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Abstract

Hydroperiod is considered an important aspect in shaping community structure and ecosystem patterns in temporary wet-
lands. However, most studies have focused on the community structure, demonstrating that biotic diversity increases with
hydroperiod. Theory suggests that ecosystem patterns like trophic interactions and food web structure will also respond to
hydroperiod in the same way. However, there are limited studies exploring ecosystem structure and patterns to changing
hydroperiod in temporary wetlands. Maloti-Drakensberg Mountain region of southern Africa has a series of rock pools
(shorter hydroperiod) and tarns (longer hydroperiod) that allowed us to explore the effect of hydroperiod on aquatic biodi-
versity and trophic interactions using stable isotope techniques. We hypothesised that tarns will have higher biotic diversity
and complex food web structure as compared to rock pools, which we expected to exhibit low biotic diversity and simple
food web structure. Our results were in agreement with our hypothesis, where tarns were characterised by longer food chain
length, higher trophic level diversity, greater trophic divergence and even species distribution in the isotopic space. Thus,
demonstrating a well-developed and complex food web structure. In contrary, rock pools were characterised by shorter food
chain length, small trophic diversity with trophic redundancies and species clustering. Thus, representing a simple and a
poorly developed food web structure. Further, macroinvertebrate biotic diversity was significantly higher in longer hydrop-
eriods, also longer hydroperiod exhibited less dramatic changes in the physicochemistry characteristics, representing a more
stable environment than shorter hydroperiods. This study demonstrates that hydroperiod not only affects aquatic biological
diversity but ecosystem structure, as well.

Keywords Maloti- Drakensberg - Biodiversity - Community assemblage - Rock pools - Stable isotopes - Tarns - Trophic
ecology

Introduction

Hydroperiod, described as the exact length of the aquatic
phase in ephemeral ecosystems, is a fundamental phenom-
enon characterised by an inundation—desiccation cycle (Wil-
liams 2006; Batzer 2013). It can be influenced by a number
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of physical properties, including hydrology (e.g. precipi-
tation, evapotranspiration and ground water interaction),
substrate geomorphology, geology and geography. These
physical properties also affect a number of abiotic process,
like water level, water nutrients and water physicochemis-
try (e.g. dissolved oxygen, pH and turbidity). For example,
Magnusson and Williams (2006) demonstrated that longer
hydroperiods resulted in relatively stable conditions, with
steady dissolved oxygen concentration, pH, turbidity, and
water nutrients compared to shorter hydroperiods. Studies,
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both field-based (e.g. Stenert and Maltchik 2007; Gleason
and Rooney 2018) and mesocosms (e.g. Waterkeyn et al.
2010; Kneitel et al. 2017), have shown that hydroperiod is
the predominant factor in structuring temporary wetland
aquatic communities. Temporary wetlands with longer
hydroperiod tend to have higher aquatic macroinvertebrate
diversity compared to their counterparts with shorter hydro-
periods (Schriever and Williams 2013; Nhiwatiwa et al.
2017; Gleason and Rooney 2018). However, hydroperiod
not only plays an integral role in determining the compo-
sition, structure and biodiversity of temporary waters, but
it also influences food webs and trophic interactions. The
latter relationship is poorly understood in temporary waters
(O’Neill and Thorp 2014).

Food webs, which include the number of trophic levels,
energy resources abundance and utilisation among co-exist-
ing species, and energy flow from primary producers to top
consumers, offer insights into the ecosystem patterns and
their resultant community structure (Polis et al. 1997; Van-
der Zanden and Rasmussen 1999; Post 2002). As such, most
attributes of food webs, including connectance, trophic com-
plexity, trophic position, trophic niche of consumer groups,
vary in space and time. For example, changes in food web
architecture have been used to track the intensity of droughts
(Ledger et al. 2013; DeColibus et al. 2017), impacts of
invasive alien species (Vander Zanden et al. 1999; Jack-
son et al. 2012; Jackson and Britton 2014; Hill et al. 2015),
anthropogenic disturbances (Kovalenko 2019; Jackson et al.
2020), aquatic ecosystem structure and functioning (Taylor
et al. 2017; Peel et al. 2019) and restoration efforts (Vander
Zanden et al. 2003; Yu et al. 2016).

In temporary waters, the dry phase facilitates the decom-
position of the organic material accumulating on the dry sur-
face and enhance nutrient release during the aquatic phase
(Shumilova et al. 2019). As such, brown food webs (e.g.
detritus-based), as opposed to green (e.g. autochthonous
primary production) (Williams 2006; O’Neill and Thorp
2014), generally play a bigger role in temporary wetland
ecosystems (Williams and Trexler 2006; Dalu et al. 2017a;
DeColibus et al. 2017). Recent studies have shown that food
webs increase in complexity with hydroperiod (Schriever
and Williams 2013; O’Neill and Thorp 2014; Dalu et al.
2017a, b; Schalk et al. 2017). Generally, food web structure
increases immensely after a wetland fills up before reach-
ing equilibrium and then decreasing as the wetland dries
out. This is partly due to the fact that species diversity is
generally directly proportional to hydroperiod, and higher
species richness (or more functional diversity) have been
shown to result in complex food webs (Urban 2004). How-
ever, O’Neill and Thorp (2014) demonstrated that this rela-
tionship is context dependent.

Mountains are generally recognised as major reposito-
ries of regional biodiversity, water and ecosystem services
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(Korner and Spehn 2002; Taylor et al. 2016; Hoorn et al.
2018). As a source of the major rivers in southern Africa,
the Maloti-Drakensberg Mountain catchment is a designated
strategic water source area (Nel et al. 2013). This mountain
range also constitutes a well-known centre of endemism
for biodiversity (Clark et al. 2011, 2012; Carbutt 2019),
harbouring many unique species and ecosystems (Travers
et al. 2014; Taylor et al. 2020). Mountain lentic water bodies
(e.g. lakes and pans) act as early warning systems for detect-
ing ecological effects of global warming (Eggermont et al.
2010) and human pollution (Dunnink et al. 2016). Hamer
and Martens (1998) conducted an extensive survey of the
two main lentic water bodies of this mountain range, namely
rock pools and afromontane tarns. They reported high levels
of large brachiopod diversity and endemism. Similar results
of high endemism are reported in other afromontane len-
tic waters (Van Damme and Eggermont 2011; Van Damme
et al. 2013) and elsewhere (Coronel et al. 2007). However,
Hamer and Martens (1998) hypothesised that the potential
low levels of food resources in these water bodies could be
shaping their community compositions, a proposal that has
not been tested up to now. Using a sub-set of the water bod-
ies studied in Hamer and Martens (1998)’s seminal study,
this study intends to further investigate the relation between
trophic interactions, food webs, aquatic macroinvertebrate
biodiversity and hydroperiod regimes.

