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ABSTRACT

The Maputaland Coastal Plain is situated in north-eastern Kwa¥aitial Province, South
Africa. The Maputaland Coastal Plain and underlying aquifert@ee separate but inter-
linked entities. This area with high permeable cover sandsrdbef and regional geology
that slopes towards the Indian Ocean, hosts a variety of iampavetlands in South Africa
(e.g. 66% of the recorded peatlands). The wetlands overlie anthinsases also connect to
the underlying regional water-table. The apparent distributiomediands varies in response
to periods of water surplus or drought, and over the long-term hagdshered by resource
(e.g. agriculture, forestry) and infrastructure (e.g. urb#éoisa development. Accurate
wetland mapping and delineation in this environment is problematic dtie tephemeral
nature of wetlands and extensive land-use change. Furthernsom@edp aeolian derived
sandy soils often lacks soil wetness indicators in the soill@rdfiis postulated that the
aquifer is the source of water to rivers, springs, lakes aetlamds (and vice versa).
However, the role of groundwater in the sustainability of arological systems is unclear.
Consequently this research attempted to determine spatiateanmbral changes in the
distribution of these wetlands, their susceptibility to human ldpuweent, understand the
landscape processes and characterise and classify the diffeténtd types. An underlying
assumption of the hydrogeomorphic wetland classification concept im @drca is that
wetlands belonging to the same hydrogeomorphic unit share commareeat terms of
environmental drivers and processes. Given the above, the obgecfithis thesis relating to
the north-eastern corner of the Maputaland Coastal Plain are kbaf the distribution of
wetlands and their relation to other land-use; 2) Charactbesndscape processes shaping
the dynamics of wetland type and their distribution; 3) Clasgiftlands by applying
hydrogeomorphic wetland classification system. This study usedskanfM and ETM
imagery acquired for 1992 and 2008 (dry) and Landsat ETM for 2000 (Vesty avith
ancillary data. Wetland type characteristics were desculady terrain unit position in the
landscape, SRTM DEM, land surveyor elevation measurements @&ltnlong-term rainfall
records,in situ water-table levels with soil analysis and geology and te¢iga descriptions.
A conceptual model was used to account for the available aetayudput from a hydrology

model was used to support the interpretation of wetlandllisivn and function.

Wetlands in the study area include permanent wetlands (swaregisfoaind reed/sedge

wetlands), but the majority of sedge/moist grassland wetlaredsemporary systems. The
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wetland distribution reflects the rainfall distribution and grourtdwalischarge in lower
lying areas. The weathering of the Kosi Bay Formation isyaféctor in wetland formation.
Because of an increase in clay content with depth, the pore-apdchydraulic conductivity
are reduced which causes water to impede on this layer. dtee nof the aquifer and
regional geology that slope towards the east along with extrnfall events in wet and dry
periods are contributing drivers of wetland and open water distibuti 2008 (a dry year)
the smaller wetland extent (7%) could primarily identify ‘fpanent” groundwater-fed
wetland systems, whereas for the wet year (2000) with rlavgdand extent (18%) both
“temporary” and “permanent” wetlands were indicated. Compaitigtween both dry years
(1992 and 2008) indicates an 11% decrease in wetland (sedge/moisangtassid a 7%
increase in grassland distribution over time. Some areaagpatr to be grassland in the dry
years were actually temporary wetland, based on therlarggand extent (16%) in 2000.
The 2008 Landsat TM dataset classification for the entire MimataCoastal Plain gave an
overall 80% mapping accuracy. Landscape settings identified oncdastal aquifer
dominated by dune formations consist of 3 types: plain (upland and lowklogg and
valley floor. Although the wetland character is related tooregy and local hydrogeology as
well as climate affecting the temporal and spatial vditgbdf the wetlands this research
confirms that the patterns and wetland form and function are piedotly shaped by the

hydrogeomorphic setting and not the rainfall distribution.

The following wetland types were identified: permanent wetland$ sas peat swamp
forests, peat reed and sedge fens; temporary wetland systiems&s perched depressions,
and sedge/moist grasslands. The Hydrogeomorphic wetland clatisifisystem was applied
using a semi-automated method that was 81% accurate. The ifiglldwdrogeomorphic
units could be identified: one floodplain, i.e., Siyadla Rivio#plain, channelled valley-
bottoms, unchannelled valley-bottoms, depressions on modal slope vdlUesseepage
wetlands on modal slope values 1-2%. However, evaluation of theodeamorphic
classification application results suggests that the “flatirbgeomorphic class be revised. It
did not fit meaningfully on the upland plain area. This research finclomgludes wetland
function does depend on landscape setting and wetland function isIpatajptured by the
hydrogeomorphic type classification. Not all depression on thetatgalgin function the
same way and three types of depressions occurs and function rdifferiee., perched
depression with no link to the regional water-table vs. depresiahsare linked with the

regional water-table on plain, slope and valley floor laagscsettings.
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Overall, this research study made a useful contribution in deaising and classifying
wetland type and distribution for a high priority wetland conservadiaa in South Africa.
Applying similar methods to the broader Maputaland Coastal Rigliparticularly benefit
from the research findings. The importance of using imagequired in wet and dry periods
as well as summer and winter for a more comprehensivensdati@entory of the study area,
is stressed. To manage the effects of climate vaitigbihd development pressure, informed

land-use planning and rehabilitation strategies are required badaddscape analysis and
interpretation.
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1. MAPUTALAND COASTAL PLAIN

1.1 INTRODUCTION

Wetlands are globally recognised as one of the support systdmsmankind and important
habitat for wildlife, providing a wide range of goods and servidgdissch and Gosselink,
2000). Wetlands are threatened by population expansion and the increzethfpr natural
resources, especially where encroaching communities depend oestiurces for their daily
survival (Maltby and Barker, 2009). The Maputaland Coastal Plagatéd in the
Umkhanyakude District, north-eastern KwaZulu-Natal province intSafrica (Figure 1.1)
is such an area (Morgenthal et al., 2005; Smith and LeadeakWd)i2006). The Maputaland
Coastal Plain is located in the KwaZulu-Natal Province, Wwihiosts the highest percentage
of wetland areas per province area in South Africa (SANBI, 201 .Maputaland Coastal
Plain is also home to South Africa’s first World Heritagee Sitoclaimed to conserve and
protect these unique wetlands. According to Le Maitre and C@A8) and Colvin et al.
(2007), it is likely that the baseflow derived from the Magartdl Coastal Aquifer is the most
important source of water for most of these wetlands. Thegsiivakes and wetlands on the
Maputaland Coastal Plain are predominantly groundwater driven (lKeldbeGermishuyse,
2010). As a consequence these wetlands are vulnerable to an acauedogvn through
drought and water abstraction arising from land-use activitiech as agriculture, forestry
and urbanisation (Schapers, 2012). The area is also known for thentidgnce of poverty
and disease (e.g. HIV/AIDS) (Benatar, 2004; Gillespie et28l07). The Tonga people that
live in the area depend on the wetlands for water extraction \irelts, lakes, streams and
springs (Grundling et al., 1998; Grundling, 2013), for building and makiritscfar fishing

and for cultivating crops on the organic soils in the wetlands (L.4984; Taylor, 1988).

1.2 STUDY AREA

The Maputaland Coastal Plain is situated in north-eastern Kwazathi-ldrovince, South
Africa between 32 — 33 degrees East and 27 — 28 degrees South. ptaldted Coastal
Plain lies within the Maputaland Centre of Endemism, an extselediverse region (Van
Wyk and Smith, 2001). The Maputaland Centre of Endemism is located abuthern end

of the African tropics, where many plant (and animal) speei@shrthe southernmost limit of
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their range and overlap with species from the syiital southern regions at the northern
limit of their range (Smith and Leader-Williams, 2008he Maputaland Coastal Plain
stretches from the town of Mtunzini in the south aodtinues north towards the town Cabo
Santa Maria in Mozambique (Momade et al., 2004). Tihear north-south Lebombo
Mountain range consists of the basalts and rhyoliethe Jurassic Jozini Formation that
forms the Maputaland Coastal Plain border in thetywehile the barrier dune complex of the
Maputaland Group forms the border between the im@aean and the Maputaland Coastal
Plain in the east (Figure 1.2).

Figure 1.1: The Maputaland Coastal Plain locatedarth-eastern KwaZulu-Natal province,
South Africa.

Kosi Bay

- Lake St. Lucia

Figure 1.2: The southern end of the Maputaland tab&$ain indicated with a false colour
Landsat image draped over a 20 m DEM (Grundling asakBs, 2011). Note the Lebombo
Mountain on the left and the low relief of the dadplain. Lake St Lucia to the south and
Kosi Bay in the north.



The coastal plain consists of a flat to undulating dune topograp#y at70 m above sea-
level and is 70 km wide in places. The Maputaland Coastal Pdamenowned for its
biodiversity, conservation areas, and world heritage sitaisstak variety of wetlands
including peatlands, swamp forest, saline reed swamp, sashmsubmerged macrophyte
beds, mangroves and riverine woodlands (Taylor, 1991) charadiesisajuifer-dependent
ecosystems (ADE) of the Maputaland Coastal Plain (Colvih,e2@07; Taylor et al, 2006).
According to Taylor (1991) and Taylor et al. (2006), rainwateaigght by the coastal dunes
and percolates downwards, flowing out at the base of the landwarg; dodi&ating the
strong interaction between surface precipitation and the localeadMaputaland Coastal
Aquifer). Many interdune or topographic depressions are inundated or tedtuilédhe
Maputaland Coastal Plain falls within the tropical/subtropicahate zone of Africa due to
the warming influence of the Agulhas current. Summers tend veryehot and winters mild
(Taylor, 1991). Relative humidity is high. A rainfall gradierisé¢ from east to west with the
mean annual precipitation decreasing from 1200 mm/annum at tleeneaststal barrier
dunes (100 to 180 m high) to 600 mm in the west at the 650m high Lebombo m&untain
(Taylor et al., 2006). The vegetation groups (Maputaland Coastalvth Maputaland
wooded grassland) present the different vegetation types defirtkd vegetation map for
South Africa (SANBI, 2005) namely: subtropical freshwater wetlaMisth coastal forest,

subtropical seashore vegetation and swamp forest found in logrdgiturated areas.

