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SUMMARY

1. The notion that the spatial configuration of habitat patches has to be taken into account

to understand the structure and dynamics of ecological communities is the starting

point of metacommunity ecology. One way to assess metacommunity structure is to

investigate the relative importance of environmental heterogeneity and spatial structure in

explaining community patterns over different spatial and temporal scales.

2. We studied metacommunity structure of large branchiopod assemblages characteristic

of subtropical temporary pans in SE Zimbabwe using two community data sets: a

community snapshot and a long-term data set covering 4 years. We assessed the relative

importance of environmental heterogeneity and dispersal (inferred from patch occupancy

patterns) as drivers of community structure. Furthermore, we contrasted metacommunity

patterns in pans that occasionally connect to the river (floodplain pans) and pans that lack

such connections altogether (endorheic pans) using redundancy models.

3. Echoes of species sorting and dispersal limitation emerge from our data set, suggesting

that both local and regional processes contribute to explaining branchiopod assemblages in

this system. Relative importance of local and regional factors depended on the type of data

set considered. Overall, habitat characteristics that vary in time, such as conductivity,

hydroperiod and vegetation cover, best explained the instantaneous species composition

observed during a snapshot sampling while long-term species composition appeared to be

linked to more constant intrinsic habitat properties such as river connectivity and spatial

location.
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Introduction

Temporary pools are aquatic systems that intermit-

tently dry and include a great diversity of habitats

ranging from wheel tracks to large wetlands (Wil-

liams, 2006). They occur in most climatic regions but

are generally more abundant in semi-arid regions

where hot, dry conditions restrict most aquatic

systems to ephemerality. Temporary pools can be

abundant, occurring as isolated or connected patches

in a terrestrial matrix and often inhabited by specia-

lised, unique and endangered taxa and as a result

contribute to regional diversity (Briers & Biggs, 2005;

Williams, 2006). Besides the intrinsic value of tempo-

rary pools as ecosystems, these habitats also have a

number of traits such as small size, easy manipula-

bility and island properties that make them suitable

model systems to study fundamental ecological

and evolutionary questions (Spencer, Schwartz &
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Blaustein, 2002; De Meester et al., 2005; Kolasa &

Romanuk, 2005; Vanschoenwinkel et al., 2007). The

presence of well-defined discrete habitat patches with

variable degrees of connectivity or isolation makes

this habitat type particularly useful to study the

impact of spatial interactions on communities, which

is the cornerstone of the relatively young discipline of

metacommunity ecology (Leibold et al., 2004; Holyoak

& Leibold, 2005).

A metacommunity can be defined as a set of local

communities linked by dispersal of multiple and

potentially interacting species (Leibold et al., 2004),

and recent advances in this emerging field of research

have significantly contributed to our current under-

standing of the effects of dispersal and spatial config-

uration of patches on diversity patterns and

community structure (Leibold et al., 2004; Cottenie,

2005; Van De Meutter, De Meester & Stoks, 2007). The

properties of different types of metacommunities

were initially laid out theoretically in four frameworks

by Leibold et al. (2004). The authors, however, clearly

acknowledged that these four paradigms are not

exclusive, and it has been shown exhaustively that

natural metacommunities reflect elements of different

paradigms (Beisner et al., 2006; Vanschoenwinkel

et al., 2007; Pandit et al., 2009). The patch-dynamic

paradigm assumes that when patches are equal,

species coexistence can be maintained as a result of

colonisation–extinction dynamics. The species-sorting

perspective, on the other hand, assumes a heteroge-

neous patchy environment where the outcome of local

species interactions depends on habitat characteris-

tics. The end result is a strong correspondence

between local environmental conditions and commu-

nity composition. Mass-effects models (source–sink

dynamics), in turn, propose that dispersal may quan-

titatively influence local populations and sustain

populations in suboptimal habitat patches. Finally,

neutral models assume identical patches as well as

equivalence in competitive ability, movement and

fitness among species. As such, local diversity pat-

terns of diversity and species co-occurrences may not

be the result of deterministic processes but emerge via

ecological drift. Empirical data in support of different

metacommunity perspectives in general support that

species sorting is the dominant structuring process

structuring assemblages of different groups of organ-

isms inhabiting lentic aquatic habitats (Cottenie,

2005). Some studies report both significant environ-

mental and spatial effects that not only may be

indicative of mass effects when associated with high

dispersal rates through connecting elements (Van De

Meutter et al., 2007; Vanschoenwinkel et al., 2007) but

can also reflect a combination of species sorting and

dispersal limitation (Beisner et al., 2006; Ng, Carr &

Cottenie, 2009).

Dispersal in temporary pool invertebrates may be

active, as is the case for most aquatic insects such as

beetles and bugs (Bilton, Freeland & Okamura, 2001).

Yet, the large majority of freshwater invertebrates

cannot actively migrate between habitat patches and

rely on vectors such as wind, water and animals

(reviewed in Bohonak & Jenkins, 2003; Vanschoen-

winkel et al., 2008a). The propagules involved in these

dispersal events are mainly dormant resting eggs as

well as other drought-resistant life stages (Panov &

Cáceres, 2007). Besides providing a means to disperse

in space, these propagules also permit travel in time

via prolonged dormancy (Mergeay et al., 2007) and

variable response to hatching stimuli (Waterkeyn

et al., 2010). As a result, besides spatial heterogeneity,

temporal heterogeneity may also contribute to species

coexistence as trade-offs among species traits may

ensure that different species coexist at different

moments in time (Caceres, 1997; Vanschoenwinkel

et al., 2010a).