Afromontane tarns or pans are mountain top depressions
that store water after rain events and a common feature
of the alpine zone of the Maloti-Drakensberg Mountain
range (Dunnink et al. 2016). They tend to have relatively
longer hydroperiod (e.g. months of inundation), supporting
a range of vegetation types (Sieben et al. 2010; Chatanga
et al. 2019). In this study, we sampled afromontane tarns
from the Golden Gate Highland National Park (hereafter
referred to Golden Gate Highlands). Rock pools, on the
other hand, formed through the weathering and erosion of
the bedrock (Jocque et al. 2010), have a higher evaporation
rate, usually devoid of vegetation, with virtually no ground-
water exchange, and a shorter hydroperiod (e.g. days to few
weeks of inundation) (Brendock et al. 2010). There were
two different mountain areas sampled, namely QwaQwa and
Fika-Patso Mountains representing two forms of rock pools
with different hydroperiods (Hamer and Martens 1998).
The rock pools in these areas differed in size, depth and
character. QwaQwa Mountain had substantially deeper and
bigger rock pools compared to Fika-Patso Mountain. As
such, we consider Fika-Patso to have the shortest hydrop-
eriod, with Qwaqwa having an intermediate hydroperiod.
With rock pools and afromontane tarns representing differ-
ent spectrums of hydroperiod, this study will explore the
association of hydroperiod with aquatic macroinvertebrates
diversity, trophic interactions and food web structure. We
hypothesised that the Golden Gate Highlands tarns with
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longest hydroperiod will exhibit high biotic diversity and
complex food web structure attributed by longer food
chain, trophic diversity, divergence and even species spac-
ing. While QwaQwa Mountain rock pools with intermedi-
ate hydroperiod and Fika-Patso Mountain rock pools with
shortest hydroperiod to show intermediate and simplest food
web complexities in comparison to the Golden Gate High-
lands tarns.

Material and methods
Study area

This study was conducted within the Maloti-Drakensberg
Mountain which represent a mountain range between 1800
to 3800 m.a.s.l, and a distance of approximately 400 km
covering an area of 40,000 km? (Dunnink et al. 2016; Car-
butt 2019). The vegetation diversity and distribution of this
region has been well studied and documented (Clark et al.
2011, 2012; Carbutt 2019; Chatanga et al. 2019). The rain-
fall season is from spring (September) to autumn (April),
with annual average rainfall of between 1500 and 2000 mm
and the ambient air temperature can range from 32 °C in
summer to —20 °C in winter (Hamer and Martens 1998;
SANParks 2013).

The region is dominated by both rock pools and afromon-
tane tarns (Hamer and Martens 1998). These vary in size,
depth, hydroperiod and type of substratum. Rock pools form
in depressions of rocks and boulders, they are small, usually
less than 2 m in diameter and have depths less than 30 cm
(Hamer and Martens 1998). Meanwhile, afromontane tarns
are bigger, up to 30 m in diameter, and > 1 m in water depth
(Dunnink et al. 2016). They display heterogeneity in bio-
topes, some have sandy or muddy substratum, vegetation
inside and on the margins of the tarns. More importantly,
afromontane tarns hold water for longer periods as compared
to rock pools, thus characterised with longer hydroperiods as
compared to rock pools (Hamer and Martens 1998; Dunnink
et al. 2016; Chatanga et al. 2019).

Eleven freshwater temporary wetlands from three study
areas in the eastern Free State province, of the Maloti-Drak-
ensberg region, South Africa were identified and sampled
on the 20th-25th of January 2018, during the aquatic phase
season. Sites included four rock pools from the Fika-Patso
Mountain (— 28.679586 S, 28.840390 E) (Fig. 1a), three
rock pools from the Qwaqwa Mountain (— 28.504795 S,
28.791542 E) (Fig. 1b) and three afromontane tarns at
Golden Gate Highlands (— 28.487184 S, 28.637250 E)
(Fig. 1c¢).

Hamer and Martens (1998) recognised three types of rock
pools within the region which includes; (1) isolated, small
depressions in boulders, (2) series of small rock pools, and

(3) series of large and small rock pools. Despite some minor
differences, e.g. water depth and size (see Fig. 1a, b), rock
pools in Fika-Patso Mountain conform to the description
by Hamer and Martens (1998), as isolated, small depres-
sions, usually attaining less than 2 m in diameter, and less
than 10 cm deep (Fig. 1a), while rock pools in QwaQwa
Mountain were a series of large and small rock pools, that
were 12 m in diameter, and ~ 10 cm deep (Fig. 1b). As such,
QwaQwa Mountain rock pools represented an intermediate
hydroperiod between the longer hydroperiod afromontane
tarns of Golden Gate Highlands, and the shorter hydroperiod
rock pools of Fika-Patso Mountain (Fig. 1).

Data collection
Physicochemistry

Physicochemical parameters such as pH, conductivity (EC:
pS), salinity (ppm), water temperature (°C) and dissolved
oxygen concentration (DO: mg/l) were measured using a
portable water-chemistry multi-parameter (PCSTestr 35) and
a DO Pen (Sper scientific, 850,045) meters. Water depth
(cm) and total wetland area (m?) were measured using a
custom-made water depth measuring stick and a Geographi-
cal Positioning System. Additionally, 500 ml (n=3) water
samples were collected and divided into two sub-samples
(250 ml, n=6) and were used to determine; (1) water nutri-
ents concentration (n=3), and (2) chlorophyll-a (Chl-a)
biomass (n=3). Water nutrients including nitrate (NOj:
mg/l), ammonium (NH,: mg/l) and phosphate (PO,: mg/l)
concentrations were measured using the Ion Specific Elec-
trodes (range 1.0-100 mg/1) (Vernier LabQuest®2) and the
HI 83,203 Multiparameter Bench Photometer for Aquacul-
ture (range 0.0-30.0 mg/l) meters.

