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A B S T R A C T

Southern Africa is recognized as one of the world’s diversity hotspots for large branchiopod crustaceans. Nonetheless, many areas including
large parts of Zimbabwe remain poorly studied. We report on the diversity of anostracans and notostracans in a tropical and geologically
diverse savannah area in SE Zimbabwe. We explored the links between geology, hydroperiod and diversity and distribution patterns of
anostracans and notostracans. In a large survey, 160 temporary clay pans distributed over the four major and diverse geological regions
were sampled every fortnight. Seven fairy shrimp and one tadpole shrimp species were recorded. Although the study area is characterized
by substantial variation in soil geology, we did not find strong effects of geology on the composition of anostracan and notostracan
assemblages in pools of different sizes and hydrology. All species occurred in all four geological regions but the abundance of pools
without large branchiopods differed between the four investigated regions.
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INTRODUCTION

Large branchiopod crustaceans are typical inhabitants of
temporary aquatic systems worldwide (Blaustein et al.,
2001; Williams, 2006; Brendonck et al., 2008). Due to their
sensitivity to fish predation they are largely absent from per-
manent habitats (Kerfoot and Lynch, 1987). Rapid growth
and maturation, and the production of drought resistant dor-
mant eggs enable them to persist in shallow water bodies that
seasonally dry and show variable inundation patterns (Bren-
donck, 1996; Schneider and Frost, 1996; Vanschoenwinkel
et al., 2009).

Because Southern Africa (South of the Cunene Catch-
ment in the west and the Zambezi Catchment in the east)
is a largely semiarid region, many of the water bodies are
temporary. A wide variety of temporary aquatic habitats
suitable for large branchiopods are found in this region,
including groundwater fed temporary wetlands, vleis, rain
filled clay pans and rock pools (Hamer and Brendonck,
1997; Williams, 2006). The region houses approximately
66 large branchiopod species (Hamer, 1999; Rogers, 2013),
but diversity might be even larger as substantial parts of
the Southern African subcontinent remain unstudied (Hamer
and Brendonck, 1997 and references therein). Branchiopod
diversity in the area was documented by Sars (1895, 1899,
1905), Daday (1908, 1910) and Barnard (1924, 1929, 1935)

∗ Corresponding author; e-mail: karen.tuytens@bio.kuleuven.be

based on data collected in early expeditions, complemented
by later surveys by several researchers in South Africa,
Botswana and Namibia (Hamer and Brendonck, 1997; De
Roeck et al., 2007; Mlambo et al., 2011). Apart from ini-
tial collections by Weir (1969), Hamer (1994) and recently
Nhiwatiwa et al. (2011, 2014), detailed branchiopod surveys
from Zimbabwe are largely lacking and even less is known
about the diversity in neighboring countries such as Mozam-
bique, Zambia, Malawi and Madagascar.

More than 46 species of fairy shrimp (Anostraca) have
been reported from southern Africa, with about 80% en-
demics (Hamer and Brendonck, 1997; Rogers, 2013). The
genus Streptocephalus (Streptocephalidae) is the most com-
mon and widespread, followed by Branchipodopsis (Bran-
chipodidae). Thamnocephalidae are represented by three
species of Branchinella. Branchipodopsis is the genus with
the highest level of endemicity with 16 out of the 20
known species only occurring in Southern Africa (Hamer
and Appleton, 1996; Hamer, 1999). Unlike fairy shrimp,
clam shrimp have been studied much less extensively. Cur-
rent records indicate the presence of approx. 116 species
worldwide represented by the order Laevicaudata and the
two Diplostracan suborders Spinicaudata and Cyclestherida,
representing five families and 19 genera (Brendonck et al.,
2008). Finally, of Notostraca, or tadpole shrimps, only one
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species (Triops granarius) is reported in the area. However,
recent molecular research suggests that it is likely that sev-
eral cryptic species are present including divergent lineages
in Northern Africa, Namibia and South Africa which can be
considered as separate evolutionary significant units (Van-
schoenwinkel et al., 2012).

Additionally, little is known about the relationship be-
tween local geology and geomorphology and both species
distribution and diversity patterns. Local geologic features
could potentially impact the hydrology of the pans through
groundwater interactions or by the direct impact of soil char-
acteristics on the permeability of substrate layers, determin-
ing the possibility of ponding of water and permanence lev-
els of the ponds (Winter, 1999).

