive capacity, building on the premise that the natural environment is the most impor-
tant input into local economies and human well-being (Figure 3). Ecosystem-based adapta-
tion is especially important for cities in the southern hemisphere, owing to their risk-prone
states and limited resources to deal with natural disasters [80].
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Figure 3. The three largest metropolitan areas in South Africa present different challenges and opportunities for drag-

onfly conservation. (a) A former sugarcane field now part of the Kenneth Stainbank Nature Reserve, (b) a dragonfly

conservation pond in Pietermaritzburg Botanical Gardens, (c) a high elevation mountain stream within the Table Mountain
National Park, (d) a heavily impacted wetland in the lowlands of the Cape Floristic Region, (e) an urban lake in the heart of
the Tshwane Metropolitan Area, formerly used as an irrigation reservoir, and (f) an impacted stream in a suburban area

now being rehabilitated.

The first implementation of ecosystem-based adaptation in South Africa was in the
coastal city of Durban, where the Durban Metropolitan Open Space System (D’'MOSS)
action plan was designed. 80,000 ha was set aside to protect the Maputaland-Pondoland-
Albany global biodiversity hotspot and to maintain ecosystem service delivery [79,81].
For example, the action plan includes the protection of natural inland wetlands that limit
the needs for additional stormwater ponds in urban areas, conservation of intact mangroves
that reduce coastal flooding and erosion, and alien vegetation removal that restores hydro-
logical function. Similarly, near-natural riverbanks are included to prevent flash floods,
while agro-ecological approaches encourage natural pollinators and pest control. There-
fore, protection of these habitats leads to ecosystem service delivery without requiring
additional expensive infrastructural development.

In addition to ecosystem-based adaptation in the Durban Metropolitan Area (DMA)
having high social and economic value, the conservation and management of natural
patches and corridors also have high biodiversity value. Since dragonflies rely on terrestrial
and aquatic environments to complete their life cycles, protecting a range of aquatic habitats,
as well as natural riparian zones, greatly contributes to dragonfly conservation. Conversion
of agricultural areas, such as abandoned sugarcane fields, has also contributed to dragon-
fly conservation, with former irrigation reserves contributing greatly to local dragonfly
diversity (Figure 3a). The DMA is rich in dragonfly species, with more than 70 species
(and three national endemics) known from the region [77], including species such as Phaon
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iridipennis which penetrates deep into the urban area. This suggests that land preservation
through ecosystem-based adaptation has exceptional value for dragonflies.

Elsewhere in the Maputaland-Pondoland-Albany biodiversity hotspot, freshwater
bodies in botanical gardens play a major role in local protection of dragonflies (Figure 3b).
A dragonfly conservation pond was designed and constructed along an urban stream in
the Pietermaritzburg Botanical Gardens (PMG). The purpose of this artificial pond was to
promote aquatic plant conservation, while simultaneously forming an integral part of a
dragonfly trail to raise awareness on the ecological importance of dragonflies and their con-
servation [82]. Dragonfly species richness and abundance increased substantially after the
addition of lentic components to the existing lotic components [83]. However, some man-
agement was required to maintain optimal conditions for indigenous aquatic plants and
dragonflies. Interventions included removal of invasive alien vegetation, clearing dense
vegetation to halt vegetation succession, and occasional dredging to manage siltation.
The public also responded well to the dragonfly trail, which stimulated production of a
dedicated and comprehensive identification guide for the PMG [84].

Biodiversity patterns are complex in Cape Town, a coastal city built around Table
Mountain in the heart of the Cape Floristic Region (CFR) [85]. This city deviates from
the standard model of urban biodiversity, where diversity decreases towards city cen-
ters [12,13]. Instead, Cape Town in one of few cities where biodiversity levels increase
towards the central area [86]. Within the boundaries of Cape Town alone, there are about
3400 plant species, of which nearly 200 are endemic to the city [87]. Although total drag-
onfly species richness is not as high as the subtropical regions of southern Africa (close to
50 species), this Mediterranean area is characterized by about 17 national endemic dragon-
fly species [45,77]. Among these are regional endemics Chlorolestes conspicuus, Allocnemis
leucosticta, Elattoneura frenulata, Pseudagrion draconis, Pseudagrion furcigerum, Syncordulia ve-
nator, and Orthetrum julia capicola. The disproportionally high number of endemic dragonfly
species is the result of this region having had a moderate climate for many millions of years,
strong orographic patterns, and many streams, rivers, wetlands and ponds, leading to high
levels of environmental heterogeneity.

With the city center falling within the Table Mountain National Park, it has received
high levels of conservation action (Figure 3c), partly through the extreme topography
limiting urban development [87]. Conserving the natural habitats of Table Mountain
is important, as it hosts some of the rarest and most ancient endemic dragonfly species, dat-
ing back to 59 my [88]. The only dragonfly which has been extirpated from Table Mountain
as a result of urbanization is Orthetrum rubens. However, this endemic species occupies
other mountainous areas nearby, so has not gone extinct [45]. Yet, lowland freshwater habi-
tats around the mountain are particularly vulnerable, and several streams and wetlands
have been lost since the onset of urbanization [89]. The freshwater habitats that remain
are under severe pressure through physical modification and high nutrient and pollutant
inputs [90]. Deteriorated environmental conditions is problematic for dragonflies, and only
a handful of species are capable of occupying highly impacted freshwater habitats. Some of
the largest remaining wetlands within protected lowland areas have deteriorated greatly,
and these low quality urban freshwater habitats have little value for the endemic drag-
onflies in the CFR (Figure 3d) [58]. Water contamination in the region is particularly
difficult to manage, and effective freshwater habitat restoration requires catchment-wide
approaches to supplement local mitigation measures.