Chlorophyll-a biomass

Chlorophyll-a (Chl-a) sub-samples (250 ml, n=3) were
transferred into an opaque polyethylene water sample con-
tainer and immediately stored on ice until they reached
the laboratory. Prior Chl-a biomass analysis, samples
were homogenised moderately by hand for five seconds
and thereafter filtered through a Millipore nylon net filters
(50 mm diameter, 20 um mesh size) using a vacuum pump
(Instruvac® Rocker 300) at 20 kiloPalscas (kPa). Any small
unwanted invertebrates and plant litter were removed.
Acetone extraction method was used to determine Chl-a
biomass fluorometrically following methods described by
Holm-Hansen and Riemann (1978) and applied by Motitsoe
et al. (2020). Briefly, each filtered nylon net was folded in half,
placed in a reaction tube with screw and 10 ml of 90% acetone
solution added. Reaction tube were then left for Chl-a extrac-
tion, in complete darkness at — 20 °C (freezer) for a minimum
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Fig. 1 Photographs of three selected study sites taken during sample collection in January 2018; a Fika-Patso Mountain rock pool, b Golden
Gate Highlands National Park tarn and (C) Qwaqwa Mountain rock pool, in the Eastern Free State, South Africa

of 48 h. Thereafter, Chl-a wavelength reading was deter-
mined using 10AU Field and Laboratory fluorometer (Tuner
Designs), noting the wavelength reading before and after the
sample was acidified by adding 2/3 drops of 0.1 M hydro-
chloric acid. The final Chl-a biomass was estimated using the
formula adopted from Lorenzen (1967) and Daemen (1986):

Acetone volume )

Chi — ’) =
a(mg/m’) <F iltered sample volume

X (Reading before acidificantion
—Reading after acidification) X 0.325
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Biological data

Afromontane tarns were sampled by sweeping a hand held
aquatic net (30 X 30 cm square frame, 1 mm mesh size) nine
times on the open water and emergent aquatic vegetation
biotopes or 18 times collectively per tarn as described by
Mlambo et al. (2011). All biotopes were transverse in order
to obtain a representative composite sample for each tarn.
Rock pools on the other side, were sampled using small
hand-held net with a round shape (15 cm diameter, 1 mm
mesh size), and each pool was swept nine times (Hamer
and Martens 1998). The sampling method was repeated
twice in each system resulting into two samples of aquatic
macroinvertebrates, for diversity and community analysis,
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and the for food web analysis. The aquatic macroinverte-
brates community analysis sample was used to estimate
biodiversity indices and assemblage composition between
sites. Aquatic macroinvertebrates samples were identified to
the lowest possible taxonomic level using a combination of
identification guides for the Southern African region (Day
et al. 2001a, b; Day and de Moor 2002a, b; de Moor et al.
2003a, b).

Stable isotope analysis

Primary producers, including dominant aquatic plant species
leaves (n=3, per species) and detritus (n=3) were collected
by hand, together with surface water samples (500 ml, n=3).
Particulate organic matter (POM) was extracted by filter-
ing the surface water samples through the pre-combusted
Whatman Glass microfiber filters papers (GFFs; 0.7-micron
pore, 47 mm diameter), using a vacuum pump (Instruvac®
Rocker 300) at 20 kiloPalscas (kPa). Consumers, included
all aquatic macroinvertebrates stable isotope sub-samples
which were identified to species level as described above.
For each aquatic macroinvertebrate species present, a mini-
mum of three—five individual aquatic macroinvertebrate
species were used for stable isotope sample. All collected
samples; dominant aquatic plant species (n=3, per species),
detritus (n=3), POM (n=3) and aquatic macroinvertebrates
(n=3, per species) were stored in aluminium foil envelopes
and oven dried for 48 h at 50 °C.

The oven dried aquatic plants, detritus and aquatic mac-
roinvertebrates tissues samples (n=3) were further grounded
into fine homogenous powder using pestle and mortar expect
the POM Whatman Glass microfiber filters. Thereafter,
about 0.5-0.6 mg of aquatic macroinvertebrates homoge-
nised tissues and 1.0-1.2 mg of aquatic plants tissues and
detritus were weight into separate tin capsules (8 X5 mm).
Thereafter, all samples were sent for §!°C and 8N isotope
analysis using a Flash EA 1112 Series coupled to a Delta V
Plus stable light isotope ratio mass spectrometer via a Con-
Flo IV system (all equipment supplied by Thermo Fischer,
Bremen, Germany), at the Stable Isotope Facility, University
of Pretoria, South Africa. The 8'*C and 8'°N isotopic values
were reported as %o vs air, normalised to internal standards
(Merck and DL-Valine) calibrated to the International
Atomic Energy reference materials IAEA-CH-3 and IAEA-
CH-6 for 8'3C, IAEA-N1 and IAEA-N2 for 8'°N). Results
were expressed in standard delta notation using per mil

scale, 8X (%0)=<% - 1> x 1000, where X="N or

13C, and R is the ratio of the heavy over the light isotope
(1>N/MN or 13C/'2C). Average analytical precision for 8'°C,
and 8'°N was +0.08 and +0.07 respectively.

Data analysis
Physicochemistry

Physicochemical parameters were tested for normality using
the Shapiro-Wilks normality test and Levene’s test for homo-
geneity of variances. Data was found to be normally dis-
tributed (Shapiro—Wilks test, P> 0.05) and the variances
homogenous (Levene’s test, P <0.05), then a parametric
test, in this case one-way analysis of variance (ANOVA)
with post-hoc Tukey HSD test was used to test for signifi-
cant difference in physicochemical parameters between rock
pools and tarns.

Aquatic macroinvertebrate biodiversity patterns
and assemblage composition

To investigate aquatic macroinvertebrate biodiversity

between rock pools and tarns, relative species abundance

(N), species richness (S), Shannon—Weaver diversity index;

H=- Zle pilnpi, (where pi is the proportional abundance

of taxa i in the sample given s taxa) and Pielou’s evenness;
’

J =% (where H' is Shannon diversity and S species rich-

ness) indices were computed in PRIMER version 6.1.13 &
PERMANOVA™ version 1.0.3 (Clarke and Gorley 2006).
Similarly, ANOVA was further used to test for significant
difference in biodiversity indices between study sites.

