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Abstract

Introduction: Understanding the environmental factors that influence riparian vegetation community composition
and distribution is important for understanding wetland ecosystem functioning. This understanding can further
serve to inform policy aimed at conserving wetlands such as the Okavango Delta. In the Okavango Delta,
information on the influence of distance from surface water on vegetation community composition and structure is
limited. The objective of this study was to determine the relationship between distance from surface water and
riparian plant communities at different sites in the Okavango Delta.

Methods: Vegetation sampling was conducted in four sites in 20 m x 10 m belted plots placed perpendicular to
the river bank at 0-10 m, 10-20 m, 20-30 m, 30-40 m, and 40-50 m distance classes. At each site, 10-15 plots were
sampled at each distance class. Basal area, species richness, cover, and plant diversity were determined for each plot.
Indicator species analysis was used to determine the characteristic species at each distance class. One-way analysis of
variance and Tukey post hoc analyses were used to compare species diversity, richness, cover, and basal area between
distance classes. Generalized linear mixed (GLM) model was used to test for the overall impact of site and distance on
each plant parameter.

Results: Mean species richness was significantly (p < 0.05) higher at 0-10 m than at 20-30 m, 30-40 m, and 40-50 m
in Boro. There was no significant difference within other sites. Mean species diversity also varied significantly (p < 0.05)
in Boro where it was higher at 0-10 m and 10-20 m than at 30-40 m. Mean basal area differed significantly within Jao
and Upper Panhandle. In Jao, it was higher (p <0.05) at 0-10 m than at other distance classes. Mean percentage
canopy cover differed significantly within all sites. In addition to this, plant species composition also changed along
distance from surface water within each site. From GLM analysis, both distance and site significantly (p < 0.05)
influenced diversity and basal area. Species richness and cover were significantly (p < 0.05) influenced by site only.

Conclusion: Distance from surface water and site are important determinants of riparian plant dynamics in the
Okavango Delta.

Keywords: Cover, Okavango Delta, Species richness, Tree and woodland

Correspondence: gtsheboeng@uniswa.sz
Department of Biological Sciences, University of Eswatini, Private Bag 4,
Kwaluseni, Eswatini

. © The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
@ SPrlnger Open International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
— reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made.


http://crossmark.crossref.org/dialog/?doi=10.1186/s13717-018-0140-x&domain=pdf
mailto:gtsheboeng@uniswa.sz
http://creativecommons.org/licenses/by/4.0/

Tsheboeng Ecological Processes (2018) 7:32

Introduction

Riparian plant communities, found along river banks,
are transition zones between terrestrial and aquatic sys-
tems (Naiman and Décamps 1997). In semi-arid envi-
ronments, riparian plant communities are commonly
dynamic showing high habitat heterogeneity and diverse
ecological processes and are often rich in plant species
diversity (Naiman et al. 2005). The distribution of ripar-
ian plant communities is controlled by soil redox condi-
tions, flooding regime, soil chemistry, and light intensity
(Everson and Boucher 1998). Surface water availability
and fluvial disturbance are also environmental factors that
influence plant species composition and distribution along
lateral gradients in riparian habitats (Malanson 1993).
Flooding disturbance on riparian vegetation decreases
with increasing distance from surface water due to an
increase of depth to groundwater in the riparian zone
(Lite et al. 2005).

Depth to groundwater influences the distribution of
plant species, density, and size structure in riparian
zones because it determines the availability of a perman-
ent surface water source (Stromberg and Richter 1996).
Decline in groundwater may result in a reduction in
plant species abundance, cover, productivity, and cause
death (Stromberg et al. 2007) while a shallow ground-
water table can support high plant species density
(Naumburg et al. 2005). Depth to groundwater has been
found to increase with increasing distance from surface
water in the San Pedro River in the USA (Lite et al. 2005).
This has also been found to be the case in the Okavango
Delta (McCarthy 2006). Excess water may lead to anoxic
conditions in the root zone resulting in stress to tree spe-
cies due to reduced respiration (Drew 1997). In riparian
ecosystems, plant sites close to surface water mostly ex-
perience anoxia because of low depth to groundwater
resulting in water submerging the roots (Capon 2005). In
habitats experiencing high evapotranspiration rates, rain-
water may leach salts that accumulate in the soil sur-
face into the groundwater table. If the groundwater
table is shallow, the root zone may then be exposed
to a saline water layer leading to a reduction in plant
growth (Naumburg et al. 2005) due to the harmful effects
of salts and anoxic conditions. Conversely, in areas with
relatively shallow groundwater (i.e., where plants are
using it as a source of water), declining groundwater
depth can lead to a reduction in plant species rich-
ness and total cover due to a decrease in the availability
of a permanent water source to promote primary produc-
tion (Stromberg and Richter 1996).

