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Abstract In dry areas, natural and artificial ponds
experience frequent water level fluctuation, affecting
conditions for some aquatic and amphibiotic taxa.
Water beetles, bugs, and dragonflies make up much of
pond diversity, and are responsive to changes in
environmental conditions. Using a drought-prone
pondscape within the Greater Cape Floristic Region
biodiversity hotspot, we determine (1) the relative
extent to which species richness, abundance, and
composition are affected by pond water level fluctu-
ation, (2) the effects of environmental variables and
vegetation characteristics relative to fluctuating water
levels, and (3) make recommendations to improve
pondscape conservation. We found that the degree of
fluctuation had a significant effect on beetle species
richness, but had no significant effect on the other
focal taxa. Water temperature, pH, and conductivity,
and vegetation cover and composition were drivers of
aquatic insect species richness, abundances, and
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assemblage structures. Habitat heterogeneity sup-
ported rich aquatic insect assemblages. We recom-
mend that a range of ponds with various degrees of
water level fluctuation should be maintained, along
with naturally diverse marginal vegetation. Such a
dynamic pondscape can contribute greatly towards
maintenance of local and regional aquatic insect
diversity in drought-prone regions and should be
considered as a main focus in conservation efforts.

Keywords Still water - Dragonflies - Water beetles -
Water bugs - Water fluctuation - Ecological resilience

Introduction

Globally, anthropogenically-induced climate change
increases the frequency and duration of hydrological
droughts (Dai, 2013; Trenberth et al., 2014). Most
hydrological droughts occur over large spatial scales
and induce accelerated environmental variability
(Mosley, 2015), placing substantial ecological pres-
sure on small freshwater water bodies (Rosset et al.,
2010) and their associated terrestrial and aquatic
communities (Bond et al., 2008; Pallarés et al., 2016).
In addition to less frequent water replenishment, high
ambient temperature during drought leads to increased
evaporation rates in lentic (still) water bodies, and
water levels drop continually as droughts progress
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(Furey et al., 2006). This leads to productive littoral
zones becoming exposed (Bond et al., 2008) and some
aquatic and amphibiotic species becoming increas-
ingly threatened through the elimination of important
habitat characteristics, including vegetation cover and
water quality components.

‘Ponds’ are defined as small, natural or artificial
lentic water bodies of 1 m? to 5 ha in size, retaining
water for > 4 months of the year (Biggs et al., 2017).
Ponds support high diversity of aquatic species
(Jeffries, 2005; QOertli et al., 2005; Céréghino et al.,
2008; Hill et al., 2017a), are often rich in rare species
(Davies et al., 2008), and are highly valued for their
important role as structurally complex freshwater
habitats (Biggs et al., 2017). Artificial ponds are
integral features across agricultural landscapes (Rae-
bel et al., 2012a), and in dry areas, many are used for
irrigation outside the wet season (Apinda-Legnouo
et al., 2014). These artificial habitats can function as
local stepping stone habitats within highly fragmented
agricultural landscapes (Simaika et al., 2016). Artifi-
cial ponds provide supplementary habitats for range-
restricted species (Apinda-Legnouo et al., 2014) and
increase local abundance and the area of occupancy
for a range of aquatic taxa (Samways, 1989; Deacon
et al., 2018). Species occupancy is further improved
when ponds occur in networks across a landscape,
collectively making up a pondscape (Hill et al., 2018).

Aquatic insects are important components of pond
diversity and are highly responsive to changes in
environmental conditions. Aquatic beetles (Coleop-
tera) and bugs (Hemiptera) are variably sensitive to
water quality and can be used to indicate change in
freshwater conditions (Winter et al., 2002). They
fulfill many ecological roles as functional guilds and
have several unique adaptations to a wide range of
ecological conditions (Dickens & Graham, 2002). In
turn, dragonfly (Odonata) adults, as well as their
larvae, are excellent ecological indicators of water
quality and habitat value, are dependent on freshwater
and terrestrial habitats for life cycle completion, and
are sensitive to changing environments related to
water permanency and structural change (Clark &
Samways, 1996; Grant & Samways, 2007; Simaika &
Samways, 2011).