Then to demonstrate aquatic macroinvertebrate com-
munity assemblages between rock pools and tarns, uncon-
strained ordinations were completed using principal coordi-
nate ordination (PCO) on Bray—Curtis similarity matrix to
visualise aquatic macroinvertebrates assemblage composi-
tion. This was followed by a constrained canonical analy-
sis of principal coordinate (CAP) to emphasise assemblage
differences between sites (e.g. Fika-Patso, QwaQwa and
Golden Gate Highland) and habitat type (e.g. rock pools and
tarns). Aquatic macroinvertebrate abundances were fourth-
root transformed to meet normality and to recognise the
abundance of rare taxa. Canonical analysis (5%, and 8%,) with
permutation test (No. of permutation 999) were used to test
the significance difference in explained aquatic macroinver-
tebrate assemblage variation between sites, while Pearson’s
correlation (r>0.7) was used to identify taxa driving the
differences in aquatic macroinvertebrate assemblage struc-
ture between sites (Anderson and Wills 2003). Analysis was
conducted in PRIMER version 6.1.13 & PERMANOVA*
version 1.0.3 (Clarke and Gorley 2006).
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Trophic interactions and food web structure

Primary consumers are generally used to baseline ecosys-
tems, making them comparable across spatial and tempo-
ral gradient (Cabana and Rasmussen 1996; Vander Zanden
et al. 1997). These organisms are long-lived organisms
that generally feed on plankton or detritus, thus provide a
time integrated measure of the ecosystems’ primary pro-
ductivity (Cabana and Rasmussen 1996; Post 2002). This
study used 8!°N and 8!3C isotopes values of freshwater
snails including Physidae, Lymnaeidae and Planorbi-
dae (Gastropoda) collected from all sites with an average
8" Npaetine =4.63%0 +2.11;5 813C ejine = — 20.34%0 +3.73;
83 Cmax=— 17.18; 8'>Cmin = — 27.44 and a carbon range
CRy sctine = 10.26%o.
8'°N and 8'°C isotopes values of all organisms collected
from each site were then adjusted using pre-treated freshwa-
ter snails baseline values based on the following equations:
515Norganixm - 515Nbaseline
SBN

Trophic position =

where 2 represents the trophic position of the primary con-
sumer of the baseline organisms, 8'°N represents the frac-
tionation factor calculated as 3.23%o, 515N0,gamsm is the iso-
tope ratio of the organism, 6'°N, ;... is the isotope ratio
(4.63%o0) of the primary consumers used for the baseline

(Post 2002).

13 13
513C _ o Corgam'sm -6 Cbuseline
corrected C Rbaseline ’
l 3 . . .
where 6'°C..,,,0.rq 18 the corrected carbon isotope ratio of the
consumer, 513C0rganism is the uncorrected isotope ratio of the

organism, 6'3C, ;... is the mean primary consumer isotope
ratio (— 20.34%o), and CR;,,jin 1 the primary consumer
carbon range (8'*Cmax—8'3Cmin =10.26%0) (Olsson et al.
2009; Jackson and Britton 2014).

Then to investigate difference in trophic interactions and
food web structure measured by food chain length, primary
resources abundances, trophic diversity and divergence
between rock pools and tarns, corrected 83 (corrected Car-
bon) and 8"°N (trophic position) values were investigated
using the Stable Isotope Bayesian Ellipses in R using the
“SIBER” package (Jackson et al. 2011). Layman’s metrics
(Layman et al. 2007) were used to describe trophic food web
characteristics which included nitrogen range (NR;), which
describes trophic community length (or food web length);
carbon range (CR,), which represents basal resources diver-
sity; mean distance to the centroid (CD,), which indicates
trophic diversity and species spacing; total area/convex hull
area (TA,) indicating food web niche width; mean nearest
neighbour distance (MNND,)), which estimates density and
clustering of species within the community and trophic
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redundancy; the standard deviation of nearest neighbour
distance (SDNND,), measuring evenness of spatial density
and packing of species in the isotopic space, and standard
ellipse area (SEAc), which provides a bivariate measure of
mean core isotopic niche (Layman et al. 2007; Jackson et al.
2011). The calculation of SEAc further allows for a measure
of niche overlap (%; with a maximum of 100% indicating
complete overlap between trophic food web niche), which
can then be used as a quantitative measure of trophic food
web niche similarity between sites following Jackson et al.
(2012) and Jackson and Britton (2014). Stable isotope ratios
from all individual samples were used to estimate differ-
ences in trophic interactions and food web structure between
sites. However due to differences in samples sizes between
sites and for comparison purposes, all metrics were boot-
strapped (N =10,000, indicated with a subscript ‘b’) as seen
in Jackson et al. (2012), Jackson and Britton (2014), Hill
et al. (2015) and Taylor et al. (2017). The SIBER modelling
(Stable Isotope Bayesian Ellipses in R; Jackson et al. 2011)
and all statistical tests expect when stated, were conducted
in R version 3.6.1 (R Core Team 2018).

Biodiversity and trophic community metrics response
to physicochemical variables

Multiple linear regression analysis using the Im function in
‘MASS’ package was used to examine which predictor vari-
ables e.g. physicochemical variables, influenced explana-
tory variables e.g. aquatic macroinvertebrate biodiversity
indices and selected trophic community metrics. The initial
model included the following variables: pH, EC, salinity,
water temperature, [DO], [NOs], [NH,], [PO,], water depth,
total wetland area and Chl-a biomass, and prior to analysis,
all physicochemical variables were log(x + 1) transformed.
The StepAIC function from the package ‘MASS’ performed
forward—backward selection of the predictor variables, and
the best model, that is, the one with the lowest Akaike’s
information criterion (AIC) score was selected (Venables
and Ripley 2002).