A classic example of a group of organisms that

persist in temporary pools by surviving dry periods as

encysted embryos (resting eggs) in the sediment is the

large branchiopods. This paraphyletic group of crus-

taceans has a global distribution (Brendonck et al.,

2008) and includes the orders Anostraca (fairy

shrimps and brine shrimps), Notostraca (tadpole

shrimps) as well as the Cyclestherida, Spinicaudata

and Laevicaudata, which are commonly referred to as

clam shrimps (Brendonck et al., 2008). Large bran-

chiopods are temporary pool specialists, and because

their populations are exclusively limited to these

habitats, they have suffered dramatically from the

significant loss of temporary pools and wetlands in

human-modified landscapes (Belk, 1998; Brendonck &

Williams, 2000; Brendonck et al., 2008). As a result,

several species are endangered, and thirty-two species

appear on the red list of the IUCN (IUCN red list of

threatened species, 2007; http://www.iucnredlist.

org). Recently, several studies have investigated the

importance of environmental factors and land-

scape structure explaining occurrence patterns of
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large branchiopods in an attempt to design more

appropriate conservation strategies (Angeler et al.,

2008; Boven et al., 2008a; Waterkeyn et al., 2008),

although this is often complicated by the erratic

presence of these species. Large temporal variation

in habitat conditions means that the presence of

temporary pond species throughout the year can be

difficult to predict, and some species may be present

during some inundations or years but absent in others

(Waterkeyn et al., 2009). As a result, a single sampling

campaign is usually insufficient to quantify biodiver-

sity, and, ideally, surveys should account for temporal

variation by sampling repeatedly (Boven & Bren-

donck, 2009) or identifying dormant eggs present in

the sediment (Vandekerkhove et al., 2004).

In this study, we use 4 years of data on large

branchiopod occurrences to investigate the role of

landscape and habitat properties explaining both the

instantaneous and long-term composition of large

branchiopod assemblages in a set of subtropical

temporary ponds (or pans as they are called locally)

in a conservation area in the lowveld of SE Zimbabwe.

Two types of temporary pans were considered: a

group of isolated endorheic pans that only receive

water from precipitation and a group of floodplain

pans. The latter also fill up owing to precipitation but

connect to the swelling river later during inundations

allowing for colonisation of the pans by fish. Since all

selected pans dry up at least once a year, both types

are fishless at the start of inundations. A better

understanding of the underlying factors that drive

community structure in this area will help the imple-

mentation of appropriate conservation and manage-

ment initiatives of this peculiar temporary aquatic

habitat and its biota that have been largely neglected.

We quantified the relative importance of environ-

mental heterogeneity and spatial, dispersal-related

variables as drivers of spatial community turnover in

the diverse branchiopod assemblages of the study

area. For this, we use two data sets: a community

snapshot in a set of 29 pans in 2007 and a temporally

integrated long-term data set containing the total

species composition of each pan based on multiple

samplings in the same pans over a period of 4 years

(2004–08). Four main hypotheses are tested. First,

because of the abundance of large mammals (e.g.

elephant, buffalo and warthog) in the area as potential

dispersal vectors (Vanschoenwinkel et al., 2008b,

2011), we expect that dispersal limitation will be

uncommon and that spatial variation in community

composition will strongly reflect environmental het-

erogeneity. Second, owing to the sensitivity of large

branchiopods to fish predation (Kerfoot & Lynch,

1987), we hypothesised that seasonal connections with

the river will exert significant biotic limitation on large

branchiopod species distributions. Third, we hypoth-

esised that environmental conditions which vary

among inundations such as conductivity, which are

often used as hatching cues (Waterkeyn et al., 2009,

2010; Vanschoenwinkel, Seaman & Brendonck, 2010b),

will be more important explaining instantaneous

branchiopod assemblages, while more constant intrin-

sic habitat properties such as habitat size, river

connectivity and degree of isolation will be more

important determining the cumulative species com-

position of each pan. Finally, we expect that the higher

sampling resolution provided by a long-term data set

(combining data from multiple sampling moments)

should also better permit to detect echoes of spatial

structure and dispersal limitation.

Methods

Study area

The Save Conservancy is approximately 3200 km2 in

area and is the largest private wildlife reserve in the

world. It forms part of an uninterrupted wilderness

stretching from the conservancy through Gonarezhou

National Park into Mozambique and onto the Kruger

National park in South Africa. It was established in

1991 by a group of ranchers converting the area from

unviable cattle ranching to a wildlife reserve. Numer-

ous seasonal pans occur in the Save conservancy

varying in size, morphometry and hydroperiod, and

there are no exact records of the total number of pans

in the region. Within the study area, it is estimated

that seasonal pans are about 60.

Preliminary surveys revealed that the area houses a

high diversity of large branchiopods (16 large bran-

chiopod species comprising eight Anostraca species).

Forty-six species are known from southern Africa

(Hamer & Brendonck, 1997) from which 35% are

found in the Save area. This diversity is remarkable

when compared with temporary pool studies in other

regions.

The Save Valley conservancy is situated in the

lowveld region in the south-east of Zimbabwe. This
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flat dryland region is characterised by annual rainfall

<500 mm and has temporary pans of varying sizes

and hydroperiods (Fig. 1). Pans start to fill up at the

start of the rainy season (December), and some can

remain inundated through to July. A unique aspect of

this region is that some temporary pans periodically

connect with the Save River, allowing fish and other

invertebrates to migrate into the pans. Flood plain

pans were situated along the river and have periodic

connections with the river mainly during the flood

season (December and January). Endorheic pans are

basins with an independent hydrology and are not

physically connected to any other aquatic system.

Field sampling

Thirty-six pans were sampled fortnightly during two

rainy seasons (December 2004 – July 2005 and

December 2005–July 2006). Three additional sampling

expeditions were conducted in February–July 2007,

November 2007 and February 2008. For our analyses,

we used two different data sets: (i) a temporally

integrated cumulative data set containing the total

species composition of each pan based on repetitive

sampling of active communities during 2004–08 (long-

term data set) and (ii) a detailed community snapshot

collected in February 2007 (snapshot data set). This

design allows to compare the identity and the relative

importance of different spatial and environmental

variables that significantly explain (i) variation in the

total species composition present over a longer period

of time (temporally integrated data set) and (ii)

community composition present in the water column

at a certain moment in time (snapshot data set).