This thesis focused on the north-eastern part of the MaputalandalCeksh (Figure 1.1).
The northern study area is a combination of 79% unspecified or subsistgricultural land
in the Tembe Tribal area (iISimangaliso Wetland Park, 2008a)e wie remaining 21% is
conservation areas that include the iSimangaliso Wetland PdHe irast and the Tembe
Elephant Park in the west. Land-use activities in this rued anclude forestry, subsistence
agriculture, conservation and tourism. The study area on the Mapl@tzastal Plain falls
within the Umhlabayalingana Local Municipality with the towns ellaze and Mbazwana,
two major centres within the municipality area. Other sigaiit places include the Tembe
Elephant Park, Phelendaba and KwaNgwanase. In this rurahgsetie settlements
(homesteads) tend to be scattered as part of the traditgarae’ of place” and much of the

population access water from shallow wells (Grundling, 2013).



1.3 CONTEXTUALIZATION

Maputaland has been a focus of interest for geologists studyingdhei@v of coastal plains
(Botha and Porat, 2007; Grundling et al., 1998), vegetation ecolagisstigating the
vegetation diversity reflecting the soil and hydrology patternsgéG 2003; Venter 2003;
Wejden, 2003; Kelbe and Taylor, 2011; Kelbe et al., 2013) and for logists who study
the coastal aquifer (Rawlings and Kelbe, 1998; Meyer et al.,; 20flhe et al., 2001; Kelbe
and Germishuyse, 2000, 2001, 2010). Wetlands occur at the interfaeebdesrestrial and
aguatic systems and are the product of a diverse range of pso¢EBsey et al., 2009b).
Hydrological processes are key in determining wetland chaistate (Maltby and Barker,
2009). However, these hydrological processes are taking placa system where
evapotranspiration often exceeds precipitation (Tyson, 1987); iexippation is not the
only key determinant of wetland occurrence in the Maputaland Cdasial Wetlands in
these drier areas are often dependent on groundwater and conseesitgy plays an
important role in the wetlands’ hydro-period and pattern of sawargVeeret, 2008).
Furthermore, geological and geomorphologic processes have a fundagefésttlon the
hydro-geomorphic position of the wetlands. It is evident that ifipitation is not the main
source of water, the groundwater characteristics of wetlariibavimore strongly linked to
the geomorphic setting in the landscape, the alternative sodre@$en, and the flow pattern
through the wetland (Kotze et al., 2009).

Groundwater flow is governed not only by topography but also geologyhanstdrage and
transmission properties of the geological materials and @difggman, 2002; Freeze and
Cherry, 1979). Topography can contribute to complex patterns of groundisatevhere a
landscape with prominent or high relief will develop local fleystems compared to
relatively simpler regional flow systems in a flattandscape (Freeze and Cherry, 1979).
Geological controls on groundwater movement include structural geolagg
lithostratigraphy (properties and age) of rock strata and uncoatalidedimentary deposits.
Preferential flow will typically take place in or along perable layers, contact-, faulting- and
folding zones (Dingman, 2002; Freeze and Cherry, 1979). Partielalsizibution, particle-
shape characteristics and mineral composition are the n@ordan lithology that control
groundwater movement, as these characteristics affestdhage and transmission properties
of aquifers (Dingman, 2002). It is important to understand the undgrigeology that
controls groundwater flow to wetlands in general and to satusgttdms such as peatlands

in particular, where sustained flow is vital for the surligé obligate species, and for
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anaerobic humification and organic accumulation processes. The Magu@bastal Plain,
which at present hosts a variety of wetlands in different lapéscas a product of processes
beginning with the opening of the Mozambique Channel during the break-up of
Gondwanaland 135 million years ago (Ellery et al, 2009b). With timesediments that
eroded from the interior were deposited on the continental shel€ékhy and Rubidge,
2005). According to McCarthy and Rubidge (2005) episodes of uplift 20 miirah 5
million years ago resulted in increased erosion of the interith wore sediment
accumulating on the continental shelf. This, at present, fonmdithology of the coastal

plain.

1.4 RESEARCH GAPS

1.4.1 Contributing Environmental Factors

More permanent wetlands such as peatlands occur in areas twbamnfall exceeds 600
mm/year and at elevations between sea level and 50 m abovesewdevel (Grundling,
2001; Turner and Plater, 2004). Peatlands formed where the clageshri€osi Bay
Formation weathering profiles are exposed, forming impeding dagserin the catchment
areas of Lake Sibaya and the Kosi lakes (Botha and Porat, 20@g\cimorphic clays are
dominant in systems such as the Muzi wetland system (Wagkeys1993). Grundling et al.
(1998) and Marneweck, et al. (2001) suggest that there could lmng sttation between the
spatial distribution of wetlands and geological formations, topograglRyation above sea
level, rainfall distribution and depth to groundwater and/or grouretwé#tictuation.
However, no extant research has provided evidence linking thanddgfpes and dynamics
to specific environmental factors such as rainfall, watblet elevation, vegetation and soll
with landscape processes such as weathering and peat-formiegtpsasthe Maputaland
Coastal PlainLandform, hydrological characteristics and hydrodynanfexstorsaffect the
geomorphological processes acting within the wetland such asoreresid sediment
deposition and biogeochemical processes. Prolonged periods of drought dhasedréhe
availability of groundwater (Rawlins and Kelbe, 1998), which caer d@hte distribution of
wetlands in these groundwater-dependent ecosystems (Colvin2€i0d). Drought is part of
the dynamics of the area and part of the natural procestmsever, the specific

consequences of drought and how they affect wetlands are unknown. Muodifutherford



(2006) identified the need for research focusing on temporal changetland patterns and

function, and the processes that underlie them.

1.4.2 Aquifer Dependent Ecosystems

The information available on wetlands in South Africa, and spedlifi the Maputaland
Coastal Plain, typically does not indicate the source oémfat each wetland (Ewart-Smith
et al., 2006). According t@olvin et al. (2007), research on South African aquifer dependent
ecosystems (ADES) is at an early stage. It is postuthtgdhe aquifer is the source of water
to rivers, springs, lakes and wetlands (and vice versa)diTayhl., 2006; Colvin et al., 2007;
Le Maitre and Colvin, 2008; Kelbe and Germishuyse, 2010). Theref@ttands near the
aquifer discharge zone need to be investigated to determimeldtien between the wetland
and the aquifer, i.e. is the wetland a source or sink of groundaatfor surface water
(Colvin et al.,, 2007). Begg (1989) emphasized this research rsating that the
groundwater recharge and discharge function of wetlands isleat, while Taylor et al.
(2006) suggested that there is good evidence that many wetlaves asergroundwater
discharge areas. The degree to which swamp forest depends on gatarridwinknown but
is predicted to be high for all wetlands that do not have a high piapof surface-water in
their catchment (Colvin et al., 2007). Further research is ndedgdalify and quantify the
nature and extent of these linkages, and to determine theftgoesystem dependency. For
example, what are the different vegetation community typas develop under various
conditions, especially where it is in hydraulic contact with Weger-table (Kelbe and
Germishuyse, 2010). The water courses, estuaries and aquifersoéan defined in the
National Water Act of 1998, but not the interaction between tfdms. is primarily due to

the gaps in the available data.

1.4.3 Hydrological Modelling

Kelbe and Germishuyse, (2010) reported that the estimations usindgsnetiermining the
vertical flux through the surface leading to infiltration, mdation and evaporation are
available, yet there is a lack of information regardinghmé$ and models describing a) the
interaction between aquifers and b) their dischailgeundaries (i.e. rivers, lakes and
wetlands). The difficulty lies firstly, in delimiting diact boundaries for these natural
resources (i.e. rivers, lakes and wetlands) as they ameaseextensions of the groundwater
system for which no clear boundary can be established; and secestilishing the
recharge and discharge areas. Catchments are consideredhasediwrge zones and

discharge zones, the latter typically along streams andnstbanks where the water-table
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intersects the topography (Van der Griend and Engman, 1985). Prewadisgconditions at
discharge zones can make these areas also sources of sunfaifeduring precipitation.
Recharge areas may be any area where the soils are highlggtde (normally higher areas)
(Van der Griend and Engman, 1985). Germishuyse and Kelbe (1999) repoit \Wes
necessary to identify specific rainfall events (e.g. cycleysgtems) which had a significant
effect on the groundwater levels and to evaluate the groundwesigonse. If recharge is a
function of the rainfall distribution and the rainfall was omily distributed across the study
area, then what secondary factors must play a role in wetlgedatyd distribution in the
landscape? The consequence of this lack of research on thefrgleundwater in the
sustainability of hydro-ecological systems (interaction betmseface and groundwater) is
hindering much-needed Groundwater Reserve Determination Methodol@GiRDM)
(Dennis and Dennis, 2009).

1.4.4 Wetland Delineation

Wetland delineation is problematic in sandy coastal aquifers wigp,dgeolian-derived,
sandy soils, often with grey profile colours and with no sign of esstr{i.e. mottles in the
profiles) (DWAF, 2005). Wetland indicators, namely terrain wegetation (hydrophytes),
soil form (hydromorphic soils) and soil wetness are used in déhigeaetlands (DWAF,

2005). Soil wetness indicators are mottling and gleying in the swilgpas a result of long-
standing and frequent water saturation (DWAF, 2005). Howeverpeaierties on sandy
coastal aquifers also include dark topsoil with high organic cadmorient (>4%) in

temporary zones of saturation, and >10% in permanent and seassatallgtion zones.
Kotze and Marneweck (1999) described how changes in soil wetness gathtion

composition along the wetness gradient provide an indication of ndetlzoning

(permanently waterlogged in the middle, seasonally waterloggad temporarily

waterlogged at the edge) (Figure 1.3).

A recent MSc study (Pretorius, 2011) focusing on the vegetation cdimposf wetland
zones in different wetland systems on the north-eastern Maput@laasdtal Plain has
provided a valuable contribution to our knowledge on the main drivgsinf communities
to aid wetland delineation in the Maputaland Coastal Plain. Tedtsefrom the study
indicated that different plant species groupings are charaterighe wetland zones and the
major determinants are the substrate and hydrological regimer{@se 2011). However,
wetland delineation using vegetation composition varies bettneedifferent wetland types

e.g. swamp forest have clear boundaries with species excliussitiee specific wetland,
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whereas the rest of the wetlands on predominantighsaubstrate have species not exclusive

to the type of wetland.