The hydroregime, characterized by the duration, fre-
quency, and predictability of inundations, is known to affect
branchiopod diversity and distribution patterns (Spencer et
al., 1999; Brooks and Hayashi, 2002; Eitem et al., 2004;
Vanschoenwinkel et al., 2010; Nhiwatiwa et al., 2011).
Rogers (2014) also found a correlation between the distri-
butions of anostracan species in the USA and geochemical
substrate properties.

In this study we aim to complement existing knowl-
edge on large branchiopod distributions in Zimbabwe by
assessing the diversity in a previously unstudied area, the
Malilangwe Wildlife Reserve. Our goal is to explore the
links between geology, hydroperiod and diversity and dis-
tribution patterns of anostracans and notostracans. A large
scale survey was conducted between December 2009 and
September 2010, sampling a total of 160 temporary wet-
lands. We present an overview of the branchiopod diversity

in this region and compare it to the known distributions of
the recorded species. Additionally, we contrast species com-
position in habitats from subregions differing in their ge-
ology. This study area is very suitable for this type of as-
sessment because of its diverse geology and large number of
pristine temporary wetlands.

MATERIAL AND METHODS

Study Area

Malilangwe Wildlife Reserve is a privately owned nature reserve
(40,000 ha) situated in the Southeast lowveld of Zimbabwe (20°58′-
21°15′S, 31°47′-32°01′E) bordering Gonarezhou National Park in the
south. The reserve contains more than 300 temporary and several perma-
nent pans (water bodies in clay lenses). The climate in this area is charac-
terized by a wet season from November to March followed by a long dry
season. The mean annual rainfall (recorded at the headquarters of the park)
is 560 mm, of which 84% occurs during the wet summer. The average min-
imum monthly temperature ranges from 13.4 (July) to 23.7°C (December),
while the average maximum monthly temperature varies from 23.2 (June)
to 33.9°C (November) (Clegg, 2008; Clegg and O’Connor, 2012).

The geology of Malilangwe has been characterized in detail and was
shown to be a reliable predictor of different vegetation types in the region
(Clegg, 2008). Geology could also have an impact on pan density, since
pans are more common in regions that are rich in clay. The vegetation
is predominantly tree/bush savannah with Mopane (Colophospermum
mopane) and mixed Acacia/Combretum-wooded savannah (Clegg and
O’Connor, 2012). The different geological formations include Jurassic
basalt (south-eastern part), acid and basic gneiss (northern part), dolerite,
shales and mudstone (Western part), grit and Stormberg sandstone (south of
Malilangwe Range) and alluvium (in association with current and old river
beds of Chiredzi, Runde and Nyamasikana rivers) (Fig. 1) (Clegg, 2008;
Clegg and O’Connor, 2012). Weathering of gneisses produced moderately
shallow, sandy soils. The weathering of sandstone has given rise to fine
grained sandy soils with low base status. On the basalt plain, soils vary
from deep, vertisol clays to shallow sandy loams underlain by rock or by
calcareous gravel at depth of less than 40 cm (Clegg and O’Connor, 2012).

Fig. 1. Location and geology of the study area: Malilangwe Wildlife Reserve in SE Zimbabwe. The open dots represent the sampled pans.
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Field Sampling

One hundred and sixty sites were selected out of the approximately 300
temporary clay pans across all the different geological regions in the re-
serve. Since there are only a handful of rock pools in the reserve and the clay
pans are the dominant sources of temporary water in the area, only clay pans
were sampled. Most of the sampled pans were located in the Jurassic basalt
(JB, n = 51), followed by alluvium areas (A, n = 41), Stromberg sand-
stone (SS, n = 51) and acid and basic gneiss (ABG, n = 17) (Fig. 1) (see
Table S1 in the Appendix in the online version of this journal, which can
be accessed via http://booksandjournals.brillonline.com/content/journals/
1937240x). These seasonal pans were sampled every fortnight from De-
cember 2009 until September 2010 for anostracans and notostracans when
they contained water.

Spinicaudatans, laevicaudatans, and cyclestherids were not included in
this study since many of the smaller benthic species were missed during
sampling.

Repetitive sampling maximizes the probability of sampling most species
and is recommended because of the typical strong temporal variation
in branchiopod communities during an inundation (Lahr et al., 1999;
Vanschoenwinkel et al., 2010). Each pan was sampled qualitatively by
randomly sweeping with a 250 μm mesh hand net (25 × 26 cm) for 5-
10 minutes through all microhabitats. Samples were fixed in 10% formalin.
To make a presence/absence dataset, specimens were identified to species
using Hamer et al. (1994), Brendonck and Riddoch (1997), Brendonck and
Hamer (1998) and Brendonck (1999). During the sampling visits the filling
percentage (% of the pan volume filled with water) was estimated visually
for 124 pans using an eight point scale. Based on these observations and
the rainfall data, the average duration of all hydroperiods for the whole
observation period was calculated for each pan in each region and was
expressed in days. For the morphological characteristics of each of 120
pans, maximum surface area was estimated (in m2) while maximum depth
(in cm) was measured. The combined information of morphometric and
hydrological characteristics was only available for a subset of 86 of the 160
sampled pans.