Inland cities in heavily urbanized regions such as the Tshwane Metropolitan Area in
the Gauteng Province of South Africa, an area moderately rich in dragonfly species (just
over 40 species), have many artificial ponds and lakes for water storage used in mining and
agricultural activities (Figure 3e) [91]. Tailing ponds were specifically established to store
byproducts of mining activities, and when mining was stopped during the 1970s, little en-
vironmental legislation was in place to enforce rehabilitation of tailing ponds [92]. Due to
the overall high levels of pollution associated with mining, ponds and rivers are mostly
occupied by widespread and generalist dragonfly species [93,94]. Although rehabilitation
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of impacted ponds and rivers is challenging, liming and leaching have been effective in
encouraging marginal vegetation growth [92], an important step towards encouraging
dragonflies and other aquatic insects. Artificial wetland construction has also been effective
in passively assimilating heavy metals in freshwater ecosystems, while simultaneously
raising aesthetic appeal of heavily impacted watercourses [95]. During the development
of Tshwane’s suburbs in the mid-1950s, some streams and rivers which flow through
urban areas were recognized in efforts to preserve green and blue spaces, while acknowl-
edging that ‘wild’ areas have higher value to citizens compared to intensively managed
parks and greenways (Figure 3f) [96]. However, rehabilitated and/or preserved green and
blue spaces have the potential to improve functional connectivity among existing nature
reserves and other open spaces, and have the potential to attract high levels of biodiver-
sity [97]. Indeed, several dragonflies, including some South African endemic species such
as Africallagma sapphirinum and Proischnura rotundipennis, benefit greatly from artificial
ponds in heavily urbanized environments [45].

5. Dragonflies as Sentinels for Evaluating Urban Impacts through Citizen Science

The relationships between dragonfly occupancy, ecological integrity and urbanization
are still poorly understood in Africa. One of the greatest challenges is that historical data
for dragonfly occupancy before the onset of urbanization do not exist or are very lim-
ited. This further restricts thorough understanding of how dragonfly assemblages and
population sizes have changed over time in response to urbanization. However, drag-
onflies are valuable as sentinels for an array of environmental disturbances, including
climate change and habitat degradation [45,98]. They are valuable indicators of urban im-
pact, and may help inform decisions regarding future urban development. They can also
help identify management and restoration needs of freshwater habitats in urban areas.
Furthermore, dragonflies are effective conservation umbrellas, meaning that dragonfly
conservation also benefits other co-occurring freshwater taxa [99,100].

Dragonflies have large body sizes and striking male coloration (Figure 4). They are
highly charismatic and iconic among freshwater organisms, making them one of few
non-pollinator insect groups with high public appeal [101]. These characteristics make
dragonflies ideal candidates for citizen science initiatives, simultaneously promoting the
socioecological and psychological aspects of insect conservation [102]. Dragonfly citizen
science also creates unique opportunities to rapidly generate large dragonfly distribution
and abundance datasets through collaborations between scientists and the broader public.
Although citizen science project may be difficult in rural areas with small, dispersed hu-
man populations, they can be effective in urban areas. The comparatively rapid nature of
citizen science data collection against professional scientific data collection is also useful
from a temporal perspective, where regular data collection across wide urban areas enables
ecologists to model dragonfly responses to ongoing urbanization and/or restoration.

Many lessons can be learned from the successful citizen science projects in southern
Africa, where the public has access to an assortment of dragonfly-related literature and
identification tools [101]. These include published field guides and online portals to submit
pictures and sighting metadata [45,78,103,104]. Collectively, the two dragonfly recording
initiatives in Africa, the Odonata Database of Africa [105] and OdonataMap [106] host
well over 200,000 dragonfly records, with almost 50% being in South Africa. Most records
are from Gauteng, Western Cape and KwaZulu-Natal, which are the provinces with the
highest level of urbanization in the country (Gauteng and the Western Cape), or has the
highest current urbanization rate (KwaZulu-Natal). This means that there is great potential
for the use of data acquired through dragonfly citizen science to investigate responses to
on-going urbanization [64], or to identify urban areas for restoration or rehabilitation.
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Figure 4. Dragonflies are useful as bioindicators and have high public appeal. Public involvement is key to addressing the

conservation needs of dragonflies and other co-occurring insects in urban areas.

6. Future Prospects for Dragonfly Research

Changes to spatial and temporal gradients in temperature and water availability as a
result of urbanization may lead to overall shifts in dragonfly behavior, including migration,
mating, and thermoregulatory activities [107]. While habitat destruction and/or alteration
may accelerate local extinction rates for some habitat-specific dragonflies, some species
may benefit greatly from artificial freshwater habitats and urban heat island effects [108].
Some dragonflies may be more tolerant of urban impacts and possess physiological, pheno-
logical and morphological traits, which allow them to occupy urban environments [109-111].
More information on which dragonfly species benefit from freshwater habitats in urban set-
tings, and which species suffer as a result of urbanization is required, so their conservation
needs can be determined to prevent local and regional extinctions [64].

Dragonflies are apex predators in the freshwater insect realm, and offer important
ecological services such as biological pest control, particularly where disease vectors such
as mosquitoes are abundant [101,112]. Dragonflies may also cause disservices by feeding
on important pollinators in urban and suburban settings [113-115]. As a result, they have a
significant influence on freshwater trophic interactions and energy flows between terrestrial
and aquatic environments [116]. However, little empirical information is available on shifts
in trophic flows in response to urbanization [59].