Studies in other riparian wetland ecosystems (e.g.,
Stromberg and Richter 1996; Shafroth et al. 2000; Lite et
al. 2005; Stromberg et al. 2007) have shown that distance
from surface water through its influence on depth to
groundwater is an important environmental variable that
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influences the distribution and composition of riparian
plant communities. In the San Pedro River (USA) riparian
plant species tolerant of wet rooting conditions and low
depth to groundwater were dominant at sites closer to
surface water (ca. 3 m) while those that prefer dry condi-
tions and are adapted to greater depth to groundwater
were dominant in more elevated sites (ca. 4—8 m) which
were found further away from surface water (Stromberg
and Richter 1996). An increase in depth to groundwater
may lead to a reduction in abundance of riparian wood-
land species (Shafroth et al. 2000; Baird et al. 2005).
However, some riparian plant species have developed mor-
phological adaptations to cope with dry conditions imposed
by increased depth to groundwater (Shafroth et al. 2000).
These adaptations include tap roots which help them to
reach for deep groundwater (Ellery et al. 1993). Due to
different tolerance levels, riparian plant species are found
in different microsites in the riparian zone. Plant species
that are tolerant of shallow depth to groundwater inhabit
regularly saturated sites while those that prefer deep
depth to groundwater occupy occasionally flooded sites
(Damasceno-Junior et al. 2005).

In the Okavango Delta, information on the influence of
surface water on riparian plant communities is generally
limited. The study by Ellery et al. (1993) found a strong
correlation between depth to groundwater and woody
plant species distribution in the Okavango Delta, and
changes in plant species composition were positively corre-
lated with depth to groundwater and elevation above open
water. It was generally found that Diospyros mespiliformis
Hochst. EX A.D.C, Garcinia livingstonei T. Anderson,
Croton megalobotrys Mull. Arg, and Senegalia nigrescens
(Acacia nigrescens Oliv) preferred relatively shallow depth
to groundwater while Vachellia erioloba (Acacia erioloba),
V. tortilis (A. tortilis (Forssk) Hayne), Senegalia mellifera
(A. mellifera (Vahl) Benth), and Colophospermum mopane
(J. Kirk ex Benth) J. Kirk ex J. Léonard were able to estab-
lish and grow where the water depth was greater. However,
the study was limited in terms of geographical coverage as
it only covered a single island. That study also did not in-
vestigate the effect of distance from surface water on ripar-
ian plant species composition and distribution.

The recent study by Tsheboeng et al. (2017) investi-
gated the influence of distance from surface water on ri-
parian plant species composition and distribution in the
Okavango Delta. However, that study was limited as it did
not study response of plant species to distance from sur-
face water in different sites. The aim of the current study
was to determine the response of riparian plant communi-
ties to distance from surface water in different sites in the
Okavango Delta. The Okavango Delta was chosen for this
study because it experiences minimum anthropogenic im-
pacts on its water and vegetation resources. As a result, it
provides a good case study to investigate the influence of
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distance from surface water on riparian woodland vegeta-
tion. It was hypothesized that species richness, diversity,
tree height, basal stem area, species richness, and canopy
cover will vary with changing distance from surface water
in all the sites in the Okavango Delta.

Methods

Study areas

The study was conducted in the Okavango Delta. The
selected study sites were Boro, Jao, Upper Panhandle
(UPH), and Seronga (Fig. 1; Table 1).

The hydrology of the Okavango Delta is characterized by
annual flood pulses originating from the Angolan high-
lands, the peak flows of which generally pass the Mohembo
inlet region between March and April, reaching the distal
region between May and October (McCarthy 2006). The
flood extent in the Delta shows intra- and inter-annual vari-
ations (Wolski et al. 2006). The Okavango Delta inflows
(flooding) also vary pluri-annually in which there are
sequences of years with higher or lower inflows than
average (Mazvimavi and Wolski 2006). The Okavango
Delta receives mean annual rainfall (between November
and February) of approximately 550 mm (Wilson and
Dincer 1976). In the Okavango Delta, groundwater depth
varies with distance from surface water such that it is
higher and lower in sites closer to and further away from
the permanent swamps respectively (McCarthy 2006).

Common woodland species include Vachellia erioloba
E. Meyer, Senegalia nigrescens, Croton megalobotrys, Phoe-
nix reclinata Jacq, Diospyros mespiliformis, and Garcinia
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livingstonei. The soil in the riparian zone is fine sand
(Ringrose et al. 2007) resulting in high permeability. The
soil salinity in the Okavango Delta is influenced by flooding
and transpiration by riparian vegetation (McCarthy and
Ellery 1994). During flood peak, the salinity reduces and it
increases when water levels are low. This is because the
flood waters may dilute the salts (Tsheboeng et al. 2014).
Salinity is also high in low flooding frequency floodplains
and low in high flooding frequency regions (Bonyongo and
Mubyana 2004).