Analyses

The relation between pool morphometry (max depth, max surface area)
and hydroperiod was tested using Pearson correlations. Differences in
species richness, pool morphometry and hydroperiod between pans in
the four geological regions were tested using a nonparametric Kruskal-
Wallis test due to non-normally distributed residuals. To assess which
regions significantly differed from each other, pair wise comparisons
were performed using a Mann Whitney U -test with sequential Bonferroni
correction. A Fisher exact test was used to test for associations between
the different regions and the presence of large branchiopod species
in general and for differences between regions by means of pair-wise
comparisons more specifically. These same analyses were performed to test
for associations between the different regions and the number of pans with
a low species richness (i.e. maximum one large branchiopod species).

We tested for differences in species composition among the four
geological regions using redundancy analysis models (RDA). The species
presence/absence dataset was Hellinger transformed prior to analysis as
recommended by Legendre and Gallagher (2001). Differences in species
composition of pans found from regions with different geologies are

illustrated using non metric multidimensional scaling plots (MDS) based
on Jaccard and Hellinger distances. To explicitly test the link between
pan morphometry, regional geology, hydroperiod and species composition,
we used a subset of 64 pans for which this information was available
(excluding habitats in which no species were found). We used a forward
selection procedure to identify significant contributors to variation in
species composition in an RDA model, while implementing the double-
stopping criterion for variable inclusion (Blanchet et al., 2008).

Finally, the link between hydrological and morphometric variables and
species richness (which represents count data) was tested using generalized
linear models with an appropriate Poisson error distribution and a log
link. We experimented with both forward and backward variable selection
procedures to verify whether these converge on the same models. Only first-
and second-degree interactions were considered.

All analyses were performed in R (R Development Core Team, 2013)
using packages lme4, VEGAN and ecodist. Distribution plots were made in
Quantum GIS (QGIS Development Team, 2014).

RESULTS

Species Distribution in Malilangwe Wildlife Reserve

In the four major geological regions of the Malilangwe area,
a total of seven anostracans and one notostracan species
were found (Table 1; Fig. 2A-H). Of the 160 pans sampled,
119 (74.4%) housed at least one large branchiopod species.
The most common anostracan was Streptocephalus cafer
occurring in 53.1% of the pans, followed by S. bidentatus
(31.3%), Branchinella ondonguae (24.3%), S. wirminghausi
(20.0%), Branchipodopsis wolfi (5.6%, only occurring in
a few pans) and S. (Parastreptocephalus) zuluensis (1.3%,
only occurring in the A and SS region). Only one specimen
of S. cf. bidentatus was found in a pan in the Jurassic Basalt
(0.6%). Triops granarius was the only notostracan species
and occurred in 27.50% of the pans.

A Fisher’s exact test revealed a significant association
between region and both the presence of Branchinella on-
donguae (p = 0.041) and T. granarius (p = 0.002).
For B. ondonguae the differences were no longer signif-
icant (p > 0.05) after a Bonferroni correction on post
hoc pairwise comparisons. For T. granarius, a significant
difference was revealed between regions A and JB with
region SS (p = 0.003 and 0.040, respectively), with a
higher frequency of occurrence in regions A and JB com-
pared to region SS (see Tables S2 and S3 in the Appendix
in the online version of this journal, which can be ac-
cessed via http://booksandjournals.brillonline.com/content/
journals/1937240x). In Fig. 3, a trend is visible of pans lack-
ing large branchiopod in the JB and SS regions. Additionally

Table 1. Overview of the frequency of occurrence of large branchiopod species in all pans in the four distinguished geological regions in Malilangwe,
expressed in percentage. A, Alluvium; ABG, acid and basic Gneiss; JB, Jurassic basalt; SS, Stromberg sandstone.