Results
Physicochemistry

The following measures were significantly different between
the three areas (Golden Gate Highlands, Qwagwa Mountain
and Fika-Patso Mountain) representing variable hydroperi-
ods: pH (ANOVA, F, 5=2.18, P=0.025), EC (ANOVA,
F, 15=4.96, P=0.04), DO (ANOVA, F; |5=5.84,
P=0.029), water temperature (ANOVA, F; 5=14.29,
P =0.002), total wetland area (ANOVA, Fi 5= 5.88,
P=0.029) and water depth (ANOVA, F, 5=7.12,
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Table 1 Mean (+ standard deviation) and two-way ANOVA summary of physicochemical parameters from three study areas in the Maloti-Drak-

ensberg Mountain region

Physicochemical parameters Rock pools

Tarn ANOVA df (1, 15)

Fika-Patso Mountain

QwaQwa Mountain

Golden-Gate Highlands

pH 7.46+0.81° 6.61+£0.59° 6.70£0.25% P<0.05
EC (ppm) 156.75 £42.66° 49.37+11.01° 101.25+21.33¢ P<0.05
Salinity (ppm) 3770+ 14.61° 31.02+£4.48° 52.62+£9.99° P>0.05
DO (mg/l) 5.47 +0.66 4.33+0.52° 2.27+1.13 P<0.05
Water temperature (°C) 23.75+1.53% 26.57 +1.60° 19.70+0.28%® P<0.05
Total wetland area (m?) 151.67 +61.68* 1387.30+453.18° 3691 +617.90° P<0.05
Water depth (cm) 6.03+2.02° 9.65+4.53° 15.08 +3.56 P<0.05
NO, (mg/l) 44544717 0.87 + 1.40° 0.82 +2.00° P>0.05
NH, (mg/1) 1.194+0.85% 0.61+0.55 1.08 +0.39* P>0.05
PO, (mg/l) 0.79 £0.46 0.32+0.19 1.62+2.51° P>0.05
Chlorophyll-a (mg/m?) 2.40+2.37° 0.93+0.18* 1.85+1.05 P>0.05

Significant difference at (ANOVA, P <0.05) are indicated in bold and Tuckey Post Hoc represented by letters

P=0.018) (Table 1). Total wetland area was highest in
Golden Gate Highlands, representing the longest hydrop-
eriod, followed by Qwaqwa Mountain rock pools, represent-
ing intermediate hydroperiod and then Fika-Patso Mountain
rock pools having the smallest, thus representing the shortest
hydroperiod (Table 1). Similar pattern was also seen with
water depth, thus demonstrating that both the physical meas-
ures of hydroperiod (e.g. total wetland area and water depth)
aptly characterised these three studied areas (Table 1). Con-
trary, water chemistry parameters, e.g. DO and water tem-
perature, exhibited the opposite trend, were Golden Gate
Highlands tarns with longest hydroperiod recorded lower
values and lesser variation (e.g. standard deviation) com-
pared to QwaQwa and Fika-Patso Mountain rock pools with
intermediate and short hydroperiod respectively (Table 1).
QwaQwa Mountain rock pools had the intermediate phys-
icochemistry parameters readings, while Fika-Patso Moun-
tain rock pools had the highest value and higher variation
(Table 1).

Biodiversity and assemblage patterns

Relative species abundance (ANOVA: F, ¢=7.1, P=0.029)
and species richness (F; §=3.55, P=0.044) were the two
biological diversity indices that where significantly differ-
ent between rock pools and tarns (Fig. 2). Again, sites with
longer hydroperiod, Golden Gate Highlands tarns had the
significantly higher relative species abundance and rich-
ness, followed by sites with intermediate hydroperiod,
QwaQwa Mountain rock pools, and Fika-Patso Mountain
rock pools with the shorted hydroperiod having the least
relative species abundance and richness (Fig. 2). However,
the significant difference between QwaQwa and Fika-Patso

Mountain rock pools were seen only with the relative spe-
cies abundance while species richness was indifferent. Shan-
non—Weaver diversity index (F; =0.20, P=0.67) and Pie-
lou’s evenness (F; ¢=0.88, P=0.38) were not significantly
different between sites (Fig. 2).

CAP ordination revealed three very distinct aquatic
macroinvertebrates assemblage clusters, were each clus-
ter represented study area (Fig. 3). Canonical correlation
(8°) explained 99% (CAP 1) and 94% (CAP 2) total aquatic
macroinvertebrate assemblage variation between Golden
Gate Highlands tarns, QwaQwa and Fika-Patso Mountain
rock pools, thus indicating complete and significant dif-
ference (PERMUTATION TEST: trace statistics=1.94,
P =0.004) in aquatic macroinvertebrate community assem-
blage between study areas (Fig. 3). Two aquatic macroinver-
tebrate species including Trithemis sp. and Agraptocorixa
sp. were positively associated with QwaQwa Mountain rock
pools, and seven species Taeniochauliodes sp., Mesovelia
sp., Berosus sp., Bulinus sp., Culex sp., Marsupiobdella
africana Goddard and Malan, 1913 and Orthocladinae were
positively associated with the Golden Gate Highlands tarns
(Fig. 3).

Trophic interactions and food web structure

Layman’s community-wide metrics illustrated a more com-
plex, longer and diverse trophic food web structure for
Golden Gate Highlands tarns, followed by QwaQwa Moun-
tain rock pools, and Fika-Patso Mountain rock pools with
simple, smaller and least diverse trophic food web structure.
In addition, the Layman’s community-wide metric results
supported isotope core niche width results (Table 2, Fig. 4).
Golden Gate Highlands tarns with longer hydroperiod
recorded high nitrogen range (dNR;,), which was indicative
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Fig.2 Aquatic macroinvertebrate biodiversity indices (mean + stand-
ard error) between the Fika-Patso Mountain rock pools (FF), Qwaqwa
Mountain rock pools (QQ) and Golden Gate Highlands tarns (GG) in
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Fig.3 Canonical analysis of principal coordinate (CAP) ordination
indicating distinct differences in aquatic macroinvertebrate assem-
blage structure found between Fika-Patso Mountain rock pools (FF),
QwaQwa Mountain rocks pools (QQ) and Golden Gate Highlands
tarns (GG) in the Eastern Free State, South Africa. CAP1 eigenvector
62=0.99, CAP2 eigenvector 62=0.94, where 6 =the amount of vari-
ation explained by the canonical axis

of a large trophic community length (or food chain length).
QwaQwa Mountain rock pools with intermediate hydro-
period had the second highest dNR;, whereas Fika-Patso
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the Eastern Free State, South Africa. Bar represent mean biodiversity
values and error bars represent standard error values. Different lower-
case letters represent significant differences (ANOVA, P <0.05)