Success of encountering large branchiopods is

highly dependent on the quality of the rainy season;

hence, for the snapshot data set, we selected results

from a successful sampling campaign in February

2007 during which there was ample rain and condi-

tions were particularly favourable for the develop-

ment of branchiopod communities and which yielded

a high diversity of large branchiopods. At the time of

sampling, 29 of the 36 monitored pans held water and

could be sampled for large branchiopods.

On some occasions, some of the pans were dry

because of the variable hydrological regimes and

could not be sampled. Exact positions of the pans

were recorded on GPS. A GIS interface (ArcGIS 8.0:

ESRI, Redlands, CA, USA) was used to measure exact

distances between all pool pairs. During each sam-

pling, the same full set of environmental variables was

measured. Maximum depth was measured with a

calibrated stick in each pan. Maximum length and

width were measured for each pan with a tape

measure. Surface area was estimated as the surface

area of an ellipse, and multiple ellipses were used for

more complex pools. Vegetation cover assessments

(%) for each pan were made visually and included

submerged and emergent aquatic vegetation. Tem-

perature and pH were measured in a spatially

Msaize River

Turwi River

250 km125

23° 24’ S
33° 08’ E

15° 40’ S

5 km0

Save River

Zambia

Botswana

South africa
0

25° 12’ E

Zimbabwe

20° 30’ 32” S

20° 11’ 20” S

32° 23’ 29” E32° 07’ 28” E

Save Valley
Conservancy

N

Fig. 1 Study area map showing the location of pans (small endorheic pans = circles; large endorheic pans = triangles; flood

plain = diamonds) in the Save Valley Conservancy, Zimbabwe. (Insert: Map of Zimbabwe with the location of the Save Valley

Conservancy).
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integrated water sample collected from deep and

shallow areas of the pools using a HACHACH LDO multi-

parameter meter. Dissolved oxygen was measured in

situ using the same meter. A WTW LF330 conductiv-

ity meter was used to measure conductivity (lS cm)1).

A water sample taken from the middle of each pan

was processed for total suspended solids and chloro-

phyll a analyses. The amount of suspended solids

(mg L)1) was determined by measuring the dry

weight of calibrated filters after filtration of a known

volume of water. Turbidity (FAU – formazin attenu-

ation units) was determined by spectrophotometry.

Chlorophyll a concentration (lg L)1) was determined

using the method of Bronmark and Hansson (1998).

The average hydroperiod of each pan was determined

during fortnightly visits to all pans during each rainy

season. There were subsequent flooding and drying

cycles in the endorheic pans with greater frequency in

the small ones. Small endorheic pans had short

hydroperiods lasting on average between 2 and

4 weeks and were inundated several times during

the rainy season. Large endorheic pans, on the other

hand, had much longer hydroperiods of 2–5 months

and flood plain pans lasted between 6 and 7 months

of inundation.

Zooplankton was sampled quantitatively by collect-

ing a depth-integrated water sample of 90 L from

several locations in the pan using a 5-L plastic beaker

for shallow pans and a tube sampler in deep pans. The

water was filtered through a 64-lm net. Samples were

preserved in 4% formaldehyde for 48 h and then

transferred to alcohol (70% ethanol) for identification.

Cladocera were identified to species level using taxo-

nomic guides that included Rey & Saint-Jean (1980) and

Seaman, Kok & Watson (1999). Additional groups were

cyclopoids, calanoids and nauplii. From these data,

taxon abundances and richness were calculated.

Macroinvertebrates and large branchiopods were

sampled simultaneously. Quantitative samples were

collected by placing a barrel without bottom (diameter

1 m, height 1 m) in the water at nine selected

sampling locations covering littoral as well as open

water sites. The volume of water in the container was

recorded, and a 250-lm net was used to sweep inside

the barrel. This was followed by qualitative sampling

for which each pan was swept for 5–10 min relative to

pool size, with hand nets of 250-lm mesh to ensure

that the whole large branchiopod active community

was sampled. All samples were preserved in 70%

alcohol. Abundance and richness of predatory macr-

oinvertebrates were calculated to quantify inverte-

brate predation pressure. Large branchiopods

belonging to Anostraca, Notostraca, Cyclestheriidae,

Laevicaudata (Family: Lynceidae) and Spinicaudata

(the three latter formerly included as ‘conchostra-

cans’) were identified using various sources (Hamer

et al., 1994; Brendonck & Riddoch, 1997; Brendonck &

Hamer, 1998, 1999; Brendonck, 1999; Hamer, 1999;

Rayner, 1999). We also sampled for fish using mono-

filament nylon gillnets left overnight in the pans. Net

mesh sizes were 12, 20, 40, 80, 100 and 140 mm.

Data analysis

All analyses were performed for data sets containing

information on species composition of individual

pans (presence ⁄absence): a temporally integrated

long-term data set (2004–08) and a single community

snapshot (2007). For each data set, we constructed a

corresponding environmental data set that included

the same environmental variables measured in situ.

However, since for the temporally integrated data set

multiple measurements were available for each var-

iable, both average and minimum and maximum

values were included in forward selection procedures

to construct explanatory models.

Environmental variables. Environmental variables

measured included local abiotic variables (pH, dis-

solved oxygen, conductivity, total phosphorus, reac-

tive phosphorus, total nitrogen, ammonia, nitrate,

suspended solids, turbidity) and pool morphometry

(surface area, maximum depth). Average hydroperiod

was calculated for each pan based on long-term

observations (2004–08). For the 2007 snapshot data

set, the hydroperiod observed during that particular

inundation was included as an explanatory variable.