Multivariate and dynamic aquatic environments
greatly determine insect population persistence (Gun-
derson et al., 2016), and several past investigations
have indicated that lentic insects respond significantly
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to various habitat descriptors over short time scales.
There is growing evidence that vegetation cover and
composition, and chemical characteristics related to
salinity, pH, oxygen content, and water temperature,
are interactive and important determinants of insect
occupancy, thus determining rich aquatic insect
assemblages (Arribas et al., 2012; Apinda-Legnouo
et al., 2014; Pallarés et al., 2017; Briggs et al., 2019).
Yet, little attention has been given to the effect that
seasonal water level fluctuation in artificial ponds has
on aquatic insect assemblages, especially in drought-
prone regions.

The effects of seasonal drought, and the associated
fluctuation in water level, on aquatic insects and
pondscape resilience is the main focus here. Our
overall aim was to investigate the response of drag-
onfly larvae and adults, aquatic beetles, and aquatic
bugs to dynamic pond conditions across an artificial
pondscape. Our key objectives are to (1) determine
whether species richness, abundance, and composition
of beetles, bugs, and dragonflies are significantly
affected by the degree of water level fluctuation, (2)
determine the effects of environmental variables and
vegetation composition on beetle, bug, and dragonfly
species richness, abundance, and composition, and (3)
make recommendations so as to promote effective
conservation of dynamic pondscapes. We hypothesize
that water level fluctuation has an impoverishing
effect on insect species richness, composition, and
abundance, and that the focal taxa respond equally to
changing environmental conditions. We also expect
that water chemistry components (i.e., temperature,
dissolved oxygen, pH, and conductivity), as well as
submerged and marginal vegetation characteristics,
play a key interactive role in driving aquatic insect
species richness, abundance, and composition in a
drought-prone area.

Sites and methods
Study sites

The sampled area was in the Greater Cape Floristic
Region (GCFR), South Africa, an area supporting high
local endemism and macroinvertebrate diversity (Dal-
las & Day, 2007) owing to a wide range of environ-
mental conditions and available microhabitats
(Darwall et al., 2009). The GCFR is a winter rainfall
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region and is dry in summer (Manning & Goldblatt,
2012). This Mediterranean-type ecosystem sees
greatly fluctuating water levels of freshwater bodies
throughout the year, with lowest levels in late summer
(January—February).

A total of eighteen ponds within the same geo-
graphic area (i.e., with the same potential pool of
species to ensure no recruitment limitation (McCau-
ley, 2006; Oertli et al., 2008; Raebel, 2012b)) and so
constituting a pondscape (Boothby, 1997) were
selected in Somerset West, Western Cape, South
Africa (Fig. 1): ten ponds on the Erinvale Golf Estate
(34.07369° S; 18.88788° E), four ponds on the
Lourensford Wine Estate (34.07191° S; 18.88862°
E), and four ponds on the Vergelegen Wine Estate
(34.07639° S; 18.88989° E) (Fig. 1). Ponds were
selected to represent a range of artificial pond types, as
well as a gradient of fluctuation from early (high water
levels) to late (lowest water levels) summer. The
included pond types were permanent irrigation reser-
voirs and plastic-lined ornamental ponds with no
additional substrate added, all of which have dramat-
ically fluctuating water levels, yet did not dry up
completely.

Erinvale Golf
Estate

Data collection

Data were collected during two sampling seasons:
high water level early summer (November—December
2017) and low water level late summer (January—
February 2018). Dragonfly and damselfly larvae
(Odonata; hereafter collectively referred to as ‘drag-
onflies’), water beetles (Coleoptera), and water bugs
(Hemiptera) were sampled using an aquatic sweep net
(300 mm x 300 mm; 1000-micron mesh size) for
2 min, within ten quadrats of 4 m x 1 m selected in
the water along the edge of each pond. A minimum
distance of 5 m between each quadrat and 2 m away
from the water’s edge was maintained throughout
sampling. Each netted sample was transferred to a
sorting tray, and all focal individuals were hand-
picked and placed in 70% ethanol for transport to the
laboratory. Morpho-species were counted and identi-
fied using field identification guides and museum
collections. All individuals are housed in the Stellen-
bosch University entomology museum. Visual sur-
veys, using close-focus binoculars, were conducted to
record adult dragonfly species richness and abundance
on sunny, windless days between 08h00 and 16h00 for

Lourensford Wine
Estate

Fig. 1 Geographic locations of the eighteen study sites on Erinvale Golf Estate, Lourensford Wine Estate, and Vergelegen Wine Estate
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45 min/pond. To confirm identification of cryptic
species, individuals were caught with an aerial insect
net and identified using Samways & Simaika (2016).
One individual of each species was retained in the
reference collection.