Vegetation sampling

Four sites were selected for sampling. Riparian woody
vegetation was sampled between February 2012 and
November 2013. Riparian woody vegetation was sampled
in 10 m x 20 m plots placed perpendicular to the sur-
face water-dry land boundary covering a 50-m distance
at 0-10 m, 10-20 m, 20-30 m, 30—40 m, and 40-50 m
intervals. The distance was measured from the current
high water line. In each plot, all woody plant species
were identified, estimates of canopy cover made fol-
lowing the method by Braun-Blanquet (Ellenberg and
Mueller-Dombois 1974), and tree height and stem size
measured for each plant species. Stem circumference was
measured using a measuring tape at breast height (1.3 m)
while woody plant height was visually estimated. Plant
species diversity, richness, basal area, and density were
calculated for each distance class. At each site, 75 plots
were sampled resulting in a total of 300 plots sampled for
the whole study area.
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Table 1 Characterization of different sampling sites in the Okavango Delta

Study area Coordinates Location Common woodland vegetation
Boro 23°9" 13" E, 19°32' 27" S Lower Delta Combretum hereroense Schinz, Vachellia erioloba
Seronga 22°17'8" E, 18°48" 42" S Upper Delta Syzygium cordatum Hochst. ex C Krauss,
Phoenix reclinata Jacq
Jao 22° 33" 40" E, Upper Delta S. cordatum, P. reclinata
—-19°1"57"S
Upper Panhandle 21°52" 13" E, Upper Delta Sersia quartiniana A. Rich, Elaeodendron transvaalense
—18°21"53"S (Burtt Davy) RH. Archer

Statistical analysis

Change in woodland species composition in different
sites was determined at each distance class based on in-
dicator species analysis (McCune and Grace 2000). Indi-
cator species were determined from mean percentage
cover/abundance and relative frequency at each distance
class. It was calculated as

Indicator value = total%species frequency + total %species abundance.

Mean basal area, mean percentage cover, Shannon-
Weiner diversity index, and mean species richness were
calculated for each distance class at each site. Species
richness was calculated as the total number of species at
each distance class. Diversity was calculated using the
Shannon diversity index as:

s
H = Zpi In pi
=1

where H' is the Shannon diversity index, S is the total
number of species in the community, and p is the propor-
tion of S made up of ith species (Shannon 1948). Basal
area m*/hectare at each distance class was calculated as.

Sum of the basal area of each tree
Basal area =

Area of the sample plot in hectares

Mean percentage cover was also determined for five
common species at each site. Data were tested for normal-
ity using Kolmogorov-Smirnov while homogeneity of
variance was tested using the Levene test. After all, the as-
sumptions of normality and homogeneity of variance were
met (p > 0.05). One-way ANOVA and Tukey post hoc test
were used to test for statistically significant differences be-
tween these vegetation parameters among distance classes
(0-10 m, 10-20 m, 20-30 m, 30—-40 m, and 40—-50 m).

Generalized linear mixed model analysis was used to
test for the overall impact of distance from surface water
and site on plant parameters in the Okavango Delta.

Results

One-way ANOVA showed that there was no significant
difference in mean basal area in Boro (df=4, mean
square = 0.225, F=1.039, p =0.386) and Seronga (df =4,

mean square = 0.053, F=0.454, p =0.769). In Jao, Tukey
post hoc analysis showed that mean basal area was sig-
nificantly higher at 0-10 m than at 10-20 m (mean = 0.28,
p=0.0001), 20-30 m (mean =0.062, p =0.001), 30—-40 m
(mean = 0.059, p =0.0001), and 40-50 m (mean = 0.074,
p=0.0001). In UPH, it was higher (df=4, mean
square = 0.102, F=1.55, p =0.189) at 10-20 m (Fig. 2).

Mean percentage cover differed between the distance
classes across all sites. It was significantly higher in
0-10 (df=4, mean =9.12, p =0.023) and 20-30 m (df =4,
mean = 4.30) in Boro while in Jao, it was marginally signifi-
cantly higher in 0-10 m (df =4, mean =12.50, p = 0.055)
than in 30-40 m (df = 4, mean = 6.59) (Fig. 3).

Mean species richness also showed variation between
distance classes in different sites. However, that variation
was only significant in Boro where it was significantly
higher at 0-10 m (df =4, mean=7) than at 20-30 m
(df =4, mean =6, p =0.056), 3040 m (df =4, mean =5,
p=0.0001), and 40-50 m (df=4, mean=5, p=0.006).
Mean species richness in Boro was also significantly
higher in 10-20 m (df =4, mean = 6) than in 30-40 m
(df =4, mean =5, p =0.014) (Fig. 4).