The biotic environmental variation comprised chloro-

phyll a concentration (food resource), macroinverte-

brate predator abundance and taxon richness

(predation), zooplankton abundance and taxon rich-

ness (competition), occurrence of planktivorous and

omnivorous fish (predation) and percentage vegeta-

tion cover (refugia).

All environmental variables except pH were first

log(x+1) transformed and standardised prior to analy-

sis. Analyses were performed separately for the 2007

snapshot data set and for the cumulative data set
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based on 4 years of sampling. For the analysis of the

snapshot data set, we used environmental data values

measured during that specific sampling period. For

the analysis of the temporally integrated data set, we

used mean, minimum and maximum values of envi-

ronmental variables for which multiple measurements

were available.

Spatial variables. Spatial variables were reconstructed

using two methods. A first set of spatial variables was

obtained by constructing a third-degree polynomial of

the X and Y coordinates to describe broad spatial

patterns (Borcard, Legendre & Drapeau, 1992). Sec-

ond, in order to quantify spatial structures at a wide

range of scales (from small scales up to very large

scales), we use principal coordinates of neighbouring

matrices (PCNM): an eigenvector-based technique

that is part of the larger family of eigenvector-based

spatial variables called Moran’s eigenvector maps

allows to construct spatial variables that can be

represented as sinusoids with different wavelengths

corresponding to different scales of spatial autocorre-

lation (Borcard et al., 2004; Dray et al., 2006). In studies

with an irregular sampling grid such as ours, how-

ever, the sinusoid waves are not regular but they can

be ordered based on the spatial scales they refer to

(Borcard et al., 2004). PCNM variables were created

using a truncation distance of 3400 m, the shortest

distance able to link all the pans in the study in one

network. Only the eigenfunctions with positive spatial

correlation (significant positive Moran’s I) were

retained. Owing to the irregular spatial positioning

of the sampled pans, a limited number of additional

‘ghost’ coordinates were added to fill the gaps while

calculating PCNM eigenvectors as recommended by

Borcard & Legendre (2002). These points were not

included in subsequent analyses, but merely served to

reduce the threshold distance. In case redundancy

models revealed the presence of significant linear

gradients, pan coordinates were used as covariables in

PCNM analysis (Borcard et al., 2004). As a result of the

irregular nature of the sampling design (pans are not

ordered along a regular grid), the wavelengths of the

calculated PCNM are not regular. Hence, scale of

spatial autocorrelation cannot be inferred exactly from

the wavelengths of significant PCNM variables. Plot-

ting of the significant spatial eigenvectors, however,

does allow to visualise the spatial scale that is

described by each vector.

Variation partitioning. We performed a variation par-

titioning procedure (Borcard et al., 1992) on redun-

dancy analysis (RDA) models based on 999 Monte

Carlo permutations to quantitatively assess the rela-

tive importance of local environmental and spatial

variables on the composition of large branchiopod

assemblages. Species presence–absence data were

Hellinger transformed as proposed by Legendre &

Gallagher (2001) prior to analysis, and a forward

selection procedure was used for model construction

based on Blanchet, Legendre & Borcard’s (2008)

second R2
adj double stopping criterion as recom-

mended by Borcard et al. (2011). In order to visualise

the main patterns of spatial and environmental

structuring, we extracted the fitted site scores of the

first two canonical axes of redundancy models using

significant environmental and spatial variables as

predictors. All analyses were first performed for the

full data set containing both the endorheic and the

floodplain pans. To assess the importance of tempo-

rary connections with the river as driver of branchio-

pod community patterns, the same procedure was

applied on a reduced data set excluding the flood-

plain pans that have fish late during inundations as a

result of the temporary establishment of river connec-

tions.

Mantel correlogram analysis. In order to quantitatively

assess the scale of spatial autocorrelation, we per-

formed Mantel Correlogram analysis (Sokal, 1968;

Oden & Sokal, 1968). In this analysis, spatial Mantel

correlations (Mantel, 1967) are plotted as a function of

a number of geographical distance classes among the

studied pans. For this analysis, we make use of three

matrices: community dissimilarity matrix based on

Hellinger distances calculated using the presence–

absence of each species in each pan (C), a spatial

distance matrix including distances among pans

(S)and an environmental distance matrix (E). The

latter is a Euclidean distance matrix based solely

on the environmental variables that significantly

explained variation in community structure and as

such emerged from forward selection models (as

constructed for the variation partitioning procedure).

Positive Mantel statistic indicates positive spatial

autocorrelation, and significance is tested using 1000

permutations (Legendre & Legendre, 1998; Borcard

et al., 2011). For this analysis, we only used the

temporally integrated data set including both
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endorheic and floodplain pans that has the highest

resolution since this data set presumably most reliably

captures species distributions. First, we calculated the

Mantel correlogram testing the relation between S and

C without considering E. Second, in order to correct

for the potential effect of spatially structured envi-

ronmental variables explaining spatial autocorrelation

in community composition, we performed a partial

Mantel analysis according to the procedures proposed

by Smouse et al. (1968) testing for the effects of S on C

while correcting for E. We remark that the number of

classes was initially determined using Sturge’s rule

(Borcard et al., 2011).

All analyses were performed in R (R Development

Core Team, 2011; http://www.R-project.org). Varia-

tion partitioning, redundancy analyses, Mantel tests

and construction of dissimilarity matrices were per-

formed using the VEGANVEGAN package, forward selection

using PACKFORPACKFOR and PCNMPCNM using the SPACEMAKERSPACEMAKER

package.