Environmental variables

Ten point-measurements of water parameters were
measured for each pond (one point-measurement for
each sampling quadrat), using a hand-held multi-
parameter water quality meter. These variables
included water temperature (°C), pH, conductivity
(uS; as a proxy for salinity), and dissolved oxygen
(mg/L), as well as sampling depth (m). Landscape
environmental variables, including elevation (m a.s.l.)
and pond size (m?), were also recorded. Marginal
(dominant aquatic species, dominant terrestrial spe-
cies, % grasses cover, % herbaceous cover, % reeds
cover, % total vegetation cover, and vegetation height)
and aquatic (% emergent vegetation and % submerged
vegetation) vegetation structure and composition were
estimated within each sampling quadrat. Degree of
water level fluctuation was determined by measuring
the exposed edge width in relation to high-water marks
(m) during both the early and the late summer season
for each pond. The percentage change was then
calculated by subtracting the minimum edge width
(lowest level of water fluctuation) from the maximum
edge width (highest level of water fluctuation), which
was then divided by the maximum edge width and
multiplied by 100.

Statistical analyses

Species richness and abundance for each insect group
(beetles, bugs, dragonfly adults, and larvae) were non-
normally distributed (Shapiro-Wilk test), overdis-
persed (Pearson’s test), and spatially independent
(Mantel test). We used generalized linear models
(GLMs) with quasi-Poisson distributions to test the
effects of environmental variables on species richness
and abundance for each insect group. We performed
model selection to determine which environmental
variables contributed the most to variation in beetle
species richness, beetle abundance, bug species rich-
ness, bug abundance, adult dragonfly species richness,
adult dragonfly abundance, larval dragonfly species
richness, and larval dragonfly abundance (response
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variables), respectively, using the dredge function in
the MuMIn package for R (Barton, 2018). Wherever
environmental variables were strongly correlated with
one another, one was excluded from the final model
set. The final model sets were built with eleven
environmental variables in total: water temperature,
pH, conductivity, sampling depth, pond size, %
emergent vegetation, % submerged vegetation, %
grasses cover, % herbaceous cover, % reeds cover, and
% change in water level. The best model for each
response variable was considered as the model with
the lowest quasi-likelihood second-order Akaike’s
information criterion value (QAICc) and delta quasi-
likelihood second-order Akaike’s information crite-
rion value (AQAICc).

Generalized linear models and generalized additive
models (GAM) were constructed with the variables
identified by model selection to test the fixed effects of
important environmental variables on beetle species
richness, beetle abundance, bug species richness, bug
abundance, adult dragonfly species richness, adult
dragonfly abundance, larval dragonfly species rich-
ness, and larval dragonfly abundance, respectively
(eight models in total). All GLMs and GAMs were
fitted by a Laplace approximation and quasi-Poisson
distribution and were constructed in R (R Core Team,
2013) using the lme4 and mgcv packages (Bates &
Sarkar, 2007; Wood, 2011).

Finally, to test for the effects of environmental
variables on variation in species composition, GLMs
with negative binomial distributions and multivariate
extensions were constructed in R using the mvabund
package (Wang et al., 2014). The manyglm function
was used to fit separate GLMs for beetles, bugs, adult
dragonflies, and larval dragonflies, including the most
important environmental variables identified by inter-
active forward selection (i.e., each environmental
variable was individually added to the analyses to
determine their importance in each model). For each
investigated group, analyses were permutated 999
times to allow for direct comparison of important
variables. The datasets generated during the workflow
and analyzed during the workflow are available in the
Figshare repository  (https://doi.org/10.6084/m9.
figshare.8074832.v1).
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Results
Collective species richness and abundance

A total of 11,715 focal aquatic insect individuals were
collected, comprising fourteen dragonfly species (591
adult individuals, 1270 larval individuals), nine beetle
morpho-species (1061 individuals), and seventeen bug
morpho-species (8793 individuals). The full species
list is given in Online Resource 1.