Mountain rock pools recorded the smallest dNR, (Table 2,
Fig. 4). QwaQwa Mountain rock pools and Golden Gate
Highlands tarns showed similar carbon range (dCR,) val-
ues, which were substantially higher than those recorded
at Fika-Patso Mountain rock pools. This suggests QwaQwa
Mountain rock pools and Golden Gate Highlands tarn that at
intermediate and long hydroperiod respectively, had diverse
primary resources as compared to Fika-Patso Mountain rock
pools (shorter hydroperiod) which showed the least diverse
food sources (Table 2, Fig. 4). As a result, QwaQwa Moun-
tain rock pools had the largest food web total area/convex
hull area (TA,) and this was attributed by the high diversity
of food sources (dCR,) recorded on sites, while Fika-Patso
Mountain rock pools illustrated the smallest food web total
area, thus limited food sources (Table 2, Fig. 4). Further,
all the other three metrics; CD,, MNND, and SDNND,
were high at Golden Gate Highlands tarns and moderate
at QwaQwa Mountain rock pools, demonstrating high to
moderate trophic level diversity, trophic levels divergence
and even distribution of species. Whereas the Fika-Patso
Mountain rock pools showed the least trophic level diversity,
high trophic level redundancy and trophic species clustering
(Table 2).

Golden Gate Highlands tarns and Fika-Patso rock pools
showed completely different trophic community niches in
the isotopic space (Fig. 4). While QwaQwa Mountain rock
pools had the largest core niche width, supported by diverse
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Table 2 Layman’s community-
wide metrics comparing
Maloti-Drakensberg temporary
wetlands (97.5% confidence
interval)

Layman’s matrix

Fika-Patso Mountain

QwaQwa Mountain Golden gate highlands tarns

rock pools

rock pools

dNR,
dCR,
TA,

CD,
MNND,
SDNND,

1.04 (1.03-1.04)
0.60 (0.60-0.61)
0.30 (0.29-0.31)
0.39 (0.38-0.39)
0.35 (0.34-0.35)
0.19 (0.18-0.19)

1.41 (1.40-1.42)
0.93 (0.92-0.94)
0.62 (0.61-0.63)
0.57 (0.56-0.57)
0.49 (0.48-0.49)
0.24 (0.24-0.25)

2.03 (2.01-2.06)
0.90 (0.88-0.92)
0.48 (0.47-0.50)
0.93 (0.92-0.94)
1.10 (1.08-1.11)
0.57 (0.55-0.58)

dNR,, nitrogen range, dCR,, carbon range, TA, food web total area, CD,, niche width and species spacing,
MNND,, mean nearest neighbour distance values, SDNND, measure of evenness of spatial density and

packing

Fig.4 Core niche width of < J
temporary wetlands communi- 4
ties based on trophic position 5 T
(TP) and corrected 8'3C values e
(8"3Ccorr) for Fika-Patso Moun- °
tain rock pool (FF), Qwaqwa w
Mountain rock pool (QQ) and c
Golden Gate Highlands tarn 2
(GG), in the Eastern Free State, §7)
South Africa 8_

O e

e

a

2]

l_

° FF
o o . ° QQ
R s ° GG

basal resources (dCR,) and total food web area (TA,), it
was followed by the Golden Gate Highlands tarns and Fika-
Patso Mountain rock pools had the least trophic community
core niche width (Fig. 4). Standard ellipses area (SEAc)
results showed similar trends as in core niche width, where
QwaQwa Mountain rock pools showed the largest SEAc
followed by Golden Gate Highlands tarns and the smallest
niche area been Fika-Patso Mountain rock pools (Figs. 4, 5).

The Fika-Patso Mountain rock pools SEAc overlapped by
91.4% with the QwaQwa Mountain rock pools, thus showing
high similarity in trophic community structure and ecolo-
gies, whereas QwaQwa Mountain rock pools SEAc over-
lapped by 8.6% with Golden Gate Highlands tarns, indi-
cating different trophic community structure and ecologies
(Fig. 4, Table 3). Golden Gate Highlands tarns showed no
overlap to Fika-Patso Mountain rock pools, that is the two
systems had completely different trophic community struc-
ture, thus function differently (Fig. 4, Table 3).
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8"13C corr

-
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o
w
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Fig.5 Density plots showing the confidence interval of the stand-
ard ellipses areas (SEA.) for Fika-Patso Mountain rock pools (FF),
QwaQwa Mountain rock pools (QQ) and Golden Gate Highlands
tarns (GG) in the Eastern Free State, South Africa. The black points
correspond to the mean standard ellipse area for each community.
The grey to light grey-boxed areas reflect the 95, 75 and 50% confi-
dence interval for the overall aquatic community niche area respec-
tively
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Table 3 The core isotopic niche
area (SEAc) percent overlap

between three study areas in the
Eastern Free State, South Africa

Sites Fika-Patso Mountain QwaQwa Mountain Golden Gate
rock pools rock pools Highlands
tarns
Fika-Patso Mountain rock pools - 31.6 0
QwaQwa Mountain rock pools 68.4 - 914
Golden Gate Highlands tarns 0 8.6 -

Columns indicate the site niche area being overlapped, e.g. 31.6% of QwaQwa Mountain rock pools com-
munity niche area is overlapped by the Fika-Patso Mountain rock pools, while 68.4% of the Fika-Patso
Mountain rock pools community niche area is overlapped by the QwaQwa Mountain rock pools community

Biodiversity and trophic structure response
to physicochemical variables

Wetland total area, [PO,], [NO;], EC, water temperature,
[DO] and Chl-a biomass as predictor variables explained
88.3% variation in aquatic macroinvertebrates relative
species abundance (Table 4). Wetland total area and EC
were significant and positively affected relative species
abundance, whereas both [NO;] and Chl-a biomass nega-
tively affected relative species abundance. [PO,], [NO;s],
EC, [DO] and Chl-a biomass, explained 79.4% variation
in species richness. [NO,] and [DO] showed a negative
relationship to species richness, but [PO4] was positive
(Table 4). The Shannon—Weaver diversity index, on the
other hand, was affected by pH, EC, water tempera-
ture, [DO] and salinity, which explained 57.9% aquatic
macroinvertebrates diversity, and only [DO] negatively
affected diversity and EC, water temperature, salinity
showed positive association to Shannon—Weaver diver-
sity index (Table 4). Wetland total area, pH, EC, salinity,
water temperature and [DO] collectively explained 72.6%
in aquatic macroinvertebrates Pielou’s evenness, where
EC, salinity and water temperature showed positive asso-
ciation to evenness and only [DO] was negative (Table 4).