Results

Species occurrence

Overall, sixteen large branchiopod species were

recorded in this study (Table 1) of which fourteen

were found during one community snapshot sam-

pling in February 2007. Of the anostracans, six

species belonged to the genus Streptocephalus. The

genera Branchipodopsis and Branchinella were repre-

sented by a single species (Table 1). Thirty-one pans,

representing 86% of all pans, contained at least one

species of Anostraca. Spinicaudata species (Leptesthe-

ria, Eulimnadia and Cyzicus) were present in 32 pans

(89%) and Laevicaudata (Lynceus) in 28 pans (78%).

Triops granarius was the only notostracan recorded

occurring in 24 (66%) pans, but was absent from

flood plain pans. The average number of large

branchiopod species per pan was 6.5. The maximum

number of coexisting species in one pan was 12.

Fourteen large branchiopod species were found

during the February 2007 campaign. Only Eulimnadia

sp. and Branchinella ondonguae did not occur in the

pools at this time.

Spatial distribution of large branchiopod species

was plotted in Fig. 2. The notostracan Triops granarius

and anostracans Streptocephalus cafer and S. sangoensis

(n. sp.) had some of the widest distributions. In T
ab

le
1

L
ar

g
e

b
ra

n
ch

io
p

o
d

sp
ec

ie
s

o
cc

u
rr

en
ce

s
(p

re
se

n
ce

–a
b

se
n

ce
)

in
te

m
p

o
ra

ry
p

an
s

o
f

th
e

S
av

e
V

al
le

y
re

g
io

n
(2

00
4–

08
)

T
em

p
o

ra
ry

p
an

F
lo

o
d

p
la

in

p
an

s
E

n
d

o
rh

ei
c

p
an

s

1
2

3
4

5
6

8
9

10
11

12
13

14
15

16
17

18
19

20
21

22
23

24
25

26
27

28
29

30
31

32
33

34
35

36
37

T
ri

op
s

gr
an

ar
iu

s
L

u
ca

s
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+

L
ep

te
st

he
ri

a
st

ri
at

oc
ho

n
ch

a
B

ar
n

ar
d

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+

L
ep

te
st

he
ri

a
ru

bi
dg

ei
(B

ai
rd

)
+

+
+

+
+

+
+

+
+

+
+

+

C
yz

ic
u

s
au

st
ra

li
s

(L
o

v
én

)
+

+
+

+
+

+
+

+
+

+
+

+
+

+

L
yn

ce
u

s
tr

u
n

ca
tu

s
B

ar
n

ar
d

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+

L
yn

ce
u

s
pa

ch
yd

ac
ty

lu
s

B
ar

n
ar

d
+

+
+

+
+

+
+

+

C
yc

le
st

he
ri

a
hi

sl
op

i
(B

ai
rd

)
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+

E
u

li
m

n
ad

ia
sp

.
+

+
+

+

B
ra

n
ch

in
el

la
on

do
n

gu
ae

B
ar

n
ar

d
+

+
+

+
+

+
+

+
+

+

B
ra

n
ch

ip
od

op
si

s
w

ol
fi

D
ad

ay
+

+
+

+
+

+
+

+
+

+
+

+
+

S
tr

ep
to

ce
ph

al
u

s
ca

fe
r

L
o

v
én

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+

S
tr

ep
to

ce
ph

al
u

s
cl

ad
op

ho
ru

s
B

ar
n

ar
d

+
+

+
+

+
+

+
+

+
+

+

S
tr

ep
to

ce
ph

al
u

s
zu

lu
en

si
s

B
re

n
d

o
n

ck
&

H
am

er
+

+
+

+
+

+
+

S
tr

ep
to

ce
ph

al
u

s
sa

n
go

en
si

s
n

.
sp

.
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

S
tr

ep
to

ce
ph

al
u

s
bi

de
n

ta
tu

s
H

am
er

&
A

p
p

le
to

n
+

+
+

+
+

+
+

+
+

+
+

+
+

+

S
tr

ep
to

ce
ph

al
u

s
w

ir
m

in
gh

au
si

H
am

er
+

+
+

+

T
o

ta
l

2
3

3
4

5
9

3
4

6
6

7
8

8
8

9
9

10
11

11
12

9
1

2
2

4
4

5
6

6
6

7
8

8
8

8
11

Community structure in temporary pans 7

� 2011 Blackwell Publishing Ltd, Freshwater Biology, doi:10.1111/j.1365-2427.2011.02630.x



Branchinella ondonguae Branchipodopsis wolfi Streptocephalus cafer

S. cladophorus S. zuluensis S. bidentatus

S. wirminghausi

S. sangoensis

Triops granarius Leptestheria striatoconcha Leptestheria rubidgei

Cyzicus australis Lynceus truncatus Lynceus pachydactylus

5 km0

Eulimnadia sp.

Cyclestheria hislopi

Fig. 2 Large branchiopod (Notostraca, Anostraca, Spinicaudata, Laevicaudata, Cyclestheriidae) species distributions in the pans of

Save Valley Conservancy (• = species present, o = species absent).
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general, most fairy shrimp species were not found in

floodplain pans but notable exceptions were S. zulu-

ensis and S. bidentatus. S. wirminghausi and S. zuluen-

sis, on the other hand, are examples of species with

sparse distributions in the region. In the group of the

clam shrimps, the species Leptestheria striatochoncha,

Lynceus truncatus, Cyclestheria hislopi and Cyzicus

australis were widely distributed. On the other hand,

Lynceus pachydactylus, Leptestheria rubidgei and Eulimn-

adia sp. showed restricted distributions and were

notably absent from floodplain pans (Fig. 2). The

African catfish, Clarias gariepinus, was the most abun-

dant fish species in the pans, along with some barbs

and tilapia.