7. Conclusions

The inevitability of increasing urbanization has far reaching consequences for drag-
onflies through direct and indirect impacts, especially in combination with global cli-
mate change. Some aspects of dragonflies in African urban environments are still under-
investigated, but by drawing from other continents, which have been confronted with
urbanization much earlier, we can act rapidly and effectively to protect these iconic fresh-
water insects from future population extinctions across Africa. Certain dragonflies are
well-equipped to deal with some of the physical and chemical changes brought about
by urbanization. Urban landscapes may also create unique opportunities for dragonflies,
and urban waterbodies with other primary functions may secondarily increase area of
occupancy for some dragonflies. Yet, freshwater habitats in urban areas are only effective
reserves for a variety of dragonflies and other aquatic insects when they resemble natural
freshwater habitats as closely as possible. This is often only achievable by practicing appro-
priate management around freshwater habitats (e.g., removing woody invasive alien plants,
maintaining water flow, and mitigating pollution) in close association with urban areas.
Community outreach and raising public awareness can further assist in securing high-
quality habitats for dragonflies, especially in developing countries where the need for
freshwater resources are increasing dramatically.



Insects 2021, 12, 190 11 of 15

Author Contributions: Conceptualization, C.D. and M.].S,; validation, C.D. and M.].S.; resources,
C.D. and M.].S,; writing—original draft preparation, C.D. and M.].S.; writing-review and editing, C.D.
and M.].S.; Visualization, C.D. and M.].S.; project administration, C.D. and M.].S.; funding acquisition,
M.].S.; All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Mondi Group.
Institutional Review Board Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: We thank Gabi Kietzka for supplying the photograph (Figure 3f) of the drag-
onfly pond in the Pietermaritzburg Botanical Gardens, and Robyn Symons (Sciism) for preparing
the figures.

Conflicts of Interest: The funders had no role in the design of the study; in the collection, analyses,
or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Li, X.; Chen, G,; Liu, X,; Liang, X.; Wang, S.; Chen, Y,; Pei, F; Xu, X. A new global land-use and land-cover change product at
a 1-km resolution for 2010 to 2100 based on human-environment interactions. Ann. Am. Assoc. Geogr. 2017, 107, 1040-1059.
[CrossRef]

McDonald, R.I.; Mansur, A.V.; Ascensao, F.,; Crossman, K.; Elmqvist, T.; Gonzalez, A.; Huang, K. Research gaps in knowledge of
the impact of urban growth on biodiversity. Nat. Sustain. 2019, 1, 1-9. [CrossRef]

Angel, S.; Blei, AM.; Civco, D.L.; Parent, J. Atlas of Urban Expansion; Lincoln Institute of Land Policy: Cambridge, MA, USA, 2012;
p. 397.

Montgomery, M.; Stren, R.; Cohen, B.; Reed, H.E. Cities Transformed: Demographic Change and Its Implications in the Developing
World; National Academy Press: Washington, DC, USA, 2003.

Samways, M.].; Barton, P.S.; Birkhofer, K.; Chichorro, F; Deacon, C.; Fartmann, T.; Cardoso, P. Solutions for humanity on how to
conserve insects. Biol. Conserv. 2020, 242, 108427. [CrossRef]

Elmgqvist, T.; Fragkias, M.; Goodness, J.; Giineralp, B.; Marcotullio, PJ.; McDonald, R.1.; Wilkinson, C. Urbanization, Biodiversity and
Ecosystem Services: Challenges and Opportunities: A Global Assessment; Springer Nature: Dordrecht, The Netherlands, 2013; p. 755.
Pimm, S.L.; Jenkins, C.N.; Abell, R.; Brooks, T.M.; Gittleman, ].L.; Joppa, L.N.; Sexton, J.O. The biodiversity of species and their
rates of extinction, distribution, and protection. Science 2014, 344, 1246752. [CrossRef] [PubMed]

McKinney, M.L. Effects of urbanization on species richness: A review of plants and animals. Urban Ecosyst. 2008, 11, 161-176.
[CrossRef]

Arnfield, A.J. Two decades of urban climate research: A review of turbulence, exchanges of energy and water, and the urban
heat island. Int. J. Climatol. 2003, 23, 1-26. [CrossRef]

Alexandri, E.; Jones, P. Temperature decreases in an urban canyon due to green walls and green roofs in diverse climates.
Build. Environ. 2008, 43, 480-493. [CrossRef]

Dunn, R.R,; Gavin, M.C.; Sanchez, M.C.; Solomon, ].N. The pigeon paradox: Dependence of global conservation on urban nature.
Conserv. Biol. 2006, 20, 1814-1816. [CrossRef]

Lubertazzi, M.A.A.; Ginsberg, H.S. Emerging dragonfly diversity at small Rhode Island (USA) wetlands along an urbaniza-
tion gradient. Urban Ecosyst. 2010, 13, 517-533. [CrossRef]

Willigalla, C.; Fartmann, T. Patterns in the diversity of dragonflies (Odonata) in cities across Central Europe. Eur. J. Entomol. 2012,
109, 235-245. [CrossRef]

Ernst, D.; Felinks, B.; Henle, K.; Klotz, S.; Sandermann, H.; Wieneke, C. HGF: Von der numerischen zur funktionellen Biodiversitit:
Neue Forschungsansitze. GAIA 2000, 9, 140-145. [CrossRef]

Anderson, PM.; Okereke, C.; Rudd, A.; Parnell, S. Regional assessment of Africa. In Urbanization, Biodiversity and Ecosystem
Services: Challenges and Opportunities: A Global Assessment; Elmqvist, T., Fragkias, M., Goodness, J., Giineralp, B., Marcotullio, PJ.,
McDonald, R.I.,, Wilkinson, C., Eds.; Springer Nature: Dordrecht, The Netherlands, 2013.

Alexander, WJ.R,; Bailey, F; Bredenkamp, D.B.; van der Merwe, A.; Willemse, N. Linkages between solar activity, climate
predictability and water resource development. J. S. Afr. Inst. Civ. Eng. 2007, 49, 32-44.