Comparatively, food chain length (dNR,) was influ-
enced by [NH,], [NOs], EC, salinity, water temperature,
[DO], water depth and Chl-a biomass, explaining 79.1%
variation in food chain length. [NH,], EC, [DO] positively
contributed to food chain length whereas salinity, and
Chl-a biomass showed a negative effect (Table 4). Wet-
land total area, [NH,], EC, [DO], water depth and Chl-a
biomass collectively explained 53.1% of ecosystem basal
resources (dCR,), where EC showed a negative associa-
tion, and both [DO] and Chl-a biomass showed a positive
relationship to basal resources diversity. Trophic diversity
(CD,) was influenced by wetland total area, [NH,], [PO,],
EC, [DO] and Chl-a biomass which collectively explained
63.1% variation, but only [DO] and Chl-a biomass posi-
tively contribute to trophic diversity (Table 4). Total
wetland area, [NO;], EC, water temperature and Chl-a

@ Springer

biomass collectively explained 56.4% of food web convex
hull area (TA,), where only EC showed negative effect
and [NO;], water temperature and Chl-a biomass had a
positive effect to food web convex hull area (Table 4).

Discussion

In the current study, we report about the variation in
the hydroperiod of temporary wetlands, rock pools and
afromontane tarns, from the Maloti-Drakensberg Moun-
tain range in relation to three variables: physicochem-
istry, biotic diversity and food web dynamics. Research
on hydroperiod in pond/wetland ecosystems has largely
involved sampling of the first week(s) and the last week of
inundation (e.g. Schalk et al. 2017) or a continuous sam-
pling of the aquatic phase (e.g. Dalu et al. 2017a, b). How-
ever, given the remote nature of our study area and natural
variation of wetland area and water depth, known proxies
of hydroperiod (Stenert and Maltchik 2007; Gleason and
Rooney 2018), we categorised these temporary wetlands
into three levels of hydroperiods (e.g. long, intermediate
and short), and sampled each category once. We hypoth-
esised that temporary wetlands with long hydroperiods,
represented by three afromontane tarns from Golden Gate
Highlands, will have more stable physicochemistry (Mag-
nusson and Williams 2006), higher aquatic macroinver-
tebrate diversity (Schriever and Williams 2013; Gleason
and Rooney 2018), and food web structures that are longer,
diverse and more complex (Dalu et al. 2017a; Schalk et al.
2017). Whereas, slightly bigger and deeper rock pools at
QwaQwa Mountain, were predicted to have intermediate
levels, and then shallow and smaller rock pools as seen in
Fika-Patso Mountain will have the least stable physico-
chemistry, the lowest aquatic macroinvertebrate diversity
and a simple food web structure. Results from this study
largely supported all these hypotheses.

Our study confirms that there was a relatively low pro-
ductivity in these temporary water bodies compared to
similar systems in lower altitudes (e.g. Roussouw et al.
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Table 4 Multiple linear
regression analyses (summary
Im R function) for aquatic
macroinvertebrates biodiversity
indices and selected community
metrics

Explana-  Predictor variables Estimates SE tvalue P Adj.R? df F P
tory vari-
ables
N Intercept 1634.41 907.95 1.80 0.11 0883 7,8 17.13 <0.001
Area 3693 16.83  2.19 0.04
[PO,] 84.02 57.07 147 0.18
[NOs] —-60.54 2745 -221 0.039
EC 101.05 44.85 225 0.045
Water temp —52290 36346 —1.44 0.18
[DO] —21593 130.10 —1.66 0.136
Chl-a - 12356 5541 -2.23 0.05
S Intercept 18.88 6.33 298 0.01 0.794 5,10 12.57 <0.001
[PO,] 2.88 133 217 0.05
[NOs] —2.50 093 —-2.68 0.02
EC -2.33 147 158 0.15
[DO] —10.66 193 -553 <0.001
Chl-a -2.7 1.79 —-1.51 0.16
H Intercept - 8.62 438 —-1.97 0.08 0579 5,10 5.14 0.014
pH —2.56 1.79 —143 0.18
EC 0.69 024 284 0.018
Water temp 3.18 123 2.59 0.02
[DO] - 1.06 036 —2.92 0.015
Salinity 1.01 034 3.01 0.013
J Intercept -5.27 1.35 —-3.92 0.003 0.726 6,9 7.63 0.004
Area —-0.02 0.02 —-1.34 0.25
pH -1.29 0.65 —1.99 0.08
EC 0.37 0.08 4.84 <0.001
Salinity 0.44 0.10 423 0.002
Water temp 1.88 040 4.76 0.001
[DO] -0.32 0.11 —2.88 0.02
dNR, Intercept 12.26 6.54 1.88 0.09 0.791 8,9 9.05 0.002
[NH,] 1.68 048 348 0.006
[NOs] -033 0.19 —-1.76 0.11
EC 0.67 021 325 0.010
Salinity —-2.04 0.61 —3.34 0.009
Water temp —-242 1.64 —1.48 0.17
[DO] 2.24 0.61  3.69 0.005
Depth —0.58 043 —1.35 0.21
Chl-a 1.47 0.33 442 0.002
dCR, Intercept 4.70 299 157 0.14 0531 6,11 421 0.02
Area —-0.31 0.17 —1.83 0.09
[NH,] 0.95 0.64 149 0.17
EC - 0.94 0.36 —2.62 0.02
[DO] 1.93 0.63  3.08 0.01
Depth - 0.81 0.61 —1.34 0.21
Chl-a 1.04 045 230 0.04
CD, Intercept 0.61 .15  0.53 0.60 0.631 6,11 5.85 0.006
Area —-0.10 0.06 —1.64 0.13
[NH,] 0.35 027 130 0.22
[PO,] -0.17 0.15 -1.14 0.28
EC -0.22 0.17 -1.30 0.22
[DO] 0.88 021 421 0.005
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Table 4 (continued)