Mean species diversity was significantly higher at 0-10 m
(df=4, F=5.17, mean=1.08, p=0.0001) and 10-20 m
(df =4, mean=0.97, p=0.016) than at 30-40 m (df=4,
mean = 0.64) in Boro (p <0.05). There was no significant
difference (p > 0.05) in species diversity between distances
classes in Seronga (df =4, mean square = 0.105, F = 0.300,
p=0.876), Jao (df =4, mean square=0.119, F=0.664,
p =0.620) and UPH (df = 4, mean square = 0.075, F=0.617,
p=0.652) (Fig. 5).

Riparian woodland tree species composition and dom-
inant species changed along distance from surface water
gradient (Table 2).

In terms of generalized linear mixed model analysis, it
was found that diversity and basal area were significantly
(p <0.05) influenced by both distance from surface water
(df =4, p=0.030) and site (df = 3, p = 0.030). Plant canopy
cover (p = 0.054) and species richness (p = 0.029) were sig-
nificantly influenced by site only.

Discussion
There was a variation in species composition along distance
from surface water gradient at different sites of Boro, Jao,
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Seronga, and Upper Panhandle. Plant species that were
found close to surface water at 0-10 m distance class in-
clude Croton megalobotrys, Syzygium cordatum, Phoenix
reclinata, Searsia tenuinervis, and Garcinia livingstonei.
Those that were found far from surface water at 40-50 m
distance class include Hyphaene petersiana, Senegalia
nigrescens, Combretum imberbe, Vachellia tortilis, and Phi-
lenoptera violacea. The distribution of species relative to
surface water could be an indication of their tolerance to
different moisture regimes. It is expected that sites closer to
surface water at 0—10 m will experience more moisture as
compared to those that are far from surface water at

40-50 m. This therefore suggests that plant species found
close to surface water at 0—10 m are tolerant of high mois-
ture content as compared to those found at 40-50 m.
Furthermore, species close to surface water at 0—10 m are
expected to be exposed to shallow groundwater as com-
pared to those far at 40-50 m. This is supported by the
findings from Stromberg and Richter (1996), Shafroth et
al. (2000), and Baird et al. (2005) who found that wood-
land plant species tolerant to wet conditions and high
groundwater levels are dominant at sites closer to the river
bank while those that prefer dry conditions and adapted
to low groundwater level dominate sites far from the river
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Fig. 3 Mean percentage cover variation with distance from surface water in Boro (a), Seronga (b), Jao (c), and UPH (d)
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bank. Damasceno-Junior et al. (2005) in the Pantanal,
Brazil, also found that flood intolerant species occupied
low flooding frequency microsites while flood tolerant
species inhabited regularly flooded regions. This was in
support of the findings of our study.

In the Okavango Delta, riparian plant species compos-
ition and distribution may also be influenced by the
intra- and multi-decadal flood variation. The hydrol-
ogy of the Okavango Delta is characterized by flood-
ing variation which occurs within and between years
(Wolski et al. 2006). Due to this variation, some years or
series of years receive low floods while others experience