Figure 1.3: Cross section through a wetland (Katzé Marneweck, 1999)

1.4.5 Wetland Mapping and Impacts

Various wetland mapping initiatives exist, rangifgpm international national and
provincial. Remote sensing (RS) has been appliethése mapping initiatives to provide
information on wetland extent and distribution (attprn). Landsat imagery has been applied
in the following: international mapping studies &wuth Africa and Mozambique (Smith and
Leader-Williams, 2006), the National Wetland Invagt for South Africa (NLC2000
Management Committee, 2005; SANBI, 2007a and 2QGig to map and identify swamp
forests on the Maputaland Coastal Plain (Walsh4p0@arious wetland mapping initiatives
for KwaZulu-Natal (KZN) province have been createsing different mapping methods and
scales, including the KZN Wetland layer (Scott-Shawad Escott, 2011), KZN Land-Cover
2005 and 2008 (GeoTerralmage, 2006; Ezemvelo KZNiN&| 2011). However, accurate
wetland mapping is difficult. For example, there acene wetlands that have dried up, but
old abandoned raised gardens indicate a period eftew conditions once existed.
MacDevette (1989) stated that wetlands on the Mdpuntd Coastal Plain are adapted to the
prevailing weather and climate conditions but aredtened because of changing land-use.
Agriculture, forestry and urbanization with prolaagyperiods of drought have resulted in
land degradation and groundwater depletion (Raveimd Kelbe, 1998) that could also affect
the distribution and extend of wetlands. Therefaemdsat Thematic Mapper (TM) (Zhang et
al., 2011) and Landsat Enhanced Thematic Mapper (GT(Baker et al., 2006) imagery

along with ancillary data, such as a digital el@mraimodel, vegetation and soil maps, etc.,



(Brooks et al., 2004; Jensen, 2005; Baker et al., 2006; Nagabhalla2812), could be used

to map the wetlands in wet and dry years.

1.4.6 Wetland Classification

Mitsch and Gosselink, (2000) stated that most wetland clestsiin approaches consider
differences and changes in soils, vegetation and hydrological behass the most
appropriate criteria to distinguish wetland types. The Claasific System for Wetlands and
other aquatic ecosystems in South Africa adapted the hydrogeomolgdsiication system
(SANBI, 2009b; Ollis et al., 2013). Wetlands can, thus, be @ladsiccording to their water
source, geomorphic setting and hydrodynamics in hydrogeomorphic urnitsdii@r 1993).
Geomorphic settingefers to the shape and location of the wetland with respedteto t
surrounding terrain in terms of topography and lithology, which contsaHydrological
characteristics,i.e., water sources including precipitation, surface flow amirgiwater.
Hydrodynamicsrefers to the direction of flow and strength of water movemeéthin the
wetland (Brinson, 1993). The hydrogeomorphic approach attempts to geugtica
ecosystems in a way that explains how they function (Ollis et28l3). However, an
underlying assumption of the hydrogeomorphic wetland classificatinoept is that aquatic
ecosystems function slightly differently in different landscap#ings e.g. slope or valley
floor; and that wetlands belonging to the same hydrogeomorphic unijt,degression or
channelled valley-bottom share common features in terms ofoenwental drivers and
processes. Although widely applied in South Afribs underlying assumption has yet to be
tested Therefore, Ollis et al. (2013) stressed that there is @anurgeed to test and refine the
Classification System for Wetlands and other aquatic ecosgstenSouth Africa by
incorporating knowledge supported by research on how wetlands and other inlatid aqu

ecosystems function.

Studies done by Amis et al. (2009) suggested that the Nationaedlassification System
(SANBI, 2009b) can possibly be applied to the National Wetland Mam iaudomated
manner in order to generate a national wetland type map. TtenadlaFreshwater Ecosystem
Priority Areas (NFEPA) project classified a wetland tygger for South Africa based on the
hydrogeomorphic classification using an automated approach (Nel 2051). No accuracy
assessment has been done on the NFEPA wetland type layerl §X0Bb) recommended
further testing and investigation into automation of the clasgiin system, based on the

availability of information required to distinguish one wetlaype from another.



1.5 PROBLEM STATEMENT

Currently, the distribution and inter-annual variability of Mapaimd Coastal Plain wetlands
are poorly documented, but the variability of their wetted extesuighes an opportunity to
assess their relative permanence, hence part of theiraiodniunction. This, along with the
extent of ecological change resulting from drought, land-use ehand environmental
degradation is unknown. Monitoring of wetland dynamics is required eonnéind support
management and decision-making related to natural resoursatidili including access to
groundwater resources by local communities, outbreak of water-biiseases like malaria
and cholera, and determination of land-use zoning and planning for shiasource use.
An understanding of environmental factors and processes controllindetimeation and
distribution of different wetland types is required before human-irdwt®nges can be
evaluated. It requires that wetlands be described and @dssitcording to a set of
biophysical characteristics and functional attributes to not olialysify them accurately but
also manage these systems and implement conservation préEtaas-Smith et al., 2006;
Mucina and Rutherford, 2006). Consequently there is a need to ejndet spatial and
temporal changes in the distribution of these wetlands, b) susiceptibility to human
development, c) understand and characterise the landscape andfer prpgesses, d)
classify the different wetland types and apply the hydrogeomospéiland classification
system proposed for South Africa. As stated above, the underlgsgmation of the
hydrogeomorphic wetland classification concept is that ageatisystems function slightly
differently in different landscape settings and that wetlands bfeignto the same
hydrogeomorphic unit share common features in terms of environmentarsdand
processes, have yet to be tested. It is important, whenlidegahe typical characteristics of
different wetland types found on the Maputaland Coastal Plain, ta ussmbination of
remote-sensing classification, a classification specifiadiveloped for the study area based
on biophysical characteristics and functional attributes and adagtingeomorphic
classification approach (Semeniuk and Semeniuk 1995) and a hydrogeomtagsiitcation
in order to capture differences that have implications for thelgf@went of management and

conservation strategies.

1.6 RESEARCH OBJECTIVES
The objectives of this thesis relating to the north-easterroptite Maputaland Coastal Plain

(study area) are to:
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1)

2)

3)

4)

Map the distribution of wetlands within the study area and tled¢dtion to other land-
use; Chapter 2

Classify wetlands types within the study area on the basis of their wteueind
function and, on this basis, Characteristhe landscape processes shaping the
dynamics of the wetland types and their distribut@hapter 3

Apply the Hydrogeomorphic Wetland Classification systenthe study area and
determine if wetlands are dependent on landscape setting watlahds that belong

to the same hydrogeomorphic unit share common properties andhasmaihapter 4
Make recommendatiorend identify priorities for wetland management in the study

area: Chapter 5

1.6.1 Specific Objectives

1.6.1.1 Chapter 2: Map
To use Landsat TM and ETM imagery along with ancillary tiata

1.

Identify and map “permanent” and “temporary” (inland) wetlandsap®h water of the

study area based on their spatial extent and distribution duehgne dry years; and

Determine wetland loss from land-use changes due to cultivgbiantations and

urbanisation between 1992 and 2008.

1.6.1.2 Chapter 3: Classify and Characterise Wetland Types
1.

To classify wetland types within the study area on the basis of gtracture and
function.
To characterise the landscape processes shaping the dymawtiidsstribution of the

wetland types.

1.6.1.3 Chapter 4: Apply Hydrogeomorphic Wetland Classification

1. To identify the different hydrogeomorphic wetland units

2. To determine if wetlands that belong to the same hydrogeomorgiana unit share

common features in terms of environmental drivers and processesdsyigating the
relation between landscape setting and local environmental faotdrsas water-table,

rainfall, and elevation.
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1.6.1.4 Chapter 5: Recommendation and Conclusion
1. To identify priorities for land-use management, esgly plantations, subsistence

agriculture and urban water abstraction under dngnglimate conditions.

1.7 RESEARCH APPROACH

Figure 1.4 illustrates the multi-disciplinary resgmapproach to describe wetland types found
within the north-eastern part of the Maputaland SalaPlain (study area) and to try to
understand the hydrogeomorphic drivers and the psese responsible for wetland
occurrence. This method to identify, classify anchitay wetland distribution dynamics can
also be applied on similar sandy coastal plains @gth of the study area or north on the
Mozambique Coastal Plain). Wetland classificationmf® a major part of the study using
three main components: vegetation, terrain attribated hydrology. Accuracy assessments

were done for both the land-cover and hydrogeomonmplaip produced.

Figure 1.4: Flow chart illustrating the researctprapch producing a multi-disciplinary
wetland information base.
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In this thesis, several different classifications aregméed on a sub-regional scale to address

the different wetland types found in the study area. In each chapliferent approach was

adopted:

In Chapter 2, permanent and temporary wetlands and open wateasgiied based on
vegetation and open water spectral signatures in wet and drybyeasing Landsat TM
and ETM imagery and ancillary data (Figure 1.4). The reasothis approach was to
create a wetness map using wet and dry years to show thmnoo&atemporary and
permanent wetland and open water areas. For the purposes ofitlyisasily general
wetland areas (e.g. swamp forest and sedge/moist grassldaddsegincludes reeds))

were mapped spatially with the use of time-series Lariddaaind ETM imagery.

In Chapter 3, the wetland type classification, specificdéyeloped for the study area,
was based on biophysical characteristics and functional aésibindscape setting,
water-table, vegetation and soil). A similar geomorphic @laaion approach to that
used by Semeniuk and Semeniuk (1995) and the Classification Systemtimmds and
other aquatic ecosystems in South Africa (Ollis et al., 20AB{E3, 2009b) that adapted
the hydrogeomorphic classification system, was also appliedw&bland definition of
the National Water Act, Act No 36 of 1998 (NWA, 1998) is used @oint of reference.
Terrain unit position in the landscape, SRTM DEM, land surveyowvattn
measurements along with long-term rainfall recorids,situ water-table levels, soil
analysis (Soil Organic Carbon and Soil Fraction Analysis) aé age geology and
vegetation descriptions were used (Figure 1.4). A conceptuall slooles wetland types
and how they work in order to illustrate how landscape and aquiferrpespaffect the
potential extent and distribution of wetlands, and how this could beendéd by

drought, with reference to the Hydrology Model in the Appendix 3.