McNally, A.; Verdin, K.; Harrison, L.; Getirana, A.; Jacob, J.; Shukla, S.; Verdin, J.P. Acute water-scarcity monitoring for Africa.
Water 2019, 11, 1968. [CrossRef]

Reid, A.].; Carlson, A.K; Creed, LF; Eliason, E.J.; Gell, P.A.; Johnson, P.T.; Smol, ].P. Emerging threats and persistent conservation
challenges for freshwater biodiversity. Biol. Rev. 2019, 94, 849-873. [CrossRef]

Hope, K.R,, Sr.; Lekorwe, M.H. Urbanization and the environment in Southern Africa: Towards a managed framework for the
sustainability of cities. |. Environ. Plan. Manag. 1999, 42, 837-859. [CrossRef]


http://doi.org/10.1080/24694452.2017.1303357
http://doi.org/10.1038/s41893-019-0436-6
http://doi.org/10.1016/j.biocon.2020.108427
http://doi.org/10.1126/science.1246752
http://www.ncbi.nlm.nih.gov/pubmed/24876501
http://doi.org/10.1007/s11252-007-0045-4
http://doi.org/10.1002/joc.859
http://doi.org/10.1016/j.buildenv.2006.10.055
http://doi.org/10.1111/j.1523-1739.2006.00533.x
http://doi.org/10.1007/s11252-010-0133-8
http://doi.org/10.14411/eje.2012.031
http://doi.org/10.14512/gaia.9.2.14
http://doi.org/10.3390/w11101968
http://doi.org/10.1111/brv.12480
http://doi.org/10.1080/09640569910858

Insects 2021, 12, 190 12 of 15

20.

21.

22.

23.

24.
25.

26.
27.

28.

29.

30.

31.

32.
33.

34.
35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Bird, M.S.; Mlambo, M.C.; Wasserman, R.J.; Dalu, T.; Holland, A.J.; Day, J.A.; Brendonck, L. Deeper knowledge of shallow waters:
Reviewing the invertebrate fauna of southern African temporary wetlands. Hydrobiologia 2019, 827, 89-121. [CrossRef]
Samways, M.].; Deacon, C.; Kietzka, G.J.; Pryke, ].S.; Vorster, C.; Simaika, J.P. Value of artificial ponds for aquatic insects in
drought-prone southern Africa: A review. Biodivers. Conserv. 2020, 1, 1-20. [CrossRef]

Allan, ].D.; Arbor, A. Landscapes and riverscapes: The influence of land use on stream ecosystems. Annu. Rev. Ecol. Evol. Syst.
2014, 35, 257-284. [CrossRef]

Douglas, I. Urban geomorphology. In Geomorphology for Engineers, 1st ed.; Fookes, P.G., Lee, EM., Milligan, G., Eds.; Whittles Pub-
lishing: Boca Raton, FL, USA, 2005; pp. 757-779.

New, T.R. Insect Conservation and Urban Environments; Springer: Cham, Switzerland, 2015; pp. 125-129.

Davidson, N. How much wetland has the world lost? Long-term and recent trends in global wetland area. Mar. Freshw. Res. 2014,
65,934-942. [CrossRef]

Chin, A. Urban transformation of river landscapes in a global context. Geomorphology 2006, 79, 460-487. [CrossRef]

Day, L.; Bird, M.; Day, ]. Biodiversity and Ecological Significance of Moddervlei—A Partially Restored Seasonal Wetland on the Cape Flats;
Project No. ZA 5071; Western Cape Table Mountain Fund: Cape Town, South Africa, 2005.

Harrison, L].; Green, P.A.; Farrell, T.A.; Juffe-Bignoli, D.; Sdenz, L.; Vérosmarty, C.J. Protected areas and freshwater provisioning:
A global assessment of freshwater provision, threats and management strategies to support human water security. Aquat. Conserv.
2016, 26, 103-120. [CrossRef]

Kalkman, V.J.; Clausnitzer, V.; Dijkstra, K.-D.B.; Orr, A.G.; Paulson, D.R.; van Tol, J. Global diversity of dragonflies (Odonata)
in freshwater. Hydrobiologia 2008, 595, 351-363. [CrossRef]

Macadam, C.R.; Stockan, J.A. More than just fish food: Ecosystem services provided by freshwater insects. Ecol. Entomol. 2015,
40, 113-123. [CrossRef]

Deacon, C.; Samways, M.].; Pryke, J.S. Aquatic insects decline in abundance and occupy low-quality artificial habitats to survive
hydrological droughts. Freshw. Biol. 2019, 64, 1643-1654. [CrossRef]

Munoz, P.T,; Torres, F.P.; Megias, A.G. Effects of roads on insects: A review. Biodivers. Conserv. 2015, 24, 659-682. [CrossRef]
éigutové, H,; éigut, M.; Dolny, A. Intensive fish ponds as ecological traps for dragonflies: An imminent threat to the endangered
species Sympetrum depressiusculum (Odonata: Libellulidae). . Insect Conserv. 2015, 19, 961-974. [CrossRef]

Rao, R.S.P; Girish, M.K.S. Road kills: Assessing insect casualties using flagship taxon. Curr. Sci. 2007, 92, 830-837.

Yamada, Y.; Sasaki, H.; Harauchi, Y. Composition of road-killed insects on coastal roads around Lake Shikotsu in Hokkaido, Japan.
J. Rakuno. Gakuen. Univ. 2010, 34, 177-184.

Soluk, D.A.; Zercher, D.S.; Worthington, A.M. Influence of roadways on patterns of mortality and flight behavior of adult
dragonflies near wetland areas. Biol. Conserv. 2011, 144, 1638-1643. [CrossRef]

Riffell, S.K. Road mortality of dragonflies in a Great Lakes coastal wetland. Great Lakes Entomol. 1999, 32, 63-73.