high flooding (Wolski et al. 2006). During high and low
floods, the groundwater depth becomes shallow and deep
respectively (McCarthy 2006). This may have conse-
quences for riparian plant species composition and distri-
bution. The shallow groundwater brings the toxic salts
that were initially deposited in the deep layers of the
ground within reach of plant roots (McCarthy et al. 1998).
Therefore, shallow groundwater may pose a danger to
plant survival through salt toxicity and roots submersion
which leads to anoxia. This may lead to elimination or
exclusion of plants that are not adapted to these new
conditions imposed by rising groundwater level. Dead
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Table 2 Variation in composition of riparian woodland species at each distance class
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Distance
class (m)
Site 0-10 10-20 20-30 30-40 40-50
Boro Croton megalobotrys Croton megalobotrys Croton megalobotrys Croton megalobotrys Croton megalobotrys
Diospyros lycioides Hyphaene petersiana Hyphaene petersiana Hyphaene petersiana Hyphaene petersiana
Philenoptera violacea Philenoptera violacea Philenoptera violacea Philenoptera violacea Philenoptera violacea
Hyphaene petersiana Senegalia nigrescens Diospyros mespiliformis Combretum imberbe Senegalia nigrescens
Kigelia africana Combretum Senegalia nigrescens Diospyros mespiliformis Combretum imberbe
mossambicense
Diospyros mespiliformis Gymnosporia senegalensis ~ Combretum Kigelia africana Ficus sycomorus
mossambicense
Gymnosporia senegalensis  Diospyros mespiliformis Gymnosporia senegalensis  Vachellia hebeclada Combretum
mossambicense
Combretum imberbe Kigelia africana Kigelia africana Combretum Vachellia hebeclada
mossambicense
Ficus sycomoros Euclea divinorum Diospyros lycioides Diospyros lycioides Diospyros lycioides
Senegalia nigrescens Diospyros lycioides Ficus sycomorus Senegalia nigrescens Euclea divinorum
Combretum Sclerocarya birrea Euclea divinorum Euclea divinorum Kigelia africana
mossambicense
Euclea divinorum Combretum imberbe Combretum hereroense Garcinia livingstonei Diospyros mespiliformis
Garcinia livingstonei Combretum hereroense Vachellia erioloba Gymnosporia senegalensis ~ Gymnosporia senegalensis
Sclerocarya birrea Garcinia livingstonei Garcinia livingstonei Ximenia americana Albizia harveyi
Ziziphus mucronata Searsia tenuinervis Searsia tenuinervis Vachellia erioloba Vachellia erioloba
Vachellia hebeclada Vachellia erioloba Dichrostachys cinerea Vachellia tortilis Searsia tenuinervis
Phyllanthus reticulatus Phyllanthus reticulatus Vachellia tortilis Grewia bicolor Vachellia tortilis
Elaeodendron Vachellia tortilis Albizia harveyi Dichrostachys cinerea Dichrostachys cinerea
transvaalense
Vachellia erioloba Ficus sycomorus Ximenia americana Albizia harveyi Phyllanthus reticulatus
Berchemia discolor Grewia retinervis Berchemia discolor Phyllanthus reticulatus Combretum hereroense
Combretum hereroense Albizia harveyi Grewia bicolor Berchemia discolor Garcinia livingstonei
Dichrostachys cinerea Dichrostachys cinerea Combretum imberbe Grewia retinervis Colophospermum mopane
Grewia flavescens Ziziphus mucronata Ziziphus mucronata Boscia albitrunca Elaeodendron transvaalense
Vachellia tortilis Vachellia sieberiana Vachellia sieberiana Capparis tomentosa Grewia flavescens
Albizia harveyi Berchemia discolor Grewia flavescens Grewia retinervis
Colophospermum mopane Vachellia hebeclada Boscia albutrinca
Capparis tomentosa
Vachellia sieberiana
Seronga  Syzygium cordatum Phoenix reclinata Syzygium cordatum Phoenix reclinata Syzygium cordatum

Phoenix reclinata
Diospyros mespiliformis
Garcinia livingstonei

Vachellia sieberiana

Senegalia nigrescens

Searsia quartiniana

Elaeodendron
transvaalense

Syzygium cordatum
Senegalia nigrescens
Diospyros mespiliformis

Burkea africana

Capparis tomentosa

Phoenix violacea

Garcinia livingstonei

Phoenix reclinata
Garcinia livingstonei
Senegalia nigrescens

Elaeodendron
transvaalense

Ficus thonnigii

Searsia quartiniana

Diospyros mespiliformis

Syzygium cordatum
Ficus sycomorus
Philenoptera violacea

Diospyros mespiliformis

Garcinia livingstonei

Elaeodendron
transvaalense

Searsia quartiniana

Phoenix reclinata
Garcinia livingstonei
Diospyros mespiliformis

Burkea africana

Albizia harveyi

Senegalia nigrescens

Elaeodendron transvaalense
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Table 2 Variation in composition of riparian woodland species at each distance class (Continued)
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Distance

class (m)

Site 0-10 10-20 20-30 30-40 40-50
Antidesma venosum Ficus sycomorus Gymnosporia senegalensis  Senegalia nigrescens Dovyalis caffra
Ekebergia capensis Ficus thonnigii Euclea divinorum Albizia harveyi Philenoptera violacea
Dovyalis caffra Elaeodendron Capparis tomentosa Gymnosporia senegalensis  Ficus sycomorus

transvaalense
Kigelia africana Antidesma venosum Vachellia sieberiana Burkea africana Capparis tomentosa
Euclea divinorum Euclea divinorum Philenoptera violacea Dovyalis caffra Euclea divinorum
Diospyros lycioides Ximenia americana Ficus sycomorus Antidesma venosum Searsia quartiniana
Burkea africana Vachellia sieberiana Antidesma venosum Capparis tomentosa Gymnosporia senegalensis
Gardinia volkensii Ekebergia capensis Combretum Combretum Combretum
mossambicense mossambicense mossambicense