In Chapter 4, the hydrogeomorphic wetland classification (adapteSloiath Africa) is
applied and evaluated in terms of the relation between hydrogeomevptiand units
and environmental factors using Multivariate Discriminant ArigJyand considers how
well the hydrogeomorphic classification could be applied on the MandteCoastal
Plain. In this chapter, the following questions are tested: l)thehewvetlands are
dependent on landscape setting and 2) whether wetlands belonging teartte

hydrogeomorphic unit share common properties and functions.
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The Hydrology Model manuscript (Kelbe et al., unpublished) in Appendikrigd to
populate the database of a single layer groundwater model (MOl(Harbaugh et
al., 2000) to determine the water-table profile over a peritid weet and dry years. The
simulations are used to provide insight of how hydrogeomorphic settidgclimate
interact to produce persistent or transient high water-tables ciwrdo the evolution of
wetland types in specific geomorphic settings. This study pteshe MODFLOW
(Harbaugh, 2005) results for a transient 10-year simulation periodJaoomry 2000 to
December 2010. Contributions towards the manuscript include wréditing, creating
figures, providing data sets and expert knowledge. The Hydrologggalrt (Dennis,
2014), using a combination of MODFLOW and MIKE SHE, was anothedlgabat
separate investigation. In both (Dennis, 2014; Kelbe et al., unpubli¢hegendix 3))
the model parameters were configured and calibrated agairesturedin situ data

acquired and used in this thesis (Grundling et al., 2014).

For the purpose of this thesis, it was decided to limit thesitigation to the north-eastern
part of the Maputaland Coastal Plain (study area). The studyfedsised on climatic,
geomorphological and hydrological processes to improve the chaatter and
understanding of wetland process within the landscape. It alsoefbars inland wetland
systems (including peatlands) with no direct connection to the obksirall the wetlands
that occur on the coastal aquifer contain peat, and one therefeds to distinguish between

organic and mineral soil wetlands.

1.8 ORGANISATION OF THE WORK

This geographical approach investigates the distribution, deasics and landscape
processes of the wetlands on the Maputaland Coastal Plaellaas changing land-use
patterns from 1992 to 2008. Secondly, an application of hydrogeomorphicnavetla
classification for the Maputaland Coastal Plain is presentesl k€y themes of the thesis i.e.
mappingof wetlands on the Maputaland Coastal Plain using Landsat TM BNdifaagery
along with ancillary data; collection of environmental datatfe characterisationof the
different wetland types: rainfall data, elevation, wasdne levels, soil surveys and,
vegetation data as well as tlassification of wetland on north-eastern part of the

Maputaland Coastal Plain (study area) in hydrogeomorphic unitsesenped in a collection

14



of three stand-alone manuscripts (Chapter 2, 3 and 4). Chaptetrddgiction) sets the
context and background of the Maputaland Coastal Plain. Chapter Zbdestiapping the
distribution of wetlands in wet and dry years and land-use changdimeon the north-
eastern part of the Maputaland Coastal Plain (study guab)ished); Chapter 3, (manuscript
form) discusses the landscape and aquifer processes charaghdeisirmining the dynamics
of wetland type extent and distribution (in which the groundwater mogetsults are used)
as well as classifying the wetland types (specificallyettgyed in this PhD); Chapter 4
(manuscript form) applies and evaluates the hydrogeomorphic nadetiassification for
wetlands on the north-eastern part of the Maputaland Coastal(Biady area) and shows
the relation between hydrogeomorphic wetland units and environmerdgdrsfa and
considers how well the hydrogeomorphic classification could beeabipl the north-eastern
part of the Maputaland Coastal Plain (study area); d@.wetlands depend on landscape
settinganddo wetlands belonging to the same hydrogeomorphic unit share common features
in terms of environmental drivers and proce8s€kese are tied together with a final Chapter
5: Recommendations and Conclusion. Appendices list the land-copemetadada, water-
table monitoring sites, hydrogeomorphic unit accuracy assessesetisrand give reference
to a hydrological model and wetland study on a smaller scaleeoBastern Shores of Lake
St. Lucia to indicate the relation between Soil Organic Carimonhgdroperiod; both were

done as parallel studies and support the findings of the thesis.
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2. DISTRIBUTION OF WETLANDS AND WATER

This chapter is published as:

Grundling, A.T., Van den Berg, E.C. and Price, J2813a) Assessing the distribution of wetlands
over wet and dry periods and land-use change onMaputaland Coastal Plain, north-eastern
KwaZulu-Natal, South AfricaSouth African Journal of Geomati2s 120-139.

2.10VERVIEW

The Maputaland Coastal Plain (north-eastern KwaZulu-Natal) hosésray of wetlands that
provide valuable ecosystem services to an increasing populatioroanght demand. The
apparent distribution of wetlands varies in response to periodstef surplus or drought,
and over the long-term has been reduced by resource (e.g. ageicdttrestry) and
infrastructure (e.g. urbanisation) development. This study used ataffd$ and ETM
imagery acquired for 1992 and 2008 (dry) and Landsat ETM for 2000 (Veety avith
ancillary data to 1) identify and map permanent and temporagn{ipiwetlands and open
water based on their spatial extent and distribution during wet day years; and 2)
determine wetland loss from land-use changes due to cultivataortapbn and urbanisation
using imagery between 1992 and 2008. In 1992 (dry) the smaller wetlaard primarily
identified “permanent” groundwater-fed wetland systems, whdmathe wet year (2000)
both “temporary” and “permanent” wetlands were indicated. Cosgarfetween both dry
years (1992 and 2008) indicates an 11% decrease in wetland (sedggrasstind) and a
7% increase in grassland distribution over time. Some aretaappear to be grassland in the
dry years are actually wetland, based on the largeaméextent (16%) in 2000. Swamp
forest wetlands were difficult to map and needed the support oflaampcilata. Minor
expansion of urban areas (0.87%) and the change in plantation and cropidmatidis also
replaced some wetlands. The 2008, Landsat TM dataset icatsif for the entire

Maputaland Coastal Plain gave an overall 80% mapping accuracy.

2.2 INTRODUCTION

Land-use activities such as agriculture (croplands), fgréptantations) and water supply
schemes on the Maputaland Coastal Plain and prolonged periods of drougtgdumesl the
availability of groundwater (Rawlins and Kelbe, 1998), which caer d@lte distribution of

wetlands in these groundwater-dependent ecosystems (ColNin2&07). The consequences
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are progressive landscape degradation, shrinkage and damage amirmgnmwetland
ecosystems, increasing water scarcity and water acagssipis (Grundling, 2011) as well as
a decrease in natural biodiversity on anthropogenically alteetldvd sites (Grobler et al.,
2004; Sliva, 2004).

The aeolian sands of the Maputaland Coastal Plain are leaatiéolain nutrients, resulting
in low agricultural potential (Watkeys et al., 1993), so lagaihmunities rely heavily on
wetlands for their daily livelihood, especially on peat-domithateetlands such as swamp
forests (Grundling, 2001; Sliva, 2004). However, significant landpuessures occur from
both cultivation and forest plantations (Grundling et al., 1998) tHattaboth permanent
wetlands (including swamp forests) and the temporary sedgé/gnassland wetlands on the
Maputaland Coastal Plain, while urbanisation impacts wetlafais,example, through

infrastructure development (Cuperus et al., 1999).

Land-cover maps generated from remotely sensed imagerysatk in numerous natural
resource applications to assess, map and monitor the spatidutiisiriand pattern of land-
cover classes such as open water and wetlands, as walicaade classes like croplands,
plantations or urban areas. The applications include the estimatarealfextent of various
land-cover classes, land-cover change analysis and input lfyrefs/drological models
(Stehman and Czaplewski, 1998). Wetland inventory and -classificatéon provide
information on wetland location, areal extent and wetland types rwishilandscape
(Finlayson and van der Valk, 1995), whilst wetland assessmaitsetietailed evaluation of
how a specific wetland or range of wetlands function by describmgcological processes
the wetland performs such as flood reduction or groundwater rec{ugth et al., 1995;
Kotze et al., 2009). Satellite sensors such as the Landsa@afibeévtapper (TM) (Zhang et
al.,, 2011) and Landsat Enhanced Thematic Mapper (ETM+) (Balar, 006) have been
used in wetland vegetation mapping projects. Remote sensing methhdke ittee use of
Landsat imagery for application over regional scales becaugteohigh cost of high
resolution imagery (Jensen, 2005). However, wetlands are highdysdivecosystems that
have significant variability of physical properties. Seasovetlands or ephemeral features,
marginal and degraded wetlands are often missed in wetland mappredures (Ramsey
and Laine, 1997; Baker et al., 2006). However, remote sensinged with ancillary data

sources such as a digital elevation model, vegetation and ap#,netc., can be used to
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extract thematic information to characterise wetland typesng distribution and condition
(Brooks et al., 2004; Jensen, 2005; Baker et al., 2006; Nagabla&te261t12).

The South African National Wetland Inventory (NWI) version 3 wasiporated in the
National Freshwater Ecosystem Priority Area (NFEPA) avetl types layer (Nel et al.,
2011), but some wetland areas in South Africa are still irseffily mapped such as
wetlands found in woodlands and savanna in lower altitude areas iZukwisatal,
Limpopo and Mpumalanga provinces (NLC2000 Management Committee, 2008yuy
wetland mapping initiatives for KwaZulu-Natal (KZN) have bewrated using different
mapping methods and scales, including the KZN Wetland layer {Skatv and Escott,
2011), KZN Land-Cover 2005 and 2008 (GeoTerralmage, 2006; Ezemvelo KENf&Vi
2011). However, these datasets do not indicate whether wetland dgnémient and
distribution) are related to seasonal and/or extreme rainfatite\or whether they have well
defined and relatively fixed boundaries. For example, Grundlingl.e2000) and Sliva
(2004) described the nature of swamp forests on the Maputaland (Riastads lower-lying
interdune, valley bottom areas associated with drainage tinegrlain by low-permeability
sediments, which receive sustained ground- or surface-watewinGroundwater seepage
elevates the water-table sufficiently in the valley bottowlsich results in permanently wet
conditions and the promotion of peat accumulation (Grobler et al., Za@ddling et al.,
2012b). These can be described as “permanent wetlands”, and halatizely fixed
boundary. On the other hand, temporary sedge/moist grassland weitantdson the deep
sandy soil in areas where the water-table fluctuations regey; conditions which are not
ideal for the development of peat. These can be referred“teragorary wetlands”, whose
boundaries may appear to grow or shrink in wet or dry periods, polectalsing their area
to be underestimated in periods of water shortage. During vetyyeas, some areas
including wetlands can be temporarily inundated with pools of open featarshort period.
These can be described as “temporary open water”. In contras, dre “permanent open

water” areas including the Kosi Bay lake system and smialkes such as Lake Shengeza.