Smith, R.F.; Alexander, L.C.; Lamp, W.O. Dispersal by terrestrial stages of stream insects in urban watersheds; a synthesis of
current knowledge. J. N. Am. Benthol. Soc. 2009, 28, 1022-1037. [CrossRef]

Urban, M.C.; Skelly, D.K.; Burchsted, D.; Price, W.; Lowry, S. Stream communities across a rural-urban landscape gradient.
Divers. Distr. 2006, 12, 337-350. [CrossRef]

Deacon, C.; Samways, M.].; Pryke, J.S. Artificial reservoirs complement natural ponds to improve pondscape resilience in
conservation corridors in a biodiversity hotspot. PLoS ONE 2018, 13, e0204148. [CrossRef] [PubMed]

Briggs, A.].; Pryke, ].S.; Samways, M.].; Conlong, D.E. Macrophytes promote aquatic insect conservation in artificial ponds.
Aquat. Conserv. Mar. Freshw. Ecosyst. 2019, 29, 1190-1201. [CrossRef]

Vilenica, M.; Pozojevi¢, I.; Vuckovié¢, N.; Mihaljevi¢, Z. How suitable are man-made water bodies as habitats for Odonata?
Knowl. Manag. Aquat. Ecosyst. 2020, 421, 13. [CrossRef]

Clark, T.E.; Samways, M.]. Dragonflies (Odonata) as indicators of biotope quality in Kruger National Park, South Africa.
J. Appl. Ecol. 1996, 33, 1001-1012. [CrossRef]

Osborn, R.; Samways, M.]. Determinants of adult dragonfly assemblage patterns at new ponds in South Africa. Odonatologica
1996, 25, 49-58.

Samways, M.].; Simaika, J.P. Manual of Freshwater Assessment for South Africa: Dragonfly Biotic Index; South African National
Biodiversity Institute: Pretoria, South Africa, 2016.

Richardson, D.M.; Holmes, PM.; Esler, K.J.; Galatowitsch, S.M.; Stromberg, ].C.; Kirkman, S.P; Pysek, P.; Hobbs, R.J. Riparian veg-
etation: Degradation, alien plant invasions, and restoration prospects. Divers. Distrib. 2007, 13, 126-139. [CrossRef]

Coetzee, ].A.; Jones, RW.; Hill, M.P. Water hyacinth, Eichhornia crassipes (Pontederiaceae), reduces benthic macroinvertebrate
diversity in a protected subtropical lake in South Africa. Biodivers. Conserv. 2014, 23, 1319-1330. [CrossRef]

Morris, T.L.; Witkowski, E.T.E; Coetzee, ].A. Initial response of riparian plant community structure to clearing of invasive alien
plants in Kruger National Park, South Africa. S. Afr. J. Bot. 2008, 74, 485-494. [CrossRef]

Steytler, N.S.; Samways, M.]. Biotope selection by adult male dragonflies (Odonata) at an artificial lake created for insect
conservation in South Africa. Biol. Conserv. 1995, 72, 381-386. [CrossRef]

Midgley, ] M.; Hill, M.P; Villet, M.H. The effect of water hyacinth, Eichhornia crassipes (Martius) Solms-Laubach (Pontederiaceae),
on benthic biodiversity in two impoundments on the New Year’s River, South Africa. Afr. . Aquat. Sci. 2006, 31, 25-30. [CrossRef]


http://doi.org/10.1007/s10750-018-3772-z
http://doi.org/10.1007/s10531-020-02020-7
http://doi.org/10.1146/annurev.ecolsys.35.120202.110122
http://doi.org/10.1071/MF14173
http://doi.org/10.1016/j.geomorph.2006.06.033
http://doi.org/10.1002/aqc.2652
http://doi.org/10.1007/s10750-007-9029-x
http://doi.org/10.1111/een.12245
http://doi.org/10.1111/fwb.13360
http://doi.org/10.1007/s10531-014-0831-2
http://doi.org/10.1007/s10841-015-9813-2
http://doi.org/10.1016/j.biocon.2011.02.015
http://doi.org/10.1899/08-176.1
http://doi.org/10.1111/j.1366-9516.2005.00226.x
http://doi.org/10.1371/journal.pone.0204148
http://www.ncbi.nlm.nih.gov/pubmed/30235267
http://doi.org/10.1002/aqc.3157
http://doi.org/10.1051/kmae/2020008
http://doi.org/10.2307/2404681
http://doi.org/10.1111/j.1366-9516.2006.00314.x
http://doi.org/10.1007/s10531-014-0667-9
http://doi.org/10.1016/j.sajb.2008.01.177
http://doi.org/10.1016/0006-3207(94)00052-R
http://doi.org/10.2989/16085910609503868

Insects 2021, 12, 190 13 of 15

51.

52.
53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.

76.

77.

78.
79.

80.

81.

Bredenhand, E.; Samways, M.]. Impact of a dam on benthic macroinvertebrates in a small river in a biodiversity hotspot: Cape
Floristic Region, South Africa. J. Insect Conserv. 2009, 13, 297-307. [CrossRef]

Paul, M.].; Meyer, J.L. Streams in the urban landscape. Annu. Rev. Ecol. Syst. 2001, 32, 333-365. [CrossRef]

Camargo, J.A.; Alonso, A. Ecological and toxicological effects of inorganic nitrogen pollution in aquatic ecosystems: A global as-
sessment. Environ. Int. 2006, 32, 831-849. [CrossRef]

Tixier, G.; Lafont, M.; Grapentine, L.; Rochfort, Q.; Marsalek, J. Ecological risk assessment of urban stormwater ponds: Literature
review and proposal of a new conceptual approach providing ecological quality goals and the associated bioassessment tools.
Ecol. Indicat. 2011, 11, €e1497—-e1506. [CrossRef]

Frost, P.C.; Song, K.; Buttle, ]. M.; Marsalek, J.; McDonald, A.; Xenopoulos, M.A. Urban biogeochemistry of trace elements: What
can the sediments of stormwater ponds tell us? Urban Ecosyst. 2015, 18, €763—€775. [CrossRef]

Corbet, P.S. Dragonflies: Behavior and Ecology of Odonata; Cornell University Press: Ithaca, NY, USA, 1999; pp. 828-829.