Geological regions All regions

A ABG JB SS

Branchinella ondonguae Barnard, 1924 17.1 41.2 33.3 15.7 24.4
Branchipodopsis wolfi Daday, 1910 7.3 5.9 5.9 3.9 5.6
Streptocephalus bidentatus Hamer and Appleton, 1993 36.6 41.2 35.3 19.6 31.3
Streptocephalus cafer Loven, 1847 58.5 52.9 54.9 47.1 53.1
Streptocephalus cf. bidentatus Hamer and Appleton, 1993 0.0 0.0 2.0 0.0 0.6
Streptocephalus wirminghausi Hamer, 1994 26.8 23.5 15.7 17.7 20.0
Streptocephalus (Parastreptocephalus) zuluensis Brendonck and Hamer, 1992 2.4 0.0 0.0 2.0 1.3
Triops granarius Lucas, 1864 41.5 35.3 31.4 9.6 27.5
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Fig. 2. Large branchiopod (Anostraca, Notostraca) species distributions in the pans of Malilangwe Wildlife Reserve (closed dot, species present; open dot,
species absent).

there were many pans that had only one species in the SS re-
gion. The other regions generally seemed to have pans with
higher species richness. This pattern was confirmed statisti-

cally by a Fisher exact test revealing a significant associa-
tion between the occupancy of pans by large branchiopods
and region (p < 0.00001). Manual pair wise comparison
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Fig. 3. Spatial distribution of species richness of large branchiopods (Anostraca, Notostraca) in Malilangwe Wildlife Reserve. Species richness is
proportional to the size of the symbols.

with Bonferroni correction revealed differences between the
JB and both the A (p < 0.0001) and ABG (p = 0.002) re-
gions, respectively. The number of pans lacking large bran-
chiopods is higher in the JB region compared to the A and
ABG regions. No more significant differences occurred be-
tween region A and SS respectively (uncorrected p-value =
0.032) and JB and SS (uncorrected p-value = 0.013) af-
ter Bonferroni correction. When taking pans into account
with a very low species richness (maximum 1 or 0), man-
ual pair wise comparison shows a difference between pans
of the A and SS region (p < 0.0001) with relatively more
pans with a very low species richness in the SS region.
Significant differences between region A and ABG (uncor-
rected p-value = 0.024), A and JB (uncorrected p-value =
0.017) and JB and SS (uncorrected p-value = 0.026), re-
spectively, disappeared after Bonferroni correction (see Ta-
bles S4 and S5 in the Appendix in the online version of this
journal, which can be accessed via http://booksandjournals.
brillonline.com/content/journals/1937240x).

Impact of Pool Morphometry, Hydroperiod, and Geological
Region on Species Richness

No significant correlations were found between pool mor-
phometry and hydroperiod. Differences in species richness,
pool morphometry (maximum depth and maximum surface
area), and hydroperiod among the four regions are presented
in Fig. 4 and Table 2. As revealed by the nonparametric
Kruskal-Wallis test, regions did not differ significantly in
basin depth, logarithm transformed surface area, and species
richness but did for mean hydroperiod. Pair wise comparison
with a Mann-Whitney U -test and sequential Bonferroni cor-
rection revealed that the mean hydroperiod in the SS region
was significantly longer than in the JB region. After sequen-
tial Bonferroni correction, differences between respectively
SS and A regions and JB and ABG regions were no longer
significant.

By means of nonmetric multidimensional scaling using
both Jaccard and Hellinger distances, no differences were
found in the species composition of the pans among re-
gions with different geologies (see Fig. S1 in the Appendix
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Fig. 4. Average and standard error of A, depth; B, log (surface area); C, mean hydroperiod; D, species richness of the different regions. A = Alluvium;
ABG = acid and basic Gneiss; JB = Jurassic basalt; SS = Stromberg sandstone.

in the online version of this journal, which can be ac-
cessed via http://booksandjournals.brillonline.com/content/
journals/1937240x). Also, the RDA model did not reveal
a link between morphometry, regional geology, hydrope-
riod and species composition (see Fig. S2 in the Appendix
in the online version of this journal, which can be ac-
cessed via http://booksandjournals.brillonline.com/content/
journals/1937240x). Geology, hydroperiod and morphome-
try were not significantly related to species richness using
generalized linear models (see Tables S6 and S7 in the Ap-

Table 2. Average, standard deviation and range of the morphometric
(log(area) in m2 and depth in cm) and hydrological (mean hydroperiod in
days) variables and species richness in the different regions.

Region Average SD Range

log(area) A 2.36 0.60 0.90-3.60
ABG 2.40 0.58 1.00-3.45
JB 2.40 0.70 1.20-4.05
SS 2.18 0.51 1.18-3.05

Depth A 45.81 34.74 6-98
ABG 61.47 34.80 18-98
JB 55.00 34.92 6-98
SS 56.57 35.78 6-98

Mean hydroperiod A 45.05 31.65 21.8-163.5
ABG 63.82 87.57 16.75-372
JB 30.38 13.15 10-69.5
SS 75.34 74.30 19-372

Species richness A 1.90 1.48 0-4
ABG 2.00 1.69 0-5
JB 1.76 1.62 0-6
SS 1.33 1.28 0-5

pendix in the online version of this journal, which can be ac-
cessed via http://booksandjournals.brillonline.com/content/
journals/1937240x).