Capparis tomentosa Combretum imberbe Dichrostachys cinerea Euclea divinorum Antidesma venosum
Ficus sycomorus Dovyalis caffra Diospyros lycioides Searsia tenuinervis Ximenia americana
Philenoptera violacea Searsia quartiniana Ximenia americana Gardinia volkensii Searsia tenuinervis
Gymnosporia senegalensis  Albizia harveyi Phyllanthus reticulatus Ekebergia capensis Croton megalobotrys
Croton megalobotrys Phyllanthus reticulatus Croton megalobotrys Dichrostachys cinerea
Hyphaene petersiana Croton megalobotrys Ximenia americana Phyllanthus reticulatus
Searsia tenuinervis Dichrostachys cinerea Sclerocarya birrea
Dichrostachys cinerea Phyllanthus reticulatus
Phyllanthus reticulatus Diospyros lycioides
Grewia retinervis

Jao Syzygium cordatum Phoenix reclinata Phoenix reclinata Garcinia livingstonei Garcinia livingstonei

Phoenix reclinata
Garcinia livingstonei
Diospyros mespiliformis
Ficus sycomorus
Senegalia nigrescens
Philenoptera nelsii
Diospyros lycioides
Berchemia discolor
Ficus thonnigii

Euclea divinorum

Elaeodendron
transvaalense

Kigelia africana

Capparis tomentosa
Gymnosporia senegalensis
Ziziphus mucronata

Searsia tenuinervis

Phoenix reticulatus

Syzygium cordatum
Senegalia nigrescens
Diospyros mespiliformis
Burkea africana
Capparis tomentosa
Philenoptera violacea
Garcinia livingstonei
Ficus sycomorus

Ficus thonnigii

Elaeodendron tranvaalense

Antidesma venosum

Euclea divinorum
Ximenia americana
Vachellia sieberiana
Ekebergia capensis

Combretum imberbe

Dovyalis caffra

Garcinia livingstonei
Senegalia nigrescens
Euclea divinorum
Diospyros mespiliformis
Ficus thonnigii
Diospyros lycioides
Berchemia discolor
Ficus sycomorus

Capparis tomentosa

Gymnosporia senegalensis

Ximenia americana

Hyphaene petersiana
Philenoptera violacea
Syzygium cordatum
Grewia flavescens

Vachellia karoo

Searsia tenuinervis

Phoenix reclinata
Senegalia nigrescens
Euclea divinorum
Hyphaene petersiana
Capparis tomentosa
Ficus thonnigii
Diospyros lycioides
Berchemia discolor
Philenoptera violacea
Diospyros mespiliformis

Gymnosporia senegalensis

Vachellia karoo

Ficus sycomorus
Croton megalobotrys
Ximenia americana

Elaeodendron
transvaalense

Searsia tenuinervis

Phyllanthus reclinata
Senegalia nigrescens
Kigelia africana
Senegalia galpinii
Capparis tomentosa
Hyphaene petersiana

Phyllanthus reticulatus

Elaeodendron transvaalense

Ficus sycomorus
Ficus thonnigii

Euclea divinorum

Philenoptera violacea
Vachellia karoo
Grewia bicolor
Grewia flavescens

Combretum
mossambicense

Ximenia americana
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Table 2 Variation in composition of riparian woodland species at each distance class (Continued)
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Distance
class (m)
Site 0-10 10-20 20-30 30-40 40-50
Hyphaene petersiana Searsia quartiniana Combretum Combretum Searsia tenuinervis
mossambicense mossambicense
Albizia veriscolor Croton megalobotrys Phyllanthus reticulatus Berchemia discolor
Phyllanthus reticulatus Phyllanthus reticulatus Grewia bicolor Combretum hereroense
Croton megalobotrys Kigelia africana Combretum hereroense Diospyros mespiliformis
Dichrostachys cinerea Sclerocarya birrea Vachellia sieberiana Dichrostachys cinerea
Eleodendron transvaalense  Dovyalis caffra Gymnosporia senegalensis
Croton megalobotrys
Diospyros lycioides
Ziziphus mucronata
Syzygium cordatum
Phoenix nelsii
UPH Phoenix reclinata Phoenix reclinata Phoenix reclinata Syzygium cordatum Phyllanthus reclinata

Syzygium cordatum
Diospyros mespiliformis
Garcinia livingstonei
Senegalia nigrescens
Albizia veriscolor
Phoenix violacea
Ficus sycomorus
Combretum imberbe
Diospyros lycioides
Searsia quartiniana
Euclea divinorum
Antidesma venosum
Friesodielsia obovata
Croton megalobotrys
Searsia tenuinervis
Gymnosporia senegalensis
Gardinia volkensii
Dichrostachys cinerea
Vachellia sieberiana
Ximenia americana
Berchemia discolor