Predictor variables Estimates SE

tvalue P Adj.R®> df F P

Explana-

tory vari-

ables
Chl-a

TA, Intercept
Area
[NO;]
EC
Water temp
Chl-a

—5.64 327 =172 0.11

- 0.65 0.19 -3.32

0.29 0.18 1.64 0.013

0564 5,12 540 <0.01
0.097 0.07 135 0.20
0.29 0.13 236 0.04
0.006
2.27 084 271 0.02

1.15 025 456 <0.001

The table shows estimates + standard error (SE), 7 statistics, adjusted R-squared (Adj. R?), degrees of free-
dom (df) and respective F and P values for regression coefficients, indicating whether the value of the coef-
ficient is significantly different from zero (P =0.05). Significant differences are in bold

N relative species abundance, S species richness, H Shannon-Weaver diversity index, J Pielou’s even-
ness, dNR,, nitrogen range (trophic community length), dCR,, carbon range (basal resources diversity), CD,,
trophic diversity, TA, convex hull area, area wetland total area, water temp. water temperature, Chl-a chlo-

rophyll-a biomass

2018; de Necker et al. 2020). Results showed low lev-
els of Chl-a concentration, and this was a general trend
within the region, where all sampled areas of different
hydroperiods showed similar Chl-a levels, which were
oligotrophic in nature (Dunnink et al. 2016). Hamer and
Martens (1998) also predicted that these low levels could
be responsible for shaping aquatic communities composi-
tions in the region. However, we found out that Chl-a and
[DO] concentrations negatively affected biodiversity indi-
ces, but positively contributing to community structures.
While, [PO,], EC and salinity were more important for
biodiversity indices. Although, we did not continuously
measure physicochemistry, but the relatively small varia-
tion in some water chemistry variables (e.g. pH and water
temperature) in the longer hydroperiod sites, even though
this could also be due to small sample size and other rea-
sons, indicates that longer hydroperiod had more stable
physicochemical characteristics, as reported by Magnus-
son and Williams (2006).

Food web studies have largely been conducted in perma-
nent water bodies, with relatively little work done in tem-
porary water bodies (but see Schriever and Williams 2013;
O’Neill and Thorp 2014; Dalu et al. 2017a; de Necker et al.
2020). This is unfortunate, given that the processes of basal
resource accumulation, community development and food
web complexity are fundamentally different to those of per-
manent water bodies. There are, at least, two major hypoth-
eses, applicable to temporary waters that predict a linear
relationship between food chain length and ecosystem prop-
erties, reviewed by Post et al. (2002). The first one is ecosys-
tem size hypothesis, which predicts that food chain length
should be longer in larger ecosystems, as they often have
higher species diversity, more heterogeneous habitat and
more available resources. This was in agreement with our
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findings, were longer hydroperiod study sites e.g. Golden
Gate Highlands tarns, where attributed by large total wet-
land area and high water depth showed more biotic diversity,
longer trophic community length (food chain length), diverse
trophic levels and food sources (second to QwaQwa Moun-
tains rock pools). This was also true following O’Neill and
Thorp (2014) study, were authors demonstrated that insect
diversity and not that of large branchiopods, lengthen the
food chain in their studied temporary water bodies (e.g. pla-
yas from Colorado, USA). Large brachiopod diversity does
contribute to biological diversity but not functional diver-
sity, whereas insect’s diversity affects both biological and
functional diversity in systems. Thus, biological and func-
tional diversity are important aspects of ecosystems struc-
ture and their loss have knock-on effects on the ecosystems
function. Similarly, Dalu et al. (2017b) study also showed
that low functional diversity (functional redundancy) in
pond ecosystems result to low trophic levels divergence (or
low MNND,), which indicate that more species occupied
similar trophic level positions. When we look at the present
study, QwaQwa Mountain rock pools were diverse in pri-
mary resources and thus species had different and diverse
sources of energy to exploit as compared to the Golden Gate
Highlands tarns (moderate CR;) and Fika-Patso Mountain
rock pools (low CRy). In terms of species orientation in
the food web structure, the Golden Gate Highlands tarns
(long hydroperiod) constituted more divergent trophic levels
(high MNND,) that were evenly distributed (low SDNND,))
throughout the food web structure, thus indicative of more
specialised aquatic macroinvertebrate community.

Our results also supported findings from Schriever and
Williams (2013) that systems with less-stable environmen-
tal variables as seen in Fika-Patso Mountain rock pools
will have shorter food chain, as predicted by the dynamic
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constraints hypothesis. The dynamic constraints hypothesis
predicts that food chain length should be shorter in highly
variable habitats. In our study, we demonstrated that the dis-
turbance represented by the variable hydroperiod, affected
this important measure of food web structure. Specifically,
the results of our study showed that temporary wetlands
with longer hydroperiods had the longest food chain length
(dNRy), whereas those with the shortest hydroperiod had the
least. This further adds to the fact that temporary wetlands
with longer hydroperiods have stable biotic and abiotic char-
acteristics, allowing the system to reach maturity during the
aquatic phase, with high biological and functional diversity
before the systems begins dries out.

Tampering with the hydroperiod has been employed
by environmental managers all over the world for vari-
ous goals, including mosquitoes and invasive species con-
trol (Hanford et al. 2020) and for increasing biodiversity
(Martens and de Moor 1995), however this have triggered
unintended consequences. For example, deepening the
temporary pools to increase inundation phase in order
to hopefully attract more bird species for tourism pur-
poses have led to extirpation of a unique monotypic gen-
era of fairy shrimps (Anostraca), Rhinobranchipus mar-
tensi Brendonck 1995 (Martens and de Moor 1995). This
study demonstrates that hydroperiod does not only impact
biological diversity and community structure, but it also
affects ecosystems processes like food web dynamics, that
also need to be considered when thinking about tamper-
ing with hydroperiod. As such, we recommend that future
management and conservation studies should incorporate
trophic interactions (ecosystems structure and functioning)
as an early warning indication of wetland deterioration.
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