Variation partitioning

Overall, variation partitioning revealed significant

effects of both spatial and environmental variables

explaining branchiopod species assemblages. Regard-

less of the type of data set considered, significant

spatial variables retained in RDA models generally

corresponded to broad-scale patterns including linear

or polynomial gradients of the X and Y coordinates as

well as PCNM variables with long wavelengths

(>3 km). The identity of significant environmental

variables retained in RDA models after forward

selection, however, depended on the type of data set

(snapshot versus long-term) and habitat (all pans

versus endorheic pans) considered in each respective

analysis.

Long-term data set. Overall, there was a significant

effect of both environmental and spatial variables,

together explaining 19.2% of variation in the compo-

sition of branchiopod assemblages. Most variation was

explained by spatio-environmental covariation (9.2%).

Environment alone explained 16% while space ac-

counted for 5%. Nutrients (reactive phosphate), max-

imum basin depth of the pans and the presence of fish

emerged as the most important environmental vari-

ables determining species occurrences (Table 2a). Sig-

nificant spatial variables included a linear longitudinal

gradient (X axis) and two significant PCNM vectors.

PCNM1 describes similarities in branchiopod assem-

blages in a central cluster of pans at a spatial scale of

approximately 5 km (Fig. 3). A large proportion of the

variation in species composition (78%) could not be

explained by the selected environmental and spatial

variables. As can be inferred from Fig. 3, PCNM6, in

turn, corresponds to similarities between pans in the

south of the studied area.

Exclusion of floodplain pans from our analyses

resulted in a model in which only spatial, but not

Table 2 Variation partitioning based on two large branchiopod data matrices: (a) long-term data set containing species composition

observed over a period of 4 years and (b) species composition observed during one snapshot sampling in 2007. Separate analyses were

performed for the full set of pans as well as for a subset of endorheic pans excluding the floodplain pans. [E U S] = variation explained

by all variables in the model, [E\S] = pure environmental variation, [S\E] = pure spatial variation, [E \ S] = variation shared by

environmental and spatial variables. Var. % = percentage of variation explained. Significant environmental and spatial variables

retained after forward selection are presented for each RDA model. RPMin = minimum concentration of reactive phosphates, Max

depth = maximum depth of the basin of each pan, HP = hydroperiod, TDS = total dissolved solids, TSS = total suspended solids

RDA model

(a) Long-term data set (2004–08) (b) Snapshot data set (2007)

Variables Var. % F-ratio P Variables Var. % F-ratio P

All Pans Space = (PCNM1, PCNM6, X)

Env. = (RPmin, Max depth, presence of fish)

Space = (XY2, PCNM4)

Env. = (conductivity, TSS, vegetation cover)

[E U S] 21 2.59 0.005 [E U S] 19.2 2.33 0.005

[E\S] 3.4 1.46 0.04 [E\S] 11.2 2.19 0.005

[S\E] 8.9 2.20 0.005 [S\E] 5.8 1.89 0.01

[E \ S] 9.2 [E \ S] 2.2

1 – [E \ S] 78 1 – [E \ S] 80.8

Endorheic pans Space = (PCNM2, PCNM5, X2Y)

Env. = no sign. variables

Space = (Y2, Y3, PCNM4)

Env. = (TDS, TSS, HP, vegetation cover)

[S] 16 2.06 0.005 [E U S] 25 2.21 0.005

[E\S] 11 1.78 0.015

[S\E] 6.5 1.61 0.03

[E \ S] 8.1

1 – [S] 84 1 – [E \ S] 75
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environmental variables, explained a significant pro-

portion of the composition of large branchiopod

assemblages (16%). Significant spatial variables

included a broad spatial gradient (X2Y) and two

PCNM eigenvectors (PCNM2, PCNM5).

Snapshot data set. When both floodplain and endor-

heic pans were considered together, environmental

variables and spatial factors together explained 19.2%

of the variation in large branchiopod species compo-

sition between pans (Table 2b). Environmental vari-

ables explained more variation in community

composition than spatial variables: 11.2% versus

5.8% while spatio-environmental covariation was

low (2.2%), and a considerable amount of variation

remained unexplained (80.8%). Conductivity, turbid-

ity (TSS) and vegetation came forward as the most

important environmental variables. Significant spatial

variables included one broad spatial gradient (XY2)

and a PCNM eigenvector (PCNM4).

Exclusion of floodplain pans from our analyses

resulted in a model explaining 25% of the variation in

large branchiopod species composition (Table 2b).

Contrastingly, in this data set, spatial variables

explained more variation in community composition

than environmental variables: 11% versus 6.5%.

Significant spatial variables were limited to two broad

spatial gradients (Y2 and Y3) and a PCNM eigenvector

(PCNM4).

Mantel correlogram analysis. Mantel correlogram anal-

ysis confirmed significant positive spatial autocorre-

lation up to a distance of 5000 m. (distance class 1:

0–1640 m r = 0.34, P = 0.001; distance class 2: 1640–

4938 m: P = 0.008 r = 0.16, P = 0.008) (Fig. 4a). Partial

Mantel tests correcting for environmental distances

Fish Max depth Reactive
PO4

X axis PCNM1 PCNM6

5 km0

Fig. 3 Site scores of redundancy models

explaining spatial variation in the com-

position of large branchiopod assem-

blages in the Save area using significant

environmental (Fish, maximum depth of

the pan and minimum measured concen-

tration of reactive phosphates) and spatial

variables (X axis, PCNM1, PCNM6). Site

scores, which are proportional to size of

the symbols, represent the main gradients

in species composition detected by each

predictor variable. Filled symbols repre-

sent positive values, and empty symbols

negative values (method cfr. Borcard et al.,

2004; Borcard et al., 2011).
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reported significant spatial autocorrelation up to a

distance of 1500 m (distance class 1: 0–1496 m:

r = 0.11; P = 0.017) (Fig. 4b).