Combretum
mossambicense

Capparis tomentosa

Dovyalis caffra

Syzygium cordatum
Senegalia nigrescens
Garcinia livingstonei
Diospyros mespiliformis
Philenoptera violacea
Combretum imberbe
Croton megalobotrys
Berchemia discolor
Ficus sycomorus
Kigelia africana
Gymnosporia senegalensis
Friesodielsia obovata
Searsia quartiniana
Antidesma venosum
Euclea divinorum
Grewia flavescens
Combretum hereroense
Dovyalis caffra
Gardinia volkensii
Diospyros lycioides
Ximenia americana

Phyllanthus reticulatus

Elaeodendron
transvaalense

Syzygium cordatum
Garcinia livingstonei
Diospyros mespiliformis
Senegalia nigrescens
Philenoptera violacea
Croton megalobotrys
Berchemia discolor
Ficus sycomorus
Searsia quartiniana
Gardinia volkensii
Diospyros lycioides
Vachellia erioloba
Capparis tomentosa
Antidesma venosum
Gymnosporia senegalensis
Grewia flavescens
Friesodielsia obovata
Dichrostachys cinerea
Ximenia americana

Combretum hereroense

Phoenix reclinata
Diospyros mespiliformis
Garcinia livingstonei
Senegalia nigrescens
Philenoptera violacea
Kigelia africana
Croton megalobotrys
Vachellia tortilis
Vachellia erioloba
Vachellia sieberiana
Gymnosporia senegalensis
Dichrostachys cinerea
Ximenia americana
Searsia quartiniana
Diospyros lycioides
Albizia versicolor
Friesodielsia obovata
Antidesma venosum
Capparis tomentosa
Gardinia volkensii
Grewia flavescens

Boscia albutrinca

Euclea divinorum

Combretum
mossambicense

Diospyros mespiliformis
Garcinia livingstonei
Syzygium cordatum
Senegalia nigrescens
Vachellia tortilis
Philenoptera violacea
Diospyros lycioides
Searsia quartiniana
Gardinia volkensii
Albizia veriscolor
Terminalia sericea
Baphia massaiensis
Dichrostachys cinerea
Friesodielsia obovata
Gymnosporia senegalensis
Commiphora africana
Euclea divinorum
Croton megalobotrys
Antidesma venosum
Capparis tomentosa
Elaeodendron transvaalense

Grewia flavescens
Boscia albutrinca

Ficus sycomorus
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Table 2 Variation in composition of riparian woodland species at each distance class (Continued)

Distance
class (m)
Site 0-10 10-20 20-30 30-40 40-50
Ekebergia capensis Elaeodendron Searsia tenuinervis

transvaalense

Searsia tenuinervis Ximenia americana
Hyphaene petersiana Vachellia seiberiana
Ficus sycomorus Dovyalis caffra
Phyllanthus reticulatus Hyphaene petersiana
Combretum hereroense Vachellia erioloba
Dovyalis caffra Berchemia discolor

Combretum
mossambiecense

Terminalia sericea

Combretum hereroense

individuals of Croton megalobotrys, Senegalia nigrescens,
Diospyros mespiliformis, and Philenoptera violacea were
observed in this study, and their death could be an indica-
tion of their inability to withstand rising groundwater
depth and salinity. Conversely, during low flood, the
groundwater may be too deep to be reached by plant roots
resulting in water stress. Only plants that are tolerant of
dry conditions through development of tap roots to reach
for the deep groundwater layers and shedding of their
leaves to minimize water loss may survive while those that
are intolerant of dry conditions may be eliminated. This
may explain the variation in riparian species composition
along distance from surface water found in the Okavango
Delta (Table 2).

Species richness varied significantly with distance from
surface water in all the sites. This is in agreement with
Lite et al. (2005) who also observed variation in species
richness in the San Pedro River with increasing distance
from surface water. It implies that different species es-
tablish along the groundwater depth gradients to which
they are adapted along distance from surface water gra-
dient in both the Okavango Delta. Salinity tolerance may
also determine species richness along the distance from
surface water gradient. McCarthy (2006) found that as
the distance from surface water increases, salinity levels
also increase in the Okavango Delta. This leads to wood-
land species tolerant of salinity and deep groundwater
table colonizing areas further away from the surface
water. In this study, distribution of species could be influ-
enced by salinity gradients along the distance from surface
water continuum. For instance, in Boro, species that are
tolerant to saline conditions such as Hyphaene petersiana
and Combretum imberbe (Ringrose et al. 2007) were
found in the 40-50 m distance class which was associated
with high salt levels. This is consistent with Ellery et al.
(1993) who observed plant zonation along a salinity

gradient in the Okavango Delta where the fringes of the
islands with low salinity levels were colonized by riparian
woodland species of Syzygium cordatum, Ficus sycomorus,
Phoenix reclinata, Garcinia livingstonei, and Diospyros
mespiliformis. The island interiors with relatively higher
salinity levels than the fringes were colonized by Croton
megalobotrys, Senegalia nigrescens, and Hyphaene petersi-
ana with the center of the islands with overall high salt
levels dominated by non-woody species of Sporobolus spi-
catus (Vahl) Kunth. This zonation suggests that each dis-
tance class from surface water, different woody species
have different levels of salinity which they can tolerate and
beyond which they may be completely excluded.