Kietzka, G.J.; Pryke, ].S.; Samways, M.]. Aerial adult dragonflies are highly sensitive to in-water conditions across an ancient land-
scape. Divers. Distrib. 2017, 23, 14-26. [CrossRef]

Deacon, C.; Fox, B.R.S.; Morland, L.; Samways, M.].; Weaver, S.; Massey, R.; Hill, M.J. Patterns in macroinvertebrate taxonomic
richness and community assembly among urban wetlands in Cape Town, South Africa: Implications for wetland management.
Urban Ecosyst. 2021, 1-12. [CrossRef]

Villalobos-Jimenez, G.; Dunn, A.; Hassall, C. Dragonflies and damselflies (Odonata) in urban ecosystems: A review.
Eur. J. Entomol. 2016, 113, 217-232. [CrossRef]

Borisov, S.N. On flight of Odonata to artificial light sources. Zool. Ziirich 1990, 69, 29-35.

Bruce-White, C.; Shardlow, M. The impact of artificial light on invertebrates. Br. J. Ent. Nat. Hist. 2011, 24, 173-184.

Hill, M.].; Biggs, J.; Thornhill, L; Briers, R.A.; Gledhill, D.G.; White, ].C.; Wood, PJ.; Hassall, C. Urban ponds as an aquatic
biodiversity resource in modified landscapes. Global Chang. Biol. 2017, 23, €986—€999. [CrossRef]

Perron, M.A.C.; Pick, ER. Water quality effects on dragonfly and damselfly nymph communities: A comparison of urban and
natural ponds. Environ. Pollut. 2020, 263, 114472. [CrossRef]

Kietzka, G.J.; Pryke, ].S.; Samways, M.]. Comparative effects of urban and agricultural land transformation on Odonata
assemblages in a biodiversity hotspot. Basic Appl. Ecol. 2018, 33, 89-98. [CrossRef]

Blair, R.B.; Launer, A.E. Butterfly diversity and human land use: Species assemblages along an urban gradient. Biol. Conserv.
1997, 80, 113-125. [CrossRef]

Deacon, C.; Samways, M.].; Pryke, ].S. Relative importance of ecological versus biological traits in driving range sizes of
African dragonflies. |. Biogeogr. 2021, in press. [CrossRef]

Purse, B.V,; Hopkins, G.W.; Day, K.J.; Thompson, D.]. Dispersal characteristics and management of a rare damselfly. J. Appl. Ecol.
2003, 40, €716—e728. [CrossRef]

Dolny, A.; Harabis, F.; Mizicova, H. Home range, movement, and distribution patterns of the threatened dragonfly Sympetrum
depressiusculum (Odonata: Libellulidae): A thousand times greater territory to protect? PLoS ONE 2014, 9, e100408. [CrossRef]
[PubMed]

Forman, R.T.T. Urban Ecology: Science of Cities; Cambridge University Press: New York, NY, USA, 2014.

Samways, M.J.; Sharratt, N.J. Recovery of endemic dragonflies after removal of invasive alien trees. Conserv. Biol. 2010,
24,267-277. [CrossRef]

Chovanec, A. Man-made wetlands in urban recreational areas—A habitat for endangered species? Landsc. Urban Plan. 1994,
29, 43-54. [CrossRef]

Gledhill, D.G.; James, P; Davies, D.H. Pond density as a determinant of aquatic species richness in an urban landscape.
Landsc. Ecol. 2008, 23, 1219-1230. [CrossRef]

Hassall, C. The ecology and biodiversity of urban ponds. WIREs Water 2014, 1, 187-206. [CrossRef]

Oertli, B.; Joye, D.A,; Castella, E.; Juge, R.; Cambin, D.; Lachavanne, ].-B. Does size matter? The relationship between pond area
and biodiversity. Biol. Conserv. 2002, 104, 59-70. [CrossRef]

Goertzen, D.; Suhling, F. Central European cities maintain substantial dragonfly species richness—A chance for biodiversity con-
servation? Insect Conserv. Diver. 2015, 8, 238-246. [CrossRef]

Suhling, F.; Martens, A.; Marais, E. How to enter a desert—Patterns of Odonata colonisation of arid Namibia. Int. J. Odonatol.
2009, 12, 287-308. [CrossRef]

Deacon, C.; Samways, M.].; Pryke, ].S. Determining drivers of dragonfly diversity patterns and the implications for conservation
in South Africa. Biol. Conserv. 2020, 245, 108548. [CrossRef]

Samways, M.]. Dragonflies and Damselflies of South Africa; Pensoft Publishers: Sophia, Bulgaria, 2008; p. 20.