DISCUSSION

We studied diversity and occurrence patterns of anostracans
and notostracans in a geologically variable area with a mor-
phologically diverse set of temporary ponds (pans) in a pro-
tected area in southeastern Zimbabwe (Malilangwe Wildlife
Reserve). We discovered small differences in species rich-
ness among the geological regions, which were not related
to pool morphometry or hydrology.

Species Distribution

To reliably sample all species present in the region, we have
collected anostracans and notostracans from a large num-
ber (160) of pans in different geological regions, and this
repeatedly during an entire rainy season. This intensive sam-
pling campaign yielded seven anostracan and one notostra-
can species.

Streptocephalus cafer, known as the most widespread and
most common species in Southern Africa (Hamer and Bren-
donck, 1997), was also the most common species occurring
frequently in all regions of the reserve. Another frequent in-
habitant of pans in the reserve was S. wirminghausi, an en-
demic species for Zimbabwe, which was previously only re-
corded twice: once from the Northwestern region of Zim-
babwe (Hamer, 1994) and a second time from the Save Con-
servancy (Nhiwatiwa et al., 2014). As the species is currently
known only from the northern and southern boundary of
the country, additional sampling from the other regions (e.g.
Limpopo) in the neighboring countries is needed to confirm

http://booksandjournals.brillonline.com/content/journals/1937240x
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its endemic status for Zimbabwe. Streptocephalus zuluen-
sis was sampled only from a few pans in the alluvium and
Stromberg sandstone region of Malilangwe. This species is
known only from northeastern KwaZulu-Natal (Brendonck
et al., 1992; Hamer et al., 1994; Belk and Brtek, 1995) and
southern Zimbabwe (Hamer, 1999; Nhiwatiwa et al., 2014).
In contrast to its rare occurrence in Malilangwe, it had a wide
distribution in the Save Conservancy. Additional sampling in
the Limpopo region could generate more information about
its distribution and how this is linked to its occurrence in
north-eastern Natal. As S. cf. bidentatus was only recorded
from one pan, the possibility of a misidentification remains.
This species is very similar to S. bidentatus and differs only
in the morphology of the cercopods. It was previously only
recorded from Botswana (Moremi and Okavango region
and near the border with Zimbabwe) and the Save area in
Zimbabwe (Brendonck and Riddoch, 1997; Brendonck and
Hamer, 1998; Nhiwatiwa et al., 2014). On the other hand, the
sister species S. bidentatus was widespread and common in
our Malilangwe survey. It is a common species in the north-
eastern part of South Africa and the northern part of South-
ern Zimbabwe (Brendonck and Riddoch, 1997; Hamer and
Brendonck, 1997).

The only representative of the genus Branchipodopsis in
Malilangwe was B. wolfi. Like most other members of this
genus, this species is typical for small, highly ephemeral
aquatic systems such as rock pools, but can also be found
in larger pans where they are usually found in the shallow,
peripheral and vegetated areas (Hamer and Appleton, 1991;
Brendonck et al., 2000). The species is widespread in
Southern Africa and is also recorded in East Africa and
Uganda (Belk and Brtek, 1995).

Branchinella ondonguae is the only species of the genus
Branchinella occurring in Malilangwe. This species has
been recorded in the Limpopo area, Namibia, Somalia
(Hamer, 1999), and the Save area in Zimbabwe (Nhiwatiwa
et al., 2011; Nhiwatiwa et al., 2014).

Triops granarius was the only notostracan species occur-
ring in the area. The species occurred in all the geological
regions of the park, but the occurrence was positively linked
to the Alluvium and Jurassic Basalt regions. This species has
a broad, scattered geographical distribution including Japan,
China and both northern and Southern Africa but care has to
be taken as genetic distances indicate the presence of cryptic
species (Korn and Hundsdoerfer, 2006; Vanschoenwinkel et
al., 2012).

All species found in our study were also recorded from
the Save Valley Conservancy situated 75 km northeast (Nhi-
watiwa et al., 2011; Nhiwatiwa et al., 2014). Compared to
that study, only the anostracan Streptocephalus cladophorus
Barnard, 1924 was missing in Malilangwe.