Model selection for species richness, abundance,
and composition

Model selection identified six important environmen-
tal variables for aquatic insect species richness (%
emergent vegetation, % submerged vegetation, %
grasses cover, % reeds cover, % herbaceous cover, and
conductivity) (Table 1). The remaining five variables
(water temperature, pH, depth, pond size, and %
change in water level) were not important in deter-
mining aquatic insect species richness. Nine important
environmental variables were selected for aquatic
insect abundance. These were % emergent vegetation,
% grasses cover, % reeds cover, water temperature,
conductivity, pH, depth, pond size and % change in
water level (Table 1). Of the eleven investigated
environmental variables, six were selected as

important in determining species composition of the
focal taxa. These were % emergent vegetation, %
submerged vegetation, % grasses cover, water tem-
perature, conductivity, and pH.

Effect of environmental variables on species
richness, abundance, and composition

For beetles, both species richness and abundance were
positively correlated with % emergent vegetation
cover (Table 2; Online Resource 2). A decrease in %
submerged vegetation cover and an increase in %
grasses cover resulted in an increase in the beetle
species richness. A decrease in % grasses cover and %
change in water level saw an increase in beetle
abundance. Beetle abundance also decreased with
increasing sampling depth and was highest at about
15 cm. A further increase in water temperature
resulted in an increase in beetle abundance, but was
highest around 26°C. An increase in bug species
richness was associated with a decrease in % herba-
ceous cover (Table 2; Online Resource 2). Bug
abundance increased with an increase in pH and
conductivity. Bug abundance also decreased with
increasing % grasses cover and was lowest between 20
and 40% grasses cover.

Adult dragonfly species richness increased with an
increase in conductivity, % submerged vegetation

Table 1 Model selection results indicating the best models for each response variable

Response variable ~ Best model QAICc AQAICc Weight

Beetle species % emergent vegetation + % submerged vegetation + % grasses cover 66.5 0.0 0.3
richness

Beetle abundance % emergent vegetation + % grasses cover + temperature (°C) + depth (cm) 434 0.0 1.0

+ % change in water level

Bug species % herbaceous cover 82.0 0.0 1.0
richness

Bug abundance % grasses cover + conductivity (us) + pH 277 0.0 0.5

Adult dragonfly % emergent vegetation + % reeds cover 4 conductivity (s) 464 00 0.7
species richness

Adult dragonfly % emergent vegetation + % grasses cover + % reeds cover + temperature 353.8 0.0 0.6
abundance (°C) + conductivity (ps) + pH + depth (cm) + pond size m? + % change

in water level

Larval dragonfly % reeds cover 492 00 0.2
species richness

Larval dragonfly % reeds cover + temperature (°C) + conductivity (ps) 362 0.0 1.0

abundance
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Table 2 Significant effects of environmental variables on aquatic beetle, bug, and adult and larval dragonfly species richness and

abundance

Beetles Bugs

Adult dragonflies Larval dragonflies

Richness Abundance Richness

Abundance

Richness Abundance Richness Abundance

Water parameters

Water (+) — 2.66%*
temperature
°O)
pH
Conductivity
(1s)
Landscape variables

% water level
change

(=) 4.17%*

Sampling depth =)
(m) — 6.47H%*

Pond size (mz)

Vegetation

% Grasses cover (+) 3.74%% (—) 2.88%*

% herbaceous (=)
cover — 2.75%

% Reeds cover

% Emergent

vegetation
cover

% Submerged (=)

vegetation — 2.87*%
cover

() 3.17%% () 7.49%**

=)
— §.77x

(4) 3.85%*
(4) 4.29%%%  (4)— 3.52

(+) 12,4055
ok

(=) 443

(4) 3.60%*
(4) 4.20%%

() 2.11. (=) 5.50%%%

Table displays t-values, (4) indicates positive relationship, and (—) indicates negative relationship