Roberts, D.; Boon, R.; Diederichs, N.; Douwes, E.; Govender, N.; Mcinnes, A.; Spires, M. Exploring ecosystem-based adaptation in
Durban, South Africa: “learning-by-doing” at the local government coal face. Environ. Urban. 2012, 24, 167-195. [CrossRef]
Roberts, D. Thinking globally, acting locally—Institutionalizing climate change at the local government level in Durban,
South Africa. Environ. Urban. 2008, 20, 521-537. [CrossRef]

Steenkamp, Y.; Van Wyk, B.; Victor, J.; Hoare, D.; Smith, G.; Dold, T.; Cowling, R. Maputaland-Pondoland-Albany. In Hotspots
Revisited: Earth’s Biologically Richest and Most Endangered Terrestrial Ecoregions; CEMEX: Mexico City, Mexico, 2004; pp. 218-229.


http://doi.org/10.1007/s10841-008-9173-2
http://doi.org/10.1146/annurev.ecolsys.32.081501.114040
http://doi.org/10.1016/j.envint.2006.05.002
http://doi.org/10.1016/j.ecolind.2011.03.027
http://doi.org/10.1007/s11252-014-0428-2
http://doi.org/10.1111/ddi.12493
http://doi.org/10.1007/s11252-021-01102-w
http://doi.org/10.14411/eje.2016.027
http://doi.org/10.1111/gcb.13401
http://doi.org/10.1016/j.envpol.2020.114472
http://doi.org/10.1016/j.baae.2018.08.008
http://doi.org/10.1016/S0006-3207(96)00056-0
http://doi.org/10.1111/jbi.14077
http://doi.org/10.1046/j.1365-2664.2003.00829.x
http://doi.org/10.1371/journal.pone.0100408
http://www.ncbi.nlm.nih.gov/pubmed/25006671
http://doi.org/10.1111/j.1523-1739.2009.01427.x
http://doi.org/10.1016/0169-2046(93)00015-H
http://doi.org/10.1007/s10980-008-9292-x
http://doi.org/10.1002/wat2.1014
http://doi.org/10.1016/S0006-3207(01)00154-9
http://doi.org/10.1111/icad.12102
http://doi.org/10.1080/13887890.2009.9748346
http://doi.org/10.1016/j.biocon.2020.108548
http://doi.org/10.1177/0956247811431412
http://doi.org/10.1177/0956247808096126

Insects 2021, 12, 190 14 of 15

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.
97.

98.

99.

100.
101.
102.
103.
104.

105.
106.

107.

108.
109.

110.

111.

Suh, A.N.; Samways, M.]. Development of a dragonfly awareness trail in an African botanical garden. Biol. Conserv. 2001,
100, 345-353. [CrossRef]

Suh, A.N.; Samways, M.]. Significance of temporal changes when designing a reservoir for conservation of dragonfly diversity.
Biodivers. Conserv. 2005, 14, 165-178. [CrossRef]

Willis, C.K.; Samways, M.]. Dragonfly and Damselfly Trail Guide: KwaZulu-Natal National Botanical Garden; South African National
Biodiversity Institute: Pretoria, South Africa, 2013.

Rebelo, A.G.; Holmes, PM.; Dorse, C.; Wood, J. Impacts of urbanization in a biodiversity hotspot: Conservation challenges in
Metropolitan Cape Town. S. Afr. J. Bot. 2011, 77, 20-35. [CrossRef]

Goertzen, D.; Suhling, F. Urbanization versus other land use: Diverging effects on dragonfly communities in Germany.
Divers. Distrib. 2019, 25, 38-47. [CrossRef]

Goodness, J.; Anderson, PM. Local assessment of Cape Town: Navigating the management complexities of urbanization,
biodiversity, and ecosystem services in the Cape Floristic Region. In Urbanization, Biodiversity and Ecosystem Services: Challenges
and Opportunities: A Global Assessment; Elmqvist, T., Fragkias, M., Goodness, J., Giineralp, B., Marcotullio, P.J., McDonald, R.I.,
Wilkinson, C., Eds.; Springer Nature: Dordrecht, The Netherlands, 2013.

Ware, J.L.; Simaika, ].P.; Samways, M.]. Biogeography and divergence time estimation of the relic South African Cape dragonfly
genus Syncordulia: Global significance and implications for conservation. Zootaxa 2009, 2216, 22-36. [CrossRef]

Day, J.A. Conservation and management of wetlands in the greater Cape Town area. In Proceedings of the Symposium on Ecology
and Conservation of Wetlands in South Africa; Walmesley, R.D., Botten, M.L., Eds.; Foundation for Research Development (CSIR):
Pretoria, South Africa, 1987.

Brown, C.A.; Magoba, R. Rivers and Wetlands of Cape Town; Report No. TT 376/08; Water Research Commission: Pretoria,
South Africa, 2009.

McCarthy, T.S.; Johnson, M.R.; Anhaeusser, C.R.; Thomas, R.]. The Witwatersrand Supergroup. In The Geology of South Africa;
Johnson, M.R., Anhaeusser, C.R., Thomas, R.J., Eds.; Council for Geoscience: Pretoria, South Africa, 2006; pp. 155-186.
Mphephu, N.E. Rehabilitation of Tailings Dams on the Central Rand; Center for Applied Mining and Exploration Geology, Univer-
sity of the Witwatersrand: Johannesburg, South Africa, 2002.

Adendorff, A. Effects of Mining Activities on Selected Aquatic Organisms. Ph.D. Thesis, University of Johannesburg, Johannes-
burg, South Africa, 1997.

Seroka, K. The Effect of Heavy Metals Associated with Acid Mine Drainage (AMD) on Select Aquatic Insects in the Tweelop-
iespruit, Rietspruit and Bloubankspruit River System on the West Rand, Gauteng. Ph.D. Thesis, University of Johannesburg,
Johannesburg, South Africa, 2018.

Wildman, T.R.; Laudon, L.S. Use of wetlands for treatment of environmental problems in mining non-coal-mining applications.
In Constructed Wetlands for Wastewater Treatment; Hammer, D.A., Ed.; Lewis Publishers: Chelsea, MI, USA, 1989; pp. 221-231.
Carruthers, E.G. The history of nature conservation in Sandton. New Contree 1982, 11, 19-24.

Islam, S.; Zarin, T.; Haque, S. Bring back nature in the post mining landscape of the West Rand, Johannesburg. AJSE 2015,
14, 143-150.