Currently, the distribution and inter-annual variability of Matamd Coastal Plain wetlands
are poorly documented, but the variability of their wetted extentiges an opportunity to
assess their relative permanence, hence part of theiraiodniunction. This, along with the
extent of ecological change resulting from land-use change andmemeéntal degradation is

unknown. Monitoring of wetland dynamics is required to inform and support gearent
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and decision-making related to natural resource utilisation incluatiogss to groundwater
resources by local communities, outbreak of water-borne diseksemdiaria and cholera,
and determination of land-use zoning and planning for sustainable res@mecTherefore,
the aim of this paper was to use Landsat TM and ETM imaajeng with ancillary data to
1) identify and map “permanent” and “temporary” (inland) wetlandsapah water of the
Maputaland Coastal Plain based on their spatial extent and distniluutring wet and dry
years; and 2) determine wetland loss from land-use change® duétivation, plantations
and urbanisation between 1992 and 2008.

2.3STUDY AREA

The Maputaland Coastal Plain is situated in north-eastern Hwa¥atal, South-Africa
(Figure 2.1). The area covers ~943 000 ha and stretches from tlaenkiqme border in the
north to the town of Mtunzini in the south and is bordered by the Ifd@an on the east
and the Lebombo Mountain range to the west. The Maputaland CBkstais characterised
by sandy soils and an undulating dune landscape on a low-lying qoagtaMomade et al.,
2004). The area has a subtropical climate with hot and humid sunamérsiild winters
(Taylor, 1991). In summer (November to March), the mean monthkgmiperatures exceed
21°C and the area receives 60% of the annual rainfall (MaridaRutherford, 2006). The
maximum potential evaporation is 1900 mm per annum (Mucina and Ruth@®@@),. The
study area in the northern part of the Maputaland Coastal Plaircgnbination of 79%
unspecified or subsistence agriculture in the Tembe Tribal(eB@aangaliso Wetland Park,
2008a), while 21% is protected conservation area that includeiSithangaliso Wetland
Park in the east and the Tembe Elephant Park in the(8&btBI, 2009a) (Figure 2.1A).

The Maputaland Coastal Plain is characterised by cover satiisnwerth-south orientated
parabolic dunes on the coastal plain (Whitmore et al., 2003) anthdeasystems feeding the
coastal lakes such as the Kosi Bay lake system (Porat and, BOthB). Surface water bodies
include rivers, floodplains, estuaries, pans and coastal Ig&etha and Porat, 2007).
Wetlands include peatlands, swamp forests, reed swamps, amearphinterdune wetlands
and hygrophilous grasslands (sedge/moist grasslands) (Taylor, 1991ambidtha, 2008).
Figure 2.1B indicates the subtropical freshwater wetland ligtoin in the study area based
on the KZN Wetland layer (Scott-Shaw and Escott, 2011); Figure iddi€ates wetland
types based on the NFEPA layer (Nel et al., 2011). Although 2 Wetland layer and the
19



NFEPA wetland type layer show the extent and distion of wetlands, they do not indicate

whether the wetlands are permanent or temporatgrsgs

Figure 2.1: A) Regional map of the Maputaland Cdd2kain in South Africa and study area
location. Study area indicating the KZN Wetlandeia{B) and NFEPA Wetland Layer (C)

24 METHODOLOGY

2.4.1 Rainfall Data
The total monthly rainfall data for the northerndst@rea was acquired from the ARC-ISCW

(2011) for the period January 1989 to December q@idure 2.2). The long-term rainfall
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indicates high summer rainfall from October to Maactl lower winter rainfall from April to

September with average rainfall 94 mm/month (summepgeand 30 mm/month (winter

period). Rainfall data were grouped monthly and afipuo determine dry and wet years to
facilitate satellite imagery selection. Landsat Tidagery was acquired for both 1992 and
2008 (dry), and Landsat ETM for 2000 (wet) yearse Belection of 2000 (wet) was made
because it was the only distinctly wet year in pegiod of record (Figure 2.2). Less than
average rainfall was received from 2002 to 2012,mthe average annual rainfall (586 mm)
was far below the long-term average rainfall of 8 (measured over the previous 23

years) (Figure 2.2).

Figure 2.2: Average annual rainfall highlighting plack) the wet year (2000) and dry years
(1992 and 2008).

2.4.2 Wetland and Land-Use Mapping

2.4.2.1Data Preparation

The moderate resolution Landsat Thematic Mapper (&M) Landsat Enhanced Thematic
Mapper (ETM) data (30 m x 30 m pixel) were used t@riee extent of wetlands in dry and

wet years. The three assessment years (1992, 2d0®088) were selected from the Landsat
imagery archive (USGS Global Visualization Viewed10) and acquired through the former
Satellite Application Centre. The decision to chebandsat 1992 (dry year), 2000 (wet year)
and 2008 (dry year) imagery was primarily made anltasis of 1) representation of wet/dry

rainfall conditions; 2) availability of images witlmited cloud or cloudless conditions; and
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3) the images acquired were for the driest month of the résyisar (winter) (July 1992 and
September 2000 and 2008).

The 1992, 2000 and 2008 Landsat images were orthorectified using the 90 m Sadtie
Radar Topography Mission (SRTM) DEM (CGIAR-CSI, 2008) and 2002 Glodnadl Cover
network Landsat images as base maps. The orthorectificatiodonasin the original UTM
(Universal Transverse Mercator; Datum World Geodetic SyS#&nprojection after which it
was re-projected to the Geographic (Datum World Geodetic Sy&4¢mrojection. Towns,
roads, borders (Land Surveyor General, 1980, 1985) and conservati®iS#eéil, 2009a)

were sourced, and the study area boundary defined.

2.4.2.2Data Processing

Landsat images for three different years (1992, 2000 and 2008) werespbbgsusing both
un-supervised classification and vegetation indices using pixel-baassifiers in ERDAS
Imagine software (2012). The land-cover maps created fotutg ®llows the classification
scheme proposed for the Standard Land-Cover Classification for Sénth AfThompson,
1996). The South African National Land-Cover 2000 Project reportedtibaERDAS
ISODATA clustering classification method (ERDAS, 1999; Thompsaal.e2002) using all
the available Landsat TM spectral bands works the best ftangstand for other land-cover
classes applied in the National Land-Cover 2000 initiative (Van deg Bt al., 2008).
Therefore, an interactive self-organised clustering proced8f@DOATA) classification with
200 classes was created. The 200 classes were interpreteceageti imto 14 preliminary
land-cover classes before the initial field reconnaissanceetde the first draft map. A field
reconnaissance trip (21-25 February 2011) was used to selectgrsitg@s representative of
the different classes to be mapped. Only broad wetland, wWegetand land-cover classes
were mapped. At each of the 378 observation sites, descripfivenation was recorded,
geographical positions were determined by means of a Global Pagitipstem (GPS) and
a colour photograph taken at some of the points. The field data weesgedcand a spatial
layer was created containing all relevant information for epelific point. Since most of
the land in the study area was in conservation areas or inreemte areas, access was
limited and data were therefore collected mainly along magmondary and tertiary roads
depending on the visibility from the roadside edge. The land-coassifitation map was

created and classification improved using 1) the knowledge gathiknédg the field
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reconnaissance to evaluate the first draft classificatind;?2) interpretation and refinement
based on the information from selected classes from existinijpandatasets (Table 2.1).
The ancillary datasets were only used as guidelines, togeitieknown verification sites, to
create areas of interest to classify the different-tzmaer classes. All the datasets were cut to
cover the full extent of the study area. The final classibn scheme used for this study
(Table 2.2) is similar to that proposed by Thompson (1996) and GeoTagal{2006), with
modifications of the wetlands (sedge/moist grasslands) and sWaegi classes, because
their classifications did not distinguish swamp forest from otbesst classes, and was not
recognised as a wetland class. Two statistical filtezsevapplied to the classifications. In
these filters, the middle pixel of the moving window is replacedhey predefined value
(mean, median or maximum) of all the pixels within the windoRDAS Field Guide,
2008). Firstly, a 3 x 3 maximum filter was applied, to agsighe connection of isolated
pixels which formed part of linear features such as rivers er thine wetlands. Secondly a 3
x 3 median filter was applied to filter out very small aredich otherwise create a salt and

pepper effect.