Impact of Pool Morphometry, Hydroperiod, and Geology
on Species Richness

An important variable that usually impacts species occur-
rence and composition is pool hydroregime (Spencer et al.,
1999; Brooks and Hayashi, 2002; Eitam et al., 2004; Wa-
terkeyn et al., 2008; Vanschoenwinkel et al., 2010). This is
a complex set of variables referring to the duration (ithe hy-
droperiod) and predictability of the aquatic phase and is of-
ten linked to pan morphometry. Large pools are expected

to have a longer hydroperiod as their larger basin permits
holding of more water. Given that pool basins are not ex-
tremely shallow with large surface areas and hence suscep-
tible to high evaporation, a larger water volume often results
in longer inundations (Vanschoenwinkel et al., 2009). How-
ever, in our study we did not find a correlation between pool
size and the respective pool hydroregime, suggesting that
other elements such as geology are likely to be important.
A strong relationship between pool morphometry and hy-
droperiod is not found in all studies (Brooks and Hayashi,
2002; Brooks, 2005). For rock pools, it has been shown
that deeper pools show more variation in hydroperiod com-
pared to shallower pools if they get the same amount of rain
(Vanschoenwinkel et al., 2009). The hydroregime is, how-
ever, also dependent on rainfall patterns. For instance, when
large pools experience only one long inundation per year
and shallower smaller pools many of different lengths, then
variation in hydroperiod could be larger in smaller habitats
compared to larger ones (Brooks and Hayashi, 2002). Be-
sides the temporal patterns of precipitation and evaporation
other factors like soil permeability and location determining
the possibility of ground-water interactions may have a sig-
nificant impact on pool hydroperiod (Winter, 1999; Brooks
and Hayashi, 2002; Brooks, 2005). The pans in Malilangwe
Wildlife Reserve are ground water independent except for
the pans in the SS area. This area is characterized by nu-
merous seeps and springs. Rain falling on plateau regions
in the SS hills percolates downwards through the soil un-
til it reaches an impermeable barrier, e.g., bedrock. Once
this happens, soil water begins to move laterally through the
profile on account of the high hydraulic conductivity of the
sandy soil. If a low point in the local landscape is reached,
the water intercepts the soil surface and forms a spring or
seep. Some of this laterally flowing subsurface water enters
the pans (B. Clegg, personal communication). Different geo-
logical substrates did not seem to influence pan morphome-
try (depth and surface area) as pan morphometry also did not
differ among the geological regions. Hydroperiod was only
significantly longer in the Stromberg Sandstone (SS) com-
pared to the Jurassic Basalt (JB) region. This is in contrast
with the expectations based on soil permeability character-
istics. As clay has a lower permeability than sand, regions
with a higher sand and lower clay percentage (SS) pans are
expected to have a shorter hydroperiod than pans in a region
with a higher clay and lower sand content (JB). However,
the laterally flowing subsurface water through the sandy soil
can explain the longer hydroperiod in the SS region. Nev-
ertheless, the longer hydroperiod in the SS region did not
contribute to higher species richness. Instead, there were rel-
atively more pans without species or with only one species
in this area. It is most likely that salts and other contaminants
that enter pans with the groundwater have negative impacts
on large branchiopods (Pinder et al., 2004; Waterkeyn et al.,
2008). The lower species richness in a relatively high num-
ber of pans in the JB region could possibly be explained by
relatively shorter hydroperiods.

The substantial variation in geological conditions and
vegetation in the studied African savannah biome (Clegg and
O’Connor, 2012) was not strongly reflected in differences
in large branchiopod species composition and richness pat-
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terns, despite a trend of small differences in hydroperiod. Al-
though Rogers (2014) showed that the geochemical substrate
properties can be related to species distribution over the dif-
ferent bioregions in the USA, we did not reveal a similar pat-
tern in our study area. Although, the variety in geology was
high enough to impact the vegetation (Clegg and O’Connor,
2012) clear effects on the large branchiopods were not de-
tected. Possibly, the range of substrate geochemistry param-
eters was not high enough among the different pans on this
regional scale to show any influence on species composition
and richness. Hamer and Appleton (1991) also did not find
a correlation on a regional scale while comparing substrate
sand, silt and clay percentage in relation to anostracan distri-
bution in several sites in northeastern KwaZulu-Natal, South
Africa. Pans suitable for large branchiopods were present in
each region and all regions harbored most species. We be-
lieve that the underlying reason could be that variation in hy-
droperiod and associated environmental variables that mat-
ter for large branchiopods are still quite comparable among
pans in the different regions. Even though some regions have
a higher abundance of unoccupied pans, all regions have
pans that hold water long enough for these species to persist.
Many large branchiopod species are generalists which can
explain their ability to occur in different environments (Du-
mont and Negrea, 2002). For instance, B. wolfi occurs both in
rock pools as well as in the early successional phases of pans
(Hamer and Appleton, 1991; Brendonck et al., 2000). Addi-
tionally, it is possible that the abundant presence of dispersal
vectors in the area can contribute to the wide distribution pat-
terns of most species. Large mud wallowing mammals occur
in all the regions of Malilangwe and may fulfil an impor-
tant role in transporting propagules (Vanschoenwinkel et al.,
2011). The large mammals which can migrate into and out
of Malilangwe are mainly elephants through a connection
with Gonarezhou National Park. Both Save Conservancy and
Malilangwe are stocked with white and black rhinoceros
from northeastern KwaZulu-Natal (Zululand). Potentially,
these animals could have brought propagules with them.
This could potentially explain the presence of S. zuluensis
in both Save Conservancy and the Malilangwe Wildlife Re-
serve (Clegg, personal communication).