Discussion

The relative importance of dispersal in determining

the community composition of passively dispersed

pond invertebrates remains contested. According to

some authors, dispersal rates of freshwater inverte-

brates are generally very low (Bohonak & Jenkins,

2003), while in other situations such as in connected

pool systems, it has been shown that dispersal rates

may be so high that they quantitatively affect popu-

lation dynamics resulting in mass effects (Cottenie

et al., 2003; Vanschoenwinkel et al., 2007, 2008a).

Finally, there is evidence that local communities can

put up biological barriers preventing successful estab-

lishment of later migrants resulting in priority effects

(De Meester et al., 2002, 2007), providing an explana-

tion for the observation that effective dispersal rates

(gene flow) among neighbouring populations are

often very low (Spitze, 1993; De Meester, 1996;

Declerck et al., 2001). Variation in community compo-

sition between sites is traditionally explained in terms

of local and regional processes.

Local processes

When dispersal is not limiting, species can be

efficiently sorted among habitats using the local

environment as a filter (Leibold et al., 2004). A

dominant importance of local rather than regional

processes has been shown in different types of

habitats and for different organisms (Cottenie, 2005).

Also, for organisms with limited dispersal capacities,

such as passively dispersing zooplankton, efficient

species sorting has been demonstrated at least at

scales up to several hundred meters (Cottenie et al.,

2003; Vanschoenwinkel et al., 2007; Ng et al., 2009). A

main element of environmental heterogeneity contrib-

uting to species sorting in our study was fish preda-

tion, which is restricted to floodplain pans. Tadpole

shrimp (Notostraca) were absent in floodplain pans,

and fairy shrimp species (Anostraca) that occurred in

flood plain pans were only encountered before river

connections were established, presumably because of

their vulnerability to visual predators (Kerfoot &

Lynch, 1987; Brendonck et al., 2002). This was in sharp

contrast to the endorheic pans that were characterised

by a diverse anostracan fauna. Clam shrimp species

(Spinicaudata, Laevicaudata and Cyclestheriidae), in

turn, were more dominantly represented in flood

plain pans possibly because their smaller size and

protective carapax enable better chances of survival in

an environment where predation risk is high.

Regional processes

Spatial variables that significantly contributed to

explaining community structure which emerged dur-

ing a forward selection procedure were spatial axes

and PCNM variables associated with broad-scale

spatial patterns, which is indicative of regionalism in

species assemblages. The spatially lumped occurrence

of different large branchiopod species, however, is not

necessarily related to dispersal but can also be the

result of the fact that nearby patches are more likely to

share specific environmental conditions (Spencer et al.,

2002; Langenheder & Ragnarsson, 2007). Analyses
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Fig. 4 Mantel correlogram depicting spa-

tial autocorrelation in large branchiopod

assemblages based on a Hellinger-trans-

formed long-term presence–absence data

set (2004–08). Filled circles indicate sig-

nificant multivariate correlation (Holm

corrected for multiple testing) calculated

for each distance class. (a) Results from

simple Mantel tests, and (b) results from

partial Mantel tests correcting for envi-

ronmental differences.
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support that both processes are likely to be important in

our study system.

Variation partitioning revealed that 10% of varia-

tion in the long-term species occurrence data set was

explained by pure spatial variation corrected for

environmental differences, which is indicative of the

effects of dispersal, while a comparable amount of

variation was shown to be explained by spatially

structured variation in environmental conditions

(Table 2). Examples of spatial clustering in specific

environmental conditions include the restricted occur-

rence of deeper pans and floodplain pans with fish

predation in the east of the study area. Phosphate

load, in turn, shows a spatially clustered pattern that

partially overlaps with PCNM6 (Fig. 3). Mantel anal-

yses revealed significant spatial autocorrelation up to

5 km. This relationship remained significant even

after correction for environmental differences but only

up to a distance of 1.5 km. Conform with results from

the variation partitioning large-scale spatial autocor-

relation (0–5 km) most likely will be the result of the

spatially restricted occurrence of certain habitat con-

ditions such as fish and high phosphate load (Fig. 3),

while smaller-scale patterns of spatial autocorrelation

(0–1.5 km) may correspond to the scale at which

dispersal becomes limiting, at least for some species

composing the branchiopod assemblages in the Save

region.

Spatial autocorrelation independent of environmen-

tal conditions, as shown for the passively dispersing

invertebrates in this study, is thought to reflect the

decreasing effectiveness of vectors such as water,

wind and animals with increasing spatial scales

(Cohen & Shurin, 2003; Green & Figuerola, 2005;

Vanschoenwinkel et al., 2008a,b). Aquatic connections

often mediate transport of large numbers of organ-

isms and propagules, a process that may explain the

persistence of populations in unsuitable patches via

mass effects (Vanschoenwinkel et al., 2007). As a

result, both low and high dispersal rates can cause

spatial patterns in community structure. High dis-

persal rates among nearby pools can result in

increased similarity among communities in close

proximity to another. On the other hand, at increasing

spatial scales, dispersal will gradually become limit-

ing for different species, resulting in increased dis-

similarity among communities. Contrary to other

studies that investigated metacommunity structure

of pond invertebrates (Cottenie et al., 2003; Beisner

et al., 2006; Van De Meutter et al., 2007; Waterkeyn

et al., 2008), the Save ponds do not interconnect using

temporary overflows or during floods and are gener-

ally quite isolated with distance to a nearest neigh-

bour generally exceeding 1 km. As a result, we expect

that spatial patterns will mainly be the result of

dispersal limitation rather than mass effects.