Table 2.1: Ancillary datasets used to assist in the landrotassification interpretation

Datasets Reference Purpose

Vegetation map of South Africa, SANBI (2005) To familiarise with the distributiori subtropical

Lesotho and Swaziland freshwater wetlands and swamp forests on the
coastal lowlands

Shuttle Radar TopograpiMission CGIAR-CSI To determine the elevation (height above

(SRTM) Digital Elevation Model  (2008) level)

(DEM)

KwaZulu-Natal (KZN) province  Van den Berget To use the valley bottom and foot slope terrain

soil and terrain unit map al. (2009) units. These are closely associated with wetlands
occurrences

National Wetland Inventory (NWI Nel et al. (2011 To familiarise with the distribution of differe

version 3 wetland types

National Freshwater Ecosystem
Priority Area (NFEPA) wetland

types

KZN Wetland laye Scot-Shaw anc To re-classify of the forest classes (dune, s¢
Escott (2011) swamp and riverine classes)

KZN Land-Cover 2008 Ezemvelo KZN  To familiarise with the distribution of wetland

Wildlife (2011)  class
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Table 2.2: Selected land-cover classes (adapted from: Tohom396; GeoTerralmage,
2006)

Class No. Class Name Definitions (summarised)

1 Open water All areas of open water

2 Wetlands All permanent, temporary fresh water and brackigilamd areas with
(Sedge/moist sedge and/or moist grasslands (i.e. excludes sviamgts)
grassland)

3 Urban All urban and built-up areas, irrespectivk associated populated

residential, commercial or industrial use that uniels some mines and
quarry areas

4 Grassland Open grassland with shrubs smaller Btaem high (<10% canopy
closure)

7 Cultivatior Identifiable areas of commercial, scattered or tekesl, sma-scale,
dryland or wetland cultivation associated with tahaelling

8 Plantations All areas of timber plantations amimporary clear-felled stands
awaiting re-planting within timber plantations

14 Swamp forest Indigenous, dense, tall trees associated with amsaurce (i.e. river or

wetlands stream) that grow in permanent wet areas assocwitadfootslope and

valley-bottom terrain units (landscape position rheetlands are more
likely to occur) with >70% canopy closure

2.4.2.3Data Analysis

The wetland maps created from the 1992 (dry), 2000 (wet) and 2008nfdwyg 1y were used
to map the temporal character of the wetlands and open wateed mn previously
established definitions that include: 1) Permanent wetlareketlareas are permanently
saturated (DWAF, 2005), with soil that is inundated or waterlogigexighout the year, in
most years (Thompson et al., 2002). The vegetation is lush gneéevades from tall trees
(>70% canopy closure) associated with swamp forests, to reededgé svetlands and
discontinuous permanent wet patches in depressions within the sedgejrasslands. 2)
Temporary wetland: this refers to seasonal wetlands chasactdyy saturation for three to
ten months of the year, within 50 cm of the surface (DWAF, 2008} class also includes
the temporary areas where the soil close to the surfaceqp 50 cm) is wet for periods >2
weeks during the wet season in most years (seldom flooded or sdtatahe surface for
longer than a month). It can remain dry for more than a year (Thwongisal., 2002). The
vegetation cover of temporary wet areas can include moissignas with the presence of
sedge species (Pretorius, 2011). In accordance with these previstisblished wetland
definitions, for open water the following are added: 3) Permameen water: inland areas
with open surface water such as lakes that exist in all yeampt the most extreme dry
conditions. 4) Temporary open water: areas where open surfaceosetes only seasonally
or in extremely wet years. For the temporal analysis twpsstvere used to describe the

extent and wetness types (permanent or temporary) of wetlantlomen water in the
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Maputaland Coastal Plain. Firstly, an area comparison was bedeen the three years by
overlaying the wetland and open water layers representing fleeedif years. A script was
used to calculate the sum value for the three years withpgel value equal to one. If the
total value for the three years was 3, it was considered ta permanent wetland or
permanent open water area. If the total value for the tleaeswvas 2 or 1, it was considered
to be a temporary wetland or temporary open water area. Thadsetep made use of a
script in ERDAS to allocate class number to create a “wstneap that distinguishes

permanent and temporary wetlands and open water.

For land-cover change analysis all three datasets were udesciibe the extent of wetlands
and land-use classes during the three different years (1992, 2000 and 20@far&tive
tables were completed, summarising the area and percentages following land-cover
classes over the three assessment years. Comparison bttevémee mapping years (1992,
2000 and 2008) was used to quantify the change within the landscape filaissene year
to the next. Finally the wetness map (permanent and temporagndeihd open water
product using all three years) was compared with the 2008 land-ysdontuantify the

wetlands that were affected by land-use.

2.4.2.4Accuracy Assessment
The accuracy assessment analyses were performed usingtivads:

1) Error Matrix
The land-cover accuracy statistics were calculated usingranreatrix (confusion matrix)
usually represented in terms of overall, user’s and producasigacy to compare the land-
cover classes derived from satellite image classifinativith referenced sample points
acquired in the same year (Stehman and Czaplewski, 1998; Shao ana0U8), The
accuracy assessment data were collected from two independasetdathe National Alien
Invasive Plant Survey (NAIPS) databases (Kotze et al., 20dd)Y500gle Earth satellite data
(Google Inc., 201)1 The NAIPS database points were produced using a stratfigatbcess
that includes the use of NDVI and terrain unit classes, lamdfcclasses and bioregion
information. The survey was performed in 2008 using a fixed-aingaft. A digital photo
was taken at each point. Each point was assigned a land coversoogl@n interpretation of
the photo and high resolution Google Earth satellite images. Donlaratitover class in a

100 m x 100 m area was used for the accuracy assessment datdbatassification
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accuracies were calculated on the final filtered version c2@@8 Landsat TM classification
dataset for the entire Maputaland Coastal Plain that includeshbller study area. A total of
1753 reference points were used to calculate the overall ngappcuracy. Accuracy results
included overall land-cover classification accuracy as aglbmission and commission error
percentages for the full 2008 classification. No field veaifin data or high resolution

satellite images were available for the 1992 and 2000 assesgears.

2) Land Cover Change Analysis
The land-cover change analysis used the Two-date Sequence Regiew modelling
procedure (Schoeman et,a?010) to ensure compilation of comparable and standardised
land-cover class allocations, prior to any year-on-year chandgsasaA uniform grid (100
m x 100 m cells) over the study area was used to comparbrégeassessment years using
Microsoft Access 2008 software. The 100 m x 100 m cell size westese to correspond
with the minimum mapping unit associated with the Landsat dataBee land-cover class
allocated to each cell represented the spatially dominanuréeatvithin that cell, as
determined from the original land-cover mapping datasets éothitee years. The database
calculated changes in land-cover class between the diffessassment years that are likely
to occur and those that are not likely to occur based on a probalslityvith 132
probabilities. For example, if the pixel in the first and secsgbssment year was water, this
is not likely to be a mapping error; but if it is water in fiist assessment and woodland in
the second assessment, then this is likely to be a mapping €rchanges are in
percentage values, indicating the percentage of the origitalicat have changed to another

class.

2.5 RESULTS

2.5.1 Permanent and Temporary Wetlands and Open Water Areas

The nature of the aquifer, topography and rainfall distribution (hynogrphic setting) are
related to the wetland distribution and temporal character. dpegtaphy (Figure 2.3A)
reflects the regional geological template that slopes towthedsast, and is superimposed by
more recent dune formations. There is also a precipitation gHigiradient; the rainfall
decreases from east (>820 mm) to west (680 mm) (ARC-ISXD0R) (Figure 2.3B).
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Figure 2.3: Elevation (A) and long-term rainfalltdisution (B) of the study area.

A wetness map showing temporary and permanent wetland open water was created by
overlaying the occurrence of swamp forest and sedgst grassland and open water classes
for each year (1992, 2000 and 2008 shown in FigutA-C) (Map Metadata in Appendix 1).
Wetlands cover ~18% of the total study area. FoB02Qwettest year) this includes
sedge/moist grassland (~16%) and swamp forest (~@p&n water comprises ~3% of the
total study area including the Kosi Bay lake syst@rable 2.3). The permanent wetlands
(swamp forest, reed/sedge wetlands and a mosaisadrdinuous permanent wet patches in
depressions within the sedge/moist grasslands vasjasomprise 15% of the total wetland
and open water area, while temporary wetlands &euyst grasslands) cover 72% of the
total wetland and open water area (Figure 2.4Dg 3édge/moist grassland wetlands on the
uplands are flooded during large rainfall eventg.(the floods in 2000). These wetlands can
be temporarily inundated with open water during weey years for a short period (Figure 2.4
D).
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Figure 2.4: Wetland distribution in dry years (Ada@), wet year (B) and wetness map with
permanently-,temporary wetlands and open water §Bdas

Table 2.3: Selected land-cover class cover for 12900 and 2008 in percentage and
hectares (ha)

Classes 1992 2000 2008
% ha % ha % ha

Open water 2.48 4201 2.84 4781 2.34 3951
Wetlands (Sedge/moist grassland) ~ 11.14| 18845 15.97] 26908 4.96 8373
Wetlands (Swamp Forest) 1.39 2352 1.58 2655 163 2751
Grassland 19.0¢ 32202 16.9¢ 28619| 23.7¢ 40089
Cultivation 17.1€ 29028 15.14 25523 11.1: 18764
Plantations 6.96| 11782 9.60| 16176 8.85| 14929
Urban 0.07 119 0.10 163 0.87 1472
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2.5.2 Land-Cover Change Analysis: Wetland Loss and Land-Use Change

Figure 2.5 indicates the open water, grasslands, urban, tohivand plantations classes for
both dry years (1992 and 2008). These are only five of the eighteerrdaad-classes
mapped for the Maputaland Coastal PlédMap Metadata in Appendix 1). Table 2.3
summarises the results for open water, sedge/moist graflands, swamp forests,
grasslands, urban, cultivation and plantations classes mappall ttnee years. Comparing
the percentage area for all the land-cover classes foertwe study area in both the dry
years (1992 and 2008), open water, swamp forest, plantations and udmalbchanged by
less than 2.64% (Table 2.3). However, the plantation aceah(s(Figure 2.5) had bare soil
and clear-felled stands (areas awaiting re-planting in Septer2808) that were not
calculated in the plantation class for 2008. Accurate mapping ampwforest were
problematic, and the results in Table 2.3 shows that swamp farest slightly increased.
However, swamp forest loss has been reported due to the slash-butraismy of these
systems for cultivation purposes (Grobler et al., 2004; Sliva, 200#gre was a slight
increase in the urban and plantation classes (Table 2.3). Irastrdedge/moist grassland
wetlands, grasslands and cultivation areas changed considéetilgen dry years and
between wet and dry years. The wetland (sedge/moist grassiaat) decreased from 11%
in 1992 to 5% in 2008 (Table 2.3). The results for the wet year (2BQ@fré 2.4B) indicate
a larger wetland extent (16%) (Table 2.3). Some of the araasppear to be grassland in
the dry years are actually wetland, based on the wet yeaei(@8§0). Grassland areas in
dry years range from 19% (1992) to 24% (2008) (Table 2.3). Cultivateas an 1992 were
more (17%) than in 2000 (15%) and 2008 (11%) (Table 2.3). The cultivatemmation and
urban distribution pattern changed significantly from 1992 to 2008 (Figbwe &nd B).
Cultivated and urban areas became more prominent near the townrmguedand the main
road network instead of being dispersed throughout the landscape, whikgiptes spread

across the study area (Figure 2.5B).