Significance levels: P < 0.1; *P < 0.05; **P < 0.01; ***P < 0.001

cover and % emergent vegetation cover, and was
highest at 20% emergent vegetation cover (Table 2;
Online Resource 2). None of the measured environ-
mental variables had a significant effect on adult
dragonfly abundance. Larval dragonfly species rich-
ness showed a marginal increase with increasing %
reeds cover, yet larval dragonfly abundance decreased
with an increase in % reeds cover and water temper-
ature, and increased with an increase in conductivity
(Table 2; Online Resource 2).

A significant shift in beetle species composition
was associated with a change in % grasses cover and
bug species composition shifted significantly with
changes in conductivity levels (Table 3). None of the
environmental variables investigated here had an
influence in adult dragonfly species composition, yet
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larval dragonfly composition shifted significantly with
changes in pH and conductivity levels.

Discussion

Aquatic habitat heterogeneity within ponds, defined
by complex vegetation structure, multiple combina-
tions of environmental variables, and variation in
physical characteristics, is essential for maintaining
diverse aquatic insect assemblages (Pan et al., 2015;
Biggs et al., 2017; Hill et al., 2017b). Here, we found
that fluctuating water levels had little effect on aquatic
insect species richness, abundance, and composition
and was only significant in the case of aquatic beetle
abundance. Other environmental variables were also
significant and are important to consider for
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Table 3 Significant effects of forward-selected environmental
variables on beetle, bug, adult dragonfly, and larval dragonfly
species composition

LRT value P value

Beetles

% Grasses cover 35.45 < 0.05

% Emergent vegetation 29.47 0.06

Conductivity (us) 26.73 0.19
Bugs

Conductivity (ps) 49.12 < 0.05

% Submerged vegetation 26.86 0.27

pH 20.49 0.37
Adult dragonflies

Conductivity (us) 17.25 0.32
Larval dragonflies

pH 34.81 < 0.05

Conductivity (us) 30.76 < 0.05

Water temperature (°C) 31.03 0.06

Likelihood Ratio Test values (LRT) and P values indicated.
Significant variables are highlighted in bold text

understanding local processes and associated changes
in insect species richness, abundance, and composi-
tion. Although there were some similarities between
the taxa investigated here, there were also several key
differences between insect responses to environmental
variability, suggesting that different freshwater taxa
are variably sensitive to the environmental and
physical characteristics which collectively make up
pond heterogeneity.

Effect of fluctuating water levels

The most surprising result was how remarkably
tolerant the focal taxa were to various pond types
and their fluctuating water levels, and mostly occupied
fluctuating ponds in high abundance. Several aquatic
insect groups colonize fluctuating ponds which have
low predator pressure and are occupied by many prey
species (e.g., larval Diptera). Their tolerance is
presumably driven by a long history of adaptation to
naturally extreme seasonal weather conditions and
fluctuating water levels (Bird et al., 2019). There can
be high functional redundancy among aquatic
macroinvertebrates of drought-prone aquatic habitats
making the assemblage overall resistant to severe

drying events (Boersma et al., 2014), sometimes
despite differences in environmental conditions
among ponds during times of drought (Olds et al.,
2011).

Dragonflies and bugs in drought-prone areas are
known for their rapid development, a physiological
adaptation enabling these insect taxa to outlive
seasonal aquatic habitats and remain at natal ponds
as the subsequent winter rains are inevitable (Suhling
et al., 2015; Bird et al., 2019). Flying over the sun-
scorched rocky terrain to seek new ponds would
appear to be a high-risk strategy, yet some dry climate
species are opportunistic colonizers and have good
flight ability. This enables dispersing individuals to
reach favorable habitats when conditions in their natal
habitats deteriorate (Suhling et al., 2005; Lytle, 2015).
Only beetle abundance was significantly lower in
ponds with high degrees of water level fluctuation,
indicating that beetles are more sensitive to water level
fluctuation compared to the other focal taxa investi-
gated here. The least fluctuating ponds likely offer
more constant conditions for aquatic beetles through
the continual presence of water and breeding micro-
habitats, both of which are important features for
maintaining a diverse insect assemblage (e.g., Bilton
et al., 2008).