In this area, a maximum of six species (Anostraca and No-
tostraca) occurred in the same pan. Large species richness
can be maintained by different processes facilitating species
coexistence. Spatial and/or temporal segregation may oc-
cur by means of heterogeneous microhabitats in the tem-
porary pans and due to differences in autoecology and life
history characteristics of the coexisting species. For exam-
ple, species can have different growth rates and/or lifes-
pans or may even hatch at different phases of an inundation
or during different inundations (Brendonck and Williams,
2000; Brendonck and De Meester, 2003). As most anostra-
cans are predominantly filter feeders, possible coexistence
mechanisms could include size differentiation. This can be
evident from different dimensions of the filtering structures
which may filter different particle sizes that could covary
with adult size. Juveniles could also grow at different rates
to keep size overlap brief (Thiéry, 1991; King et al., 1996;
Brendonck and Riddoch, 1997; Timms and Sanders, 2002).
Due to the generation of an egg bank, potentially holding

a high genetic and species diversity, demographic benefits
obtained under favorable conditions are stored to buffer the
effect of unfavorable periods via the so called storage ef-
fect. This entails that temporally varying conditions will fa-
vor different species (Chesson, 1994; Laverol and Chesson,
1995). The most dominant mechanisms that allow species
coexistence in the Malilangwe area are probably temporal
rather than spatial or environmental niche segregation. Al-
though we cannot support this hypothesis with hard data,
field observations do indicate changes in branchiopod com-
munities over time (Tuytens K., pers. obs.). The exact mech-
anism of temporal niche segregation in this system, how-
ever, remains to be demonstrated. Early in the succession,
species like Branchipodopsis wolfi, Branchinella ondonguae
and the predator T. granarius prevail after which they disap-
pear in favor of the more slowly developing species of Strep-
tocephalus (Hildrew, 1985; Lahr et al., 1999; Vanschoen-
winkel et al., 2010). This should still be confirmed in fu-
ture studies. Microniche segregation within pans seems less
likely since the high turbidity and general lack of vegetation
and other structural elements ensures that pans are very ho-
mogeneous in terms of environmental conditions.

Further sampling of other zooplankton groups such as
the clam shrimps (Laevicaudata, Spinicaudata and Cycles-
therida), Cladocera and Rotifera would allow for more pow-
erful analyses and could still reveal geographical patterns in
species richness. Previous studies emphasized that the re-
construction of long term hydrological variation is more suc-
cessful in explaining variation in community structure and
richness compared to snap shot observations of the pres-
ence of water (Hulsmans et al., 2007; Vanschoenwinkel et
al., 2009). Models are available to reconstruct long term hy-
drological variation for rock pools (e.g., Vanschoenwinkel et
al., 2009; Tuytens et al., 2014) but are still lacking for tem-
porary clay pans. Extending basic rock pool models to more
complicated temporary aquatic systems could help to better
detect potential effects of pan hydrology on biodiversity and
species distributions.

In conclusion, this study reports a relatively high diversity
of anostracans and notostracans in the Malilangwe Wildlife
Reserve, although somewhat less than the nearby Save
Area. Diversity was distributed more or less homogeneously
in space, but not necessarily in time, highlighting the
potential benefits of future time series analyses. This study is
complementing the previous survey in the Save Conservancy
to give an extensive coverage of large branchiopod faunistics
of the southeastern lowveld of Zimbabwe. The pan systems
of the younger Quaternary deposits of the Gonarezhou
National Park, which links with Southern Mozambique and
northern Natal, remain to be studied. Such a survey would
complete the inventory for southeastern Zimbabwe.
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APPENDIX

Table S1. Number of sampled pans and the soil properties (% clay, sand
and silt, and water retention (in mm m−1)) in relation to the water retention
possibilities for the four distinguished geological regions in Malilangwe. A,
Alluvium; ABG, acid and basic Gneiss; JB, Jurassic basalt; SS, Stromberg
sandstone.