Results from comparing the known permanent and temporary wetlangpandvater areas
(Figure 2.4D) with 2008 land-cover classes (Figure 2.5B) indibateemporary sedge/moist
grassland wetlands have been replaced by 883 ha of plantation. Uviedopdeent affected
96 ha of temporary and 31 ha of permanent sedge/moist grassland we#iihdagh
cultivation areas were the lowest in 2008 (compared with 1992 and ZD&lilg (2.3), the

importance of wetland utilisation for cultivation practices shadtibe overlooked as 4212
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ha temporary sedge/most grasslands wetlands, 19ehaapent wetlands and 37 ha

temporary open water areas changed to cultivated are

Figure 2.5: Comparing land-cover classification mapsthe dry years 1992 (A) and 2008
(B).

2.6 DISCUSSION

2.6.1 Permanent and Temporary Wetlands and Open &/dtreas

The distribution of permanent and temporary wetlaadd open water are related to the
hydrological and geomorphological processes on thputaland Coastal Plain. The upland
(50-82 m.a.s.l.) has a greater proportion of temposdge/moist grassland wetlands;
lowland areas (1-50 m.a.s.l.), where precipitat®also higher, host most of the permanent
wetlands, including swamp forest, as well as some ¢eanp wetlands and most of the
permanent open water (Figure 2.4D). Groundwater argeh takes place when there is
sufficient rainfall, while groundwater dischargecacs in low-lying areas, facilitated by the
underlying regional geology that slopes towardsehst. Consequently, the permanent open
water areas (Kosi Bay lakes system and Lake Shahgdzch represent 2-3% of the total
study area, and all of the swamp forest are congruith the high water-table in the coastal
region. Swamp forests covered only ~2% of the stardya, and are restricted to the incised
valley bottoms associated with drainage lines ijetiog the regional water-table that ensure

permanently wet conditions. The sedge/moist grasshatthnds that occur primarily on the
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uplands cover ~5% of the study area and are associated with intelejunessions and
upland depressions as well as some valley bottoms. The sedgiegnassland wetlands on
the uplands are flooded during large rainfall events (e.g. the flimo@800). In locations
where the depression intercepts the water-table throughout thet ye@ermanently wet, but
where the base is elevated relative to the water-tdi#ewetlands are only wet during high
rainfall events. The temporary sedge/moist grasslands on tAedugte vital recharge areas
that contribute to the regional groundwater resource (Grundling £042a), and hence may
be undervalued habitat.

2.6.2 Land-Cover Change Analysis: Wetland Loss and Land-Use Change

The change in spatial land-use distribution from 1992 to 2008 exhibitedha isligease in
urban (+1353 ha) and plantation (+3147 ha) areas and decrease in culfivatibces by
10264 ha. The increase of tourism and entrepreneurial activitiesheesown eManguze,
close to the Mozambique border, may explain the slight incrandedefinite change in
spatial distribution of urban, plantation and cultivation land-useada3$e 11% temporary
sedge/moist grassland wetlands loss by 2008 can be directly linkaxdtoise change (by
883 ha plantation, 96 ha urban development and 4212 ha cultivation) pleateck these
wetlands and the drop in water-table resulting in the tempavatiands that appear as
grassland. The indirect impact of water abstraction (Schap@t2) and evapotranspiration
by plantations (Grundling et al., 2012a) on wetland function and distribistiamknown and

is therefore a major research need.

2.6.3 Accuracy Assessment

Accuracy assessment was performed using an error matrix (2atleUsing the known
verified points for the land-cover classes from an independdidiated dataset (Kotze et al.,
2010)against the classification data for each land-cover clagsegent the pixels classified
as a specific land-cover class) one can calculate the agdaraeach land-cover class and
calculate the overall mapping accuracy for the dataset. ThellbVend-cover/wetland
mapping accuracy for the entire Maputaland Coastal Plain dgtasiethe smaller study
area), derived from single date 2008 Landsat TM satelliégéry, was 80% (Table 2.4).
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Table 2.4: Error matrix with verified points for land-coversskes (rows) versus the classified
cases for each land-cover class (columns).

Classification data

T S c | _ 3 L
° S 2|18 |3 a 5 E ol
= c - G © T | N IS D 5 €+ sgs
el 2| 8| 8|2 | €|l |g¢| 883 |3 |833
S| 8| €| 8|3 | 8|8 |29 285 |35 |28%
=S| 2| S>3 06 | 0|a|m AL | 2oL | F &<
Water 16 1 0 1 0 0 1 0 19 84
Wetland 1] 114 17 4 0 0 2 120 15( 76
w | Urban 0 0
-% Grassland 0 13 2| 351| 73 7 3 3 73| 525 67
2 | cultivation o] 2| 3 5/ 92| 3 0 18| 123 74
Q
£ | Plantation 0 2 1 4, 45 1 5| 58 78
= | Bare Soil 0| o o] o o 12 0| 12| 100
Swamp Forest 2 2 100
Woodland/
Savanna/Forest 0 11 28| 20| 17 @ 21 782 | 874 89
17€
Total 17| 143 5| 402 194 67 16 29 890 3
User’s Accuracy
(%) 94 | 80 0 87 47 67| 75 7 88
Overall Accuracy (%) 80

High mapping confidence (75% to 100%) was obtained for land-covesestasvater,
wetlands (sedge/moist grasslands), cultivation, plantation bemd soil. The urban and
swamp forest classes gave unsatisfactory results becausanter of independent points
representing these areas were few and both classes rémmsdinareas on the Maputaland
Coastal Plain. The grassland class obtained 67% due to thepowéHacultivation practices
and temporary wetlands. The woodland, savanna and other forest ¢éagsehine forest,
sand forest) were grouped because these classes were difficuip due to the similar
spectral signatures and these classes were not of concehe fstudy. The 80% mapping
accuracy for the 2008 Maputaland dataset compares well wittNIE2000 land-cover
datasets (average accuracy 48.5%) that also used Landsatyiraag a similar mapping
procedure (Van den Berg et al., 2008). The same mapping techniqusedafor both 1992
and 2000 but no independent dataset with verified points exists for thersetgecalculate

the mapping accuracy.

The Two-date Sequence Logic Review analysis was used tamitedeerrors in change

detection that resulted from the original land-cover mappirsglassifications. The database
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calculated changes in land-cover class between the differergsasnt years in percentage
values, indicating the percentage of the original cellstihgé changed to another class. The
highest percentage error occurred between cultivated and gasdtesses (33% to 41%),
between wetland and grassland classes (34%) and between ibared stultivation classes
(26%). Ozesmi and Bauer (2002) indicated the overlap in spedfyatsres between
wetlands and other land-cover classes such as agriculturalardpgpland forests can result
in errors. The cultivation class mainly represents areasdeutise swamp forests in open
grassland areas and in sedge/moist grassland wetlands bectuagorubctivities inside the
swamp forests are covered (hidden) by the tree canopy or in scmecessthe gardens are
too small for a single pixel to be mapped as cultivatior HAigher cultivation (17%) in 1992
could be that grassland areas were classed as cultivatiomsbeafathe low grass cover in a
dry year, similar to dry cultivated lands. Mapping of swamp faaad sedge/moist grassland
wetland types indicate that Landsat classification did well spping the sedge/moist
grassland wetland types. However, the swamp forest wetlangbtygped to be difficult. The
resolution of the Landsat imagery (30 m) is not the optimalap swamp forests because of
their relatively narrow linear form and similar spectransitures compared to dune forests
and sand forests (Walsh, 2004), but can be used for larger sedgejmesland wetlands.
Swamp forests could not be classified without the support fromlamciliatasets, e.g.
vegetation maps. Care must be given in the interpretation ahgvarest extent for the
different years; it seems as if this wetland type inciabat field visits and other work
indicate swamp forest loss due to cultivation practices. @ilaardages of using Landsat data
are: 1) the images are free; 2) an archive of historia daavailable for large areas of the
world; 3) Landsat TM and Landsat ETM has 7 multispectral bandf, gabd spectral
information; 4) limited image processing time is needed; andi$)effective in monitoring
the wetland dynamics between wet and dry years and land-use aramgeegional scale.
SPOT imagery, in contrast, is not so readily availablehasdimited spectral bands.

Availability of the images for specific years can afféet classification accuracy, e.g. 1992
was the driest year early in the study period, while 2008 waseohto represent dry
conditions in the latter part of the study, although 2002 and 2003 wemnedeee years;
however, those images were unavailable. Moreover, 2008 follewsatjuence of dry years
so lag effects from prior wet years were less likely. iFhglication of assessing the spatial
patterns based on imagery from a dry year (e.g. 1992) intavedtavet period (Figure 2.2)

is that one would be likely to overestimate the coverageeohanent wetlands, while in
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extreme wet years (e.g. 2000), temporary wetlands would be tretesl. During the very
wet years wetlands can be temporarily inundated with open water $bort period. The
spatial scale of the sensor is the most important fatteeparation of temporary open water
classes with temporary wetlands in this type of wetland envieonRamsey and Laine,
(1997) reported that classifications derived from Landsat TMy@&®grovided good class
separation when one class dominated more extensive areas)(blithnot when mixtures of
water and wetland vegetation were on the same order asatiésdat TM sensor spatial
resolution (30 m). Using data over several more years, insfeanly three, and images for
each wet and dry season, might prove to be more successfuppingdéhe temporal stages
and extents of wetlands and open water. The seasonality and aainfzdl of the study area
need to be considered. Rainfall variability over the study a®avell as during the season,
induces change in the growth and composition of vegetation and cato lehdnges in the
spectral signature of the land surface. The accessilwiitghe study areas to gather
verification points for the classification were limited doedeep sandy soils, overgrown dirt
roads and access entering conservation areas. This also hagdieation on the accuracy of

the classification.