Effects of other environmental variables

The focal taxa studied here were variably responsive
to water temperature gradients. Higher water temper-
ature (and the associated drop in dissolved oxygen
content with increasing temperature) had no limiting
effect on water beetles, as they are atmospheric
breathers, and are morphologically equipped to
occupy ponds characterized by high water temperature
and low dissolved oxygen content. This is consistent
with previous findings for beetles in the same region
(Deacon et al., 2019), another region of South Africa
(Deacon et al., 2018), and in Europe (Arribas et al.,
2012). These findings are further supported by beetle
species richness being highest along the shallow and
productive edges of ponds, where there was mostly
abundant marginal vegetation cover and higher water
temperature (Samways et al., 1996). This tolerance to
elevated water temperature may also be an adaptation
for surviving fluctuating water levels, as water tem-
perature increases as water levels drop. Though the
effects of water temperature on aquatic bugs and adult
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dragonflies were unclear, dragonfly larvae showed a
strong preference for cool water. Dragonfly larvae are
gill breathers, and cooler water associated with
relatively high dissolved oxygen content provides
them with optimal ecological conditions to ensure
survival.

We found that bugs and dragonfly larvae were most
abundant in ponds characterized by high conductivity.
Yet, generalist bug genera, e.g., Anisops, Enithares,
and Sigara, and some generalist dragonfly genera, e.g.,
Crocothemis and Ischnura, were associated with high
conductivity, while most others occupied ponds with
relatively low conductivity. Generalist species may be
better adapted to saline conditions and dominate ponds
with higher salinity (Hart et al., 1991; James et al.,
2003; Polhemus, 2008), since increasing salinity
places sensitive species at risk of desiccation as
drought conditions progress (Friday, 1987; Pallarés
et al., 2016). Our results are consistent with previous
findings for aquatic insects occupying natural and
artificial ponds in the GCFR (Apinda-Legnouo et al.,
2014; Deacon et al., 2019), suggesting that aquatic
insect assemblages, at least in the case of bugs and
dragonflies, differ significantly among ponds charac-
terized by varying conductivity levels. However, the
aquatic insects investigated here are highly mobile as
adults, and may move between ponds with varying
conductivity levels to feed and breed (Hart et al.,
1991), leading to high species richness occasionally
associated with ponds characterized by high
conductivity.

We found that bugs were most abundant in ponds
with alkaline pH conditions, likely also resulting from
generalist species having a competitive advantage
over specialist species in ponds which deviate from
neutral pH conditions. Larval dragonfly species com-
position shifted along the pH gradient investigated
here, and Crocothemis species were mostly found in
alkaline pH conditions, while other genera, e.g.,
Ceratogomphus and Trithemis, mostly occupied ponds
with close to neutral pH conditions. Yet other genera,
e.g., Africallagma, Ischnura and Anax, occurred
across the whole pH gradient investigated here. This
suggests that pH gradients drive differences between
aquatic insect assemblages (da Rocha et al., 2016), and
larvae from different dragonfly genera are variably
sensitive to pH gradients. Some have a range of
physiological adaptations allowing them to tolerate
various ecological conditions until they are ready to
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emerge as adults, at least in this drought-prone area.
Differences in pH levels among ponds had no strong
effects on beetles, indicating that they are well adapted
to the range of pH conditions they may encounter in
various ponds (Griffiths et al., 2015).

We found no significant effects of pond size on any
of the investigated taxa. This indicates that ponds of
variable sizes contribute equally to regional diversity,
and that ponds are important for maintaining rich
biodiversity at the landscape scale, as has been found
elsewhere (Mosscrop et al., 2015; Biggs et al., 2017).
This is related to ponds providing a wide range of near-
natural habitat conditions, so promoting occupancy by
widespread and locally endemic species (Williams
et al., 2010). The ponds investigated here are also
interspersed and connected at a local landscape scale
and likely serve as stepping stone habitats for highly
mobile and opportunistic insect taxa (Davy-Bowker,
2002; Bird et al., 2019).