Hassall, C. Odonata as candidate macroecological barometers for global climate change. Freshw. Sci. 2015, 34, 1040-1049.
[CrossRef]

Bried, J.T.; Herman, B.D.; Ervin, G.N. Umbrella potential of plants and dragonflies for wetland conservation: A quantitative case
study using the umbrella index. J. Appl. Ecol. 2007, 44, 833-842. [CrossRef]

Kietzka, G.J.; Pryke, ].S.; Gaigher, R.; Samways, M.]. Applying the umbrella index across aquatic taxon sets for freshwater assess-
ment. Ecol. Indic. 2019, 107, 105655. [CrossRef]

Bried, J.; Ries, L.; Smith, B.; Patten, M.; Abbot, ]J.; Ball-Damerow, J.; Dijkstra, K.D. Towards global volunteer monitoring of
odonate abundance. BioScience 2020, 70, 914-923. [CrossRef]

Simaika, J.P.; Samways, M.]. Insect conservation psychology. J. Insect Conserv. 2018, 22, 635-642. [CrossRef]

Tarboton, W. Guide to the Dragonflies & Damselflies of South Africa; Struik Nature: Cape Town, South Africa, 2015.

Underhill, L.G.; Navarro, R.A.; Manson, A.D.; Labuschagne, ].P.; Tarboton, W.R. OdonataMAP: Progress report on the atlas of the
dragonflies and damselflies of Africa, 2010-2016. Biodivers. Obs. 2016, 7, 1-10.

Kipping, J.; Dijkstra, K.-D.B.; Clausnitzer, V.; Suhling, F; Schiitte, K. Odonata Database of Africa (ODA). Agrion 2009, 13, 20-23.
Loftie-Eaton, M.; Underhill, L.G.; Navarro, R. OdonataMap—Progress report on the Atlas of Dragonflies and Damselflies of
Africa—2016-2017 and 2017-2018. Biodivers. Obs. 2018, 9, 1-10.

Hassall, C.; Thompson, D.J. The effects of environmental warming on Odonata: A review. Int. |. Odonatol. 2008, 11, 131-153.
[CrossRef]

Pritchard, G.; Leggott, M. Temperature, incubation rates and the origins of dragonflies. Adv. Odonatol. 1987, 3, 121-126.

Tiizlin, N.; Debecker, S.; Op De Beeck, L.; Stoks, R. Urbanisation shapes behavioural responses to a pesticide. Aquat. Toxicol. 2015,
163, 81-88. [CrossRef]

Arambourou, H.; Stoks, R. Warmer winters modulate life history and energy storage but do not affect sensitivity to a widespread
pesticide in an aquatic insect. Aquat. Toxicol. 2015, 167, 38-45. [CrossRef] [PubMed]

Matsura, T.; Nomura, K.; Komatsu, K. Ecological studies of odonate larvae living in artificial ponds in an urban area: Occurrence
of larval Sympetrum striolatum imitoides and its life history in primary school swimming pools. Jap. J. Ecol. 1998, 48, 27-36.


http://doi.org/10.1016/S0006-3207(01)00038-6
http://doi.org/10.1007/s10531-005-3652-5
http://doi.org/10.1016/j.sajb.2010.04.006
http://doi.org/10.1111/ddi.12820
http://doi.org/10.11646/zootaxa.2216.1.2
http://doi.org/10.1086/682210
http://doi.org/10.1111/j.1365-2664.2007.01299.x
http://doi.org/10.1016/j.ecolind.2019.105655
http://doi.org/10.1093/biosci/biaa092
http://doi.org/10.1007/s10841-018-0047-y
http://doi.org/10.1080/13887890.2008.9748319
http://doi.org/10.1016/j.aquatox.2015.04.002
http://doi.org/10.1016/j.aquatox.2015.07.018
http://www.ncbi.nlm.nih.gov/pubmed/26261878

Insects 2021, 12, 190 15 of 15

112.

113.

114.

115.

116.

Saha, N.; Aditya, G.; Banerjee, S.; Saha, G.K. Predation potential of odonates on mosquito larvae: Implications for biological control.
Biol. Contr. 2012, 63, 1-8. [CrossRef]

Knight, T.M.; McCoy, M.W.; Chase, ].M.; McCoy, K.A.; Holt, R.D. Trophic cascades across ecosystems. Nature 2005, 437, 880-883.
[CrossRef] [PubMed]

Simaika, J.P.; Samways, M.]. Valuing dragonflies as service providers. In Dragonflies & Damselflies: Model Organisms for Ecological
and Evolutionary Research; Cérdoba-Aguilar, A., Ed.; Oxford University Press: New York, NY, USA, 2008; pp. 109-123.

Sang, A.; Teder, T. Dragonflies cause spatial and temporal heterogeneity in habitat quality for butterflies. Insect Conserv. Diver.
2011, 4, 257-264. [CrossRef]

Cordoba-Aguilar, A. Dragonflies & Damselflies: Model Organisms for Ecological and Evolutionary Research; Oxford University Press:
New York, NY, USA, 2008.


http://doi.org/10.1016/j.biocontrol.2012.05.004
http://doi.org/10.1038/nature03962
http://www.ncbi.nlm.nih.gov/pubmed/16208370
http://doi.org/10.1111/j.1752-4598.2011.00134.x

	Introduction 
	Urban Impacts on Dragonflies and Their Habitats 
	Direct Impacts on Dragonflies 
	Indirect Impacts on Dragonflies 

	Opportunities for Dragonflies in Urban Areas 
	Dragonfly Conservation in Urban Areas of South Africa 
	Dragonflies as Sentinels for Evaluating Urban Impacts through Citizen Science 
	Future Prospects for Dragonfly Research 
	Conclusions 
	References