Geolo- No. of Clay Sand Silt Water
gical sampled (%) (%) (%) retention
region pans

A 41 14.2 ± 6.7 78.4 ± 9.7 7.4 ± 3.5 85.9 ± 44.5
ABG 17 12.8 ± 1.9 79.6 ± 1.5 7.6 ± 1.7 63.3 ± 20.9
JB 51 30.8 ± 8.2 54.7 ± 9.4 14.5 ± 2.2 142.9 ± 31.9
SS 51 12.2 ± 7.2 81.6 ± 9.5 6.2 ± 2.8 66.7 ± 37.8

Fig. S1. NMDS plot-plot explaining the variation in species richness in
two dimensions.

Fig. S2. RDA-plot explaining the variation in species richness in two
dimensions.

Table S2. Results of Fisher’s exact test (two-tailed) to test for associations
between region and the presence of large branchiopods, executed for each
species separately.

Species p

Branchinella ondonguae 0.04054
Branchipodopsis wolfi 0.9278
Streptocephalus bidentatus 0.1368
Streptocephalus cafer 0.6695
Streptocephalus wirminghausi 0.5489
Streptocephalus zuluensis 0.7941
Triops granarius 0.001904
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Table S3. Results of post hoc manual pairwise comparison with Fisher-
Exact used to test for differences in presence of two large branchiopod
species (Branchinella ondonguae and Triops granarius) between the
different regions, without and with Bonferroni correction.

Compared Branchinella Triops
regions ondonguae granarius

p Corrected p p Corrected p

A ABG 0.08889 0.35556 0.7722 0.7722
A JB 0.09693 0.29079 0.3836 1.1508
A SS 1 1 0.000468 0.002806
ABG JB 0.5709 1.1418 0.772 1.544
ABG SS 0.04043 0.20215 0.02084 0.08336
JB SS 0.04033 0.24198 0.00731 0.03655

Table S4. Results of Fisher’s exact test (two-tailed), executed for the
comparison between absence or presence of all the species and between
the pans with zero or one species compared with pans with more than one
species.

Fisher exact test p

Absence of vs presence species 1.104E−6
0 or 1 species vs more than 1 species 8.96E−5

Table S7. Generalized linear model with a Poisson error distribution and
a log link analyzing the link between the four major geological regions and
species richness.

Estimate SE z p

Intercept 0.91629 0.15811 5.798 6.86E−09
Geological region ABG −0.08004 0.24152 −0.331 0.74
Geological region JB 0.0198 0.21121 0.094 0.925
Geological region SS −0.29214 0.2464 −1.186 0.236

Table S5. Results of post-hoc manual pairwise comparison with Fisher-exact test between the different regions without and with Bonferroni correction for
the comparison between absence or presence of all the species and between the pans with zero or 1 species compared with pans with more than one species.

Compared regions Absence vs presence of species 0 or 1 species vs more than 1 species

p Corrected p p Corrected p

A ABG 1 1 0.02418 0.09672
A JB 2.97E−06 1.78E−05 0.01742 0.0871
A SS 0.03197 0.09591 9.43E−06 5.66E−05
ABG JB 0.00045 0.002248 0.7819 0.7819
ABG SS 0.07482 0.14964 0.239 0.478
JB SS 0.01318 0.05272 0.02635 0.07905

Table S6. Generalized linear model with a Poisson error distribution and a log link analyzing the link between hydrological (mean hydroperiod in days)
and morphometrical variables (area in m2 and depth in cm) and species richness.

Estimate Estimate SE z p

Intercept 1.03E+00 9.82E−01 1.048 0.295
log(area) −1.62E−01 4.41E−01 −0.364 0.716
Depth 7.83E−03 1.01E−02 0.777 0.437
Mean hydroperiod −2.16E−02 1.92E−02 −1.129 0.259
log(area) × Depth −1.45E−03 3.99E−03 −0.364 0.716
log(area) × Mean hydroperiod 1.21E−02 9.18E−03 1.313 0.189
Depth × Mean hydroperiod −1.25E−01 7.97E−05 −1.57 0.116