Effects of vegetation cover

The focal taxa showed significant responses to vege-
tation characteristics, as previously shown for the
region (Apinda-Legnouo et al., 2014; Deacon et al.,
2019). Beetles, adult dragonflies, and larval dragon-
flies showed increasing species richness with increas-
ing emergent marginal vegetation cover. This is not
surprising as most aquatic beetles only periodically
dive into the water column, and require marginal
vegetation as substrate to rest on and to crawl out of
the water (Verberk et al., 2001). Similar to beetles,
dragonfly larvae require marginal substrate to hunt,
seek refuge from predators, and crawl out of the water
to emerge as adults. Most adult dragonflies hold their
territories close to the water and require marginal
vegetation as perching substrate (Samways &
Simaika, 2016). Bugs were the only taxon here to
show lower species richness with increasing herba-
ceous marginal cover, as most species sampled here
were not reliant on marginal vegetation, and dwell on
or just below the water surface to feed on smaller
insects close to the surface in open water (Fairchild
et al., 2003; Griffiths et al., 2015).

Bug and larval dragonfly abundances were also
negatively correlated with increasing marginal vege-
tation cover, suggesting that vegetated margins reduce
the availability of suitable microhabitats where bugs
locate prey, since most hunt in open water (Fairchild
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et al., 2003; Griffiths et al., 2015). Although dragonfly
larvae prefer vegetated margins of ponds, inter- and
intraspecific competition for finding prey and/or
suitable perching substrates along the vegetated mar-
gins of ponds is likely high, leading to the lower
abundance we observed here. In the case of beetles,
most species and individuals occurred along pond
margins where vegetation penetrates the water sur-
face, while lower beetle abundance was associated
with increasing below-surface vegetation. However,
most of the beetle species sampled here were diving
beetles (Dytiscidae), which rarely make use of the
entirely submerged vegetation. Instead, they mostly
seek refuge among emergent vegetation along the
shallow margins of ponds (Verberk et al., 2001; Stals,
2003), enabling them to exit the water when required
(Yee & Kehl, 2015). Beetles were the only taxon to
show a shift in species composition according to
changes in % grasses cover where there was abundant
grasses along the margins. The most common beetles
were from the genera Cybister and Berosus, while
other genera, e.g., Gyrinus and Rhantus, were associ-
ated with open water. This indicates that beetles have a
strong preference for specific locations in ponds and
that they are well adapted to the microhabitats they
occupy.

Implications for conservation

The findings presented here contribute to our increas-
ing knowledge of the drivers of biodiversity at the
landscape scale. The focal aquatic insects were
variably sensitive to environmental conditions, indi-
cating strong adaptation to highly dynamic systems.
Ponds are significant components of freshwater
ecosystems and have high conservation value in
general (Chester & Robson, 2013), as they make a
substantial contribution to the local and regional
diversity (Osborn & Samways, 1996; Biggs et al.,
2017) and increase ecological resilience by providing
a wide range of suitable habitats. In general, the insects
investigated here appear to be well adapted to water
level fluctuation in the drought-prone GCFR, yet
responses to water level fluctuation, chemical proper-
ties, and vegetation characteristics are variable among
insect taxa. It is therefore essential that ponds char-
acterized by high habitat heterogeneity are maintained
(Harabi$ & Dolny, 2012) to account for the regional
species pool. Effective management of ponds, in terms

of their physical and chemical properties, should form
part of guidelines to maximize conservation of aquatic
insects and higher taxa in local aquatic ecosystems,
which supports findings from the various climates of
Austria (Schindler et al., 2003), Italy (Della Bella
et al., 2005), Poland (Biggs et al., 2004), the United
Kingdom (Bilton et al., 2008), the Cerrado region of
Brazil (De Marco et al., 2014) as well as the east coast
of the USA (Fairchild et al., 2003). Therefore,
conserving a range of ponds, including ponds with
constant water levels and fluctuating ponds, ponds
with diverse aquatic and marginal vegetation, and
those with a range of environmental gradients, is the
optimal goal. This conservation strategy should be
included in conservation efforts in South Africa, as has
been done under the Habitats Directive in the Euro-
pean Union (Céréghino et al., 2008).
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