It has been recently shown that large African

mammals that wallow in the mud of temporary pans

such as elephant, rhino and warthog and which are

abundant in the Save area transport large numbers of

propagules freshwater invertebrates (Vanschoenwin-

kel et al., 2011). Since water birds are not very

abundant in SE Zimbabwe compared with other

regions in the world (Gaston & Blackburn, 1996;

Delany & Scott, 2006), it is likely that particularly

dispersal by mammal vectors may have played a

significant role fuelling species sorting of large bran-

chiopods in the study area. Although many mud

wallowing mammals have large home ranges, i.e. the

area traversed during routine activities with a mini-

mum in the wet season and a maximum in the dry

season (African elephant: 50–3750 km2, buffalo: 126–

1075 km2, warthog: 0.6–3 km2, white rhino: 5–90 km2,

black rhino: 2–500 km2), home ranges are generally

quite small in the wet season when pans contain water

(Douglas-Hamilton, 1972; Hall-Martin, 1984; Owen-

Smith, 1992; Estes, 1999). It is therefore not unlikely

that the observed patterns of spatial autocorrelation,

independent of environmental conditions, may be

restricted to the observed scales (0–1.5 km) as a result

of localised movements of mammalian dispersal

vectors.

Nonetheless, it must be noted that other processes

can result in patterns that resemble dispersal limita-

tion such as the presence of hidden environmental

gradients and persistent priority effects. The former is

not very likely since all typical limnological attributes

of the pans, and particularly those such as hydrope-

riod, which are known to be very important for

branchiopod assemblages, were measured. In modu-

lating competitive interactions among species, the

latter could result in persistent spatial patterns

reflecting initial colonisation history (Vanschoenwin-

kel et al., 2007). This idea, however, does not conform

to high observed levels of within-pan co-occurence of

species during the same inundations and at the same

moment (up to six species per pan, Nhiwatiwa

unpubl. data) which suggest that competition among

12 T. Nhiwatiwa et al.
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branchiopod taxa in the nutrient-rich temporary pan

habitat and with population densities <1 individual

per litre is probably not that intense.

Contrast between snapshot and long-term data sets

Overall, our analyses show that the relative impor-

tance of local and regional processes depended on the

type of data set considered. Local processes were

more important explaining species composition in the

snapshot data set, while regional processes were

relatively more important explaining species compo-

sition in the long-term data set. A different set of

environmental and spatial variables were shown to be

important in explaining cumulative community com-

position (long-term data set) and instantaneous com-

position (snapshot data set) with spatial variables

explaining more variation in long-term data set than

in the snapshot data set. It is not surprising that

conditions that vary in time, such as conductivity and

vegetation cover, emerge as important variables

explaining the instantaneous composition of assem-

blages. In temporary pools, these variables typically

vary both during inundations and among inundations

(Williams, 2006; Boven et al., 2008b). Conductivity is

an important hatching cue for branchiopods and was

shown to be directly related to hatching success of

branchiopod species in other systems (Vanschoen-

winkel et al., 2010b; Waterkeyn et al., 2010) and often

emerging as a crucial variable determining species

occurrence (Angeler et al., 2008). Aquatic vegetation in

temporary pools, on the other hand, is usually

restricted to the late successional phases of longer

inundations (Boven et al., 2008b). The structural het-

erogeneity food and refuge vegetation provides,

hence, may be a requirement for certain late succes-

sional species. For species with dormant egg banks,

proximal cues likely act as an environmental filter

determining which species can be found in the active

community in the water column at a certain moment

in time (Cáceres & Schwalbach, 2001; Brendonck &

Riddoch, 2002; Vanschoenwinkel et al., 2010a). As

suggested by our data, species composition of the

long-term data set (reflecting different species present

in the egg bank) depends more on relatively constant

predictable factors such as the yearly establishment of

river connections and associated fish predation in

floodplain pans. Other influential variables emerging

from our analyses include the maximum depth of the

pan habitat, which is often a decent predictor of the

hydrological stability of the habitat, and the maxi-

mum length of inundations (Brooks & Hayashi, 2002;

Vanschoenwinkel et al., 2009) and the spatial location

of individual pans determining the possibility for

species to reach these habitats. Current results sup-

port our hypotheses that effects of such intrinsic

habitat properties on community composition are

better reflected in long-term temporally integrated

data sets covering multiple sampling moments.

Variation partitioning has emerged as a powerful

tool to estimate the relative importance of local and

regional factors explaining beta diversity (Borcard

et al., 1992; Legendre et al., 2005; Peres-Neto et al.,

2006) although results must be interpreted with care.

Jones et al. (2008), for instance, demonstrated that

asymmetry in the quality of spatial and environmen-

tal data, with one component measured more accu-

rately than the other, can have pronounced effect on

the outcomes of this procedure and the conclusions

that may be drawn. Similarly, our results suggest that

spatial patterns are more likely to be detected in

higher-resolution data sets that integrate temporal

variation and that the type, the quality and the

resolution of the species data set may affect conclu-

sions. Finally, based on our results, we argue that the

analysis of either snapshot or long-term data sets of

species occurrences may not only reveal different sets

of influential explanatory variables but can also yield

very different insights into the mechanisms that

generate species turnover at different spatial scales.

Conservation implications

Both dispersal and the local environment may poten-

tially interact to shape large branchiopod communi-

ties, thereby challenging effective conservation of

these emblematic organisms and management of the

ecosystems they inhabit (see also Angeler et al., 2008).

In order to maintain biodiversity, it is mandatory

not only to preserve habitat quality and maintain

habitat heterogeneity but also to preserve connectiv-

ity; the latter depending on the physical location,

isolation and abundances of patches in the landscape.

For passively dispersing organisms, an additional

factor that is often neglected is the preservation of

vector species. Although currently no data are

available, it is not unlikely that besides habitat

loss, degradation and fragmentation, the loss of

Community structure in temporary pans 13
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mammalian and other dispersal vectors are contri-

buting to the ongoing diversity loss in large

branchiopods and in temporary aquatic systems in

general (Brendonck et al., 2008).
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