The current study has also indicated that mean basal
area significantly varied with distance from surface water
across different sites. It was high at 0-10 m and 40-50 m
in Boro and Seronga and significantly higher at 0-10 and
10-20 m in Jao and UPH respectively. High mean basal
area in Boro at sites closer to the permanent swamp and
those that were at 40-50 m could be an indication that
depth to groundwater at this distance from surface
water in these sites was suitable for the establishment
of large woody species. Examples of these species found at
0-10 m in the Boro system include Diospyros mespiliformis,
Ficus sycomorus, P. violacea, and Garcinia livingstonei
which have contributed to large basal area. In Seronga, spe-
cies which contributed to the larger basal area at 0-10 m
were Syzygium cordatum, D. mespiliformis, and G. livingsto-
nei. These species are tolerant of shallow groundwater
conditions (Ellery et al. 1993) which may explain their
establishment at 0-10 m as this distance class is likely to
be characterized by shallow groundwater depth since it is
close to surface water.

Mean plant species diversity was significantly higher at
0-10 m and 10-20 m than at 30-40 m in Boro while
there was no significant variation within other sites. High
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species diversity at these distance classes may imply that
there was co-existence of species tolerant of high and low
depth to groundwater (Huston 1979) as a result of
changing flooding magnitude during both short and
long periods. During high floods, species that do not
prefer permanent flooding and those that are tolerant
of it may co-exist. The co-existence of these two sets
of species may lead to an increase in species diversity
as predicted by the intermediate disturbance hypoth-
esis. The hypothesis predicts that at intermediate dis-
turbance levels, species diversity increases due to the
co-existence of both competitive and opportunistic
species (Huston 1979). However, diversity may eventu-
ally decrease if flooding in the riparian zone occurs for
a duration long enough to kill the species that are in-
tolerant of flooding. Conversely, if there is long-term
drying and high depth to groundwater in the riparian
zone, species that prefer wet conditions will be ex-
cluded resulting in a decrease in species diversity.

In the Boro and Seronga systems, the 0—10 m distance
class was colonized by species such as P. violacea, D.
mespiliformis, G. livingstonei, and F. sycomorus which pre-
fer shallow groundwater; Ziziphus mucronata, Vachellia
hebeclada, Senegalia nigrescens, and Dichrostachys cinerea
which are tolerant of deep depth to groundwater; and
Combretum imberbe and Hyphaene petersiana adapted
to saline groundwater conditions (Ringrose et al. 2007).
Therefore, the co-existence of these species with different
preferences of groundwater chemistry and depth may have
led to an increase in diversity at 0—10 m in Boro and
Seronga. Jao had significantly high species diversity at
40-50 m while in UPH, diversity was significantly
lower at this distance class. This was because of species at
40-50 m which tolerated dry conditions and resulted in
high species diversity. Some of these species were Senega-
lia galpinii, S. nigrescens, Grewia bicolor, D. cinerea, and
P. nelsii which were excluded from other distance classes
probably due to unfavorable flooding and groundwater
conditions. Conversely, in UPH, species diversity was sig-
nificantly lower at 40-50 m distance class. This is because
it was dominated by species that are mostly tolerant of
deep groundwater table while those that prefer shallow
groundwater were excluded. Conversely, other distance
classes in UPH had species that were tolerant of both high
and low groundwater tables co-existing which resulted in
high diversity suggesting that they may have experienced
intermediate disturbance levels from flooding. This is in
agreement with Pollock et al. (1998) who also found that
there was an increase in species diversity at sites that
experienced intermediate levels of flooding disturbance.
Generally, the consistency of these study results with
those of other wetlands elsewhere suggests that function-
ally these ecosystems are similar in terms of the influence
of hydrology on vegetation communities.
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Conclusions

This study showed that riparian woodland characteristics
differed significantly with distance from surface water
within and between in all the sites. As the distance from
surface water increases, it is expected that depth to
groundwater also increases. As a result, different species
establish in microsites to which they are adapted along
the gradient of distance from surface water. These re-
sults suggest that plant species composition, basal area,
and species richness may be used as indicators of the
hydrologic status of a given site in the Okavango Delta.
This will be useful in areas where the information on
that is not available.
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GLMM: Generalized linear mixed model; UPH: Upper Panhandle
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