2.7 CONCLUSIONS
This study has demonstrated the capability of using Landsateeseasing imagery with

ancillary datasets to establish wetland extent and permareneeell as land-use activities
(plantations, cultivation and urban classes) and its changengearimind the spatial
limitations of Landsat (e.g. wetlands and croplands <1 ha and atetfivfields in swamp
forests will be difficult to map). The ambiguity between skss cultivation and grassland;
temporary wetland and grassland; and bare soil and cultivation méedhighlighted. These
classes are closely related and driven by seasons and wet gretidds; this is evident in
the study area where abandoned gardens on temporary wetlands have beverad by
grassland because of drier conditions. Similar spectral sigsadfiswamp forests with other
forest types (dune and sand forests) as well as their ré¢yatiaerow linear form pose a
problem to accurately map swamp forests; they could not befigldssithout the support
from ancillary datasets such as vegetation maps. Urban aeheaacterised by open bare soil,
house structures and small croplands made class separaticnltdiffhe combination of
Landsat imagery with ancillary data show land-use activitied drought have reduced

wetland extent and distribution by 11%. Wetland loss is a signifizanttlem for the local
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communities that depend on them as a natural resource and #sistratneed for improved
management by all stakeholders. The permanent and tempordayndvetap and land-use
impact assessment on wetlands can help to underline the whtlatdn and vulnerability

and guide land-use practices that have a direct and indirect effehem. Improvements to
this method (e.g. Landsat imagery with supporting ancillary dath as maps for wetland
vegetation, cultivation and urban classes from high resolutiortrapand spatial resolution
imagery can be applied to similar coastal areas, such asldapataland Coastal Plain in

Mozambique, supporting future research.
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3. LANDSCAPE PROCESSES

This chapter to be submitted as:

Grundling, A.T., Price, J.S., Grundling, P. and Van den Berg Edbdscape processes
controlling the dynamics of wetland type, extent and distribution in reasitern KwaZulu-
Natal, South Africa.

3.10VERVIEW

This study focused on investigating the climatic, geomorphologicel hydrological
processes to classify wetlands types of north-eastern KwaZuaéu-pravince, South Africa,
and to improve the understanding of wetland processes within the dgedsthe process
driver on the Maputaland Coastal Plain is rainfall and evaporatmupled with the
geological and geomorphological template of the area. Groundwuaddel results (from
parallel but separate investigations) confirm that the we#laextent and distribution are
directly linked to spatial and temporal variation of the wé&dbte. For example, the
temporary wetlands on the upland plain (>50 m.a.s.l.) that occueas avith mineral soils
having low clay content, have water-table deptf2ssm during the wet period, signifying they
are linked to the regional water-table. The regional watde-tédes to the surface following
significant rainfall events during relatively wet periodsd avith their permeable soils and
topographic position these areas act as recharge zones. Temgystams exhibit large
water-table decline during dry seasons and within an 11-yeaghirgeriod (2002-2013).
Some temporary wetlands on the central upland occur where ibaeakgater-table is >2m
depth, as a result of illuviated horizons with higher clay adnteuried ferricrete or paleo-
peat layers that reduce hydraulic conductivity, promoting perchpdrgally perched water-
tables that contribute to a prolonged hydroperiod (essential forndediavelopment). In the
lowland areas (<50 m.a.s.l.), the groundwater model resultsrroedf the presence of
groundwater discharge zones. These areas support more permatardsmgith dominantly
peat or high organic soil substrates, including swamp forest andofmtb&t permanent open
water bodies. This study indicates the landscape hydrologicatsleve more important than
the east-west rainfall distribution. The types of wetland dlsaur on the Maputaland Coastal
Plain are dictated by a combination of water permanence (penivemetemporary wetlands

and open water) controlled by the landscape settings (i.e. pialen@ and lowland), slope
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and valley floor). The wetland types identified include permaonertemporary channelled
valley-bottom, unchannelled valley-bottom, depression (mostly intejduamd seep. One

floodplain (the Siyadla River Floodplain) was identified.

3.2INTRODUCTION

Freshwater ecosystems are amongst the most endangeredesnesysthe world (Dudgeon
et al., 2006) and wetlands were recently identified as th& threatened ecosystem in South
Africa (Driver et al., 2012). The sub-tropical freshwatetlands found on the Maputaland
Coastal Plain in north-eastern KwaZulu-Natal are importanthi®mtaintenance of the rich
biodiversity in the area (Mucina and Rutherford, 2006; Taylot.eP@06; Rivers-Moore et
al., 2007), as well as for subsistence agriculture (Low, 1984loiTa}Q88; Sliva, 2004;
Grobler, 2009). However, the prolonged period of drought (2002-present) ardskustdich
as cultivation, forestry plantation and urbanisafiéhapter 2) (Grundling et al., 2013a) have
rendered these wetlands vulnerable, not only to natural stressdrsas fire, but also to
exploitation. Schmera and Baur (2011) emphasise the need for heseatibe underlying
processes shaping patterns of biodiversity, as landscape andhaitacteristics are now

required in conservation planning and biodiversity management.

Several theories have been developed to explain patterns andspsoa#svegetation
community organisation in the landscape, e.g. abiotic factotheasnajor environmental
determinant (Schmera and Baur, 2011). MacDevette (1989) identifedntjor vegetation
gradients on the Maputaland Coastal Plain, namely north to sodtbsst to west. Wetlands
on the Maputaland Coastal Plain inclysermanentvetlands (peatlands, swamp forests and
reed/sedge wetlands) and sedge/moist grasslands that are/ memsorary wetlands
(Chapter 2) (Grundling et al., 2013a). Their distribution reflect& thgdrogeomorphic
characteristics as governed by the climate within a p&aticgeomorphic setting, as

described below.

The distribution of wetlands is related to the spatial pattefmainfall. Eastern South Africa
receives more rainfall that other parts of the country, andecoesitly most of the wetlands
occur in the east of the countriatthews et al. (2001) and Taylor et §006) have

indicated that rainfall distribution controls the vegetatioadgnt. Extreme rainfall events

like subtropical cyclones play a role in recharging the aquifetb@et al., 1995). On the
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other hand, prolonged periods of drought reduced the availability of gratexd{Rawlins
and Kelbe, 1998), which can affect the distribution of wetlands isettgroundwater-
dependent ecosystems (Colvin et al., 2007). However, the spamifiequences of drought
and how they affect wetlands are unknown. Water losses by evapottingpiepresent the
other significant climatic driver. In the Maputaland Coastalair potential
evapotranspiration exceeds average annual rainfall, leadingitolpef moisture deficit in
most years (Mucina and Rutherford, 2006). This results in wetlaeiig more reliant on

groundwater to sustain the requisite level of wetness.

Colvin et al. (2007) suggest the Maputaland Coastal Plain t®rdisaquifer-rather than
rainfall-dependent ecosystems (such as wetlands, moistagrdssind forests) and that the
hydrology of the area defines and influences the ecologicalrpstend processedt is
postulated that the aquifer is the major source of watestipgtorts rivers, springs, lakes and
wetlands during dry periods, and it is recharged by these sysiging wet periods (Taylor
et al., 2006; Colvin et al., 2007; Le Maitre and Colvin, 2008; Kallie Germishuyse, 2010).
Grundling et al. (1998) and Marneweck et al. (2001) suggested #ratd¢buld be a strong
relation between the spatial distribution of wetlands and the rdgmmaub-regional

hydrology and geology.

Van Wyk (1991) and Matthews (2007) reported on ititerrelated effectof topography,
water-table and soil type as the main ecological drivingpfaabn the Maputaland Coastal
Plain. Goge (2003) and Taylor et al. (2006) confirmed that groundaatesoil moisture
play a dominant role in vegetation composition and structure. Initheabove-noted theory
of general drivers, Maltby and Baker (2009) described hydrology attiolling driver for
a wetland type. The interaction between groundwater, surfatersvand atmospheric
moisture play a role in the processes that drive wetlandidmiag. The particular hydrology
of a wetland controls biogeochemical processes central in eaosystectioning that
includes carbon, phosphorus and nitrogen cycling (Barnes et al., Z0BB).in turn
influences the structure of the wetland ecosystem and medieteaccumulation of organic
matter (Maltby and Baker, 2009). On the Maputaland Coastal Piapmgraphic and
hydraulic characteristics of the aquifer, the regional geologydtions that slope eastward
towards the coast, and rainfall distribution (diminishing awaynfthe coast) are the main
drivers of spatial and temporal variability in wetland and opemdgistribution (Grundling

et al., 2013a)However, these drivers and landscape processes have not ysufimeently
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characterised to explain a) the extent and distribution of pemiamd temporary wetlands
and b) the formation of certain wetland types on a sub-regionkd frathe Maputaland

Coastal Plain.

Various classifications of wetland type have been developedexample, Semeniuk and
Semeniuk (1995) applied the geomorphic approach to wetland classificatthe Darling
system in Australia, which has a dry climate and a limitethe of basic landscape units
(settings or landforms) that host temporary wetlands, sitailire Maputaland Coastal Plain.
However, temporary wetlands are ephemeral and transitiomal, thus difficult to
characterise. Nevertheless, characterising their exteindiatribution is just as important as it
is for permanent wetlands, in order to provide a basis foemh&thdscape management
(Lopez et al., 2013). The wetland classification used in thiseptesudy was based on
biophysical characteristics and functional attributes (landscagiing, water-table,
vegetation and soil). Classification names are similar te¢lven primary names used in the
Classification System for wetlands and other aquatic e@sgsin South Africa (Ollis et al.,
2013; SANBI, 2009b), which adapted the hydrogeomorphic (HGM) clag®ificaystem.
The National Water Act (NWA), Act No 36 of 1998 (NWA, 1998) of IoAfrica defines

wetlands as:

“Land which is transitional between terrestrial and aquatic systeimsrevthe water-table is
usually at or near the surface, or the land is periodically coverigd shallow water, and
which land in normal circumstances supports or would support vegetatiomltymacapted

to life in saturated soil.”

In the Maputaland Coastal Plain there is a need to identify atearize the different
wetlandtypes their biophysical characteristics and where are tbegtéd in the landscape.
Furthermore, to better manage these wetlands it is edgentinderstand the landscape and
aquifer processesshaping the wetland’s presence, dynamics and characteefdreerthe
objectives of this research were 1) to classify wetlandsstyygthin the study area on the
basis of their structure and function; and on this basis 2) to atbeése the landscape
processes shaping the dynamics and distribution of the wetlared type

3.3STUDY AREA
The study area extends from the Tembe Elephant Park in thetavdse Kosi Bay lake
system near the Indian Ocean in the east (Figure 3.1).tUthe @&rea (~250 000 ha) is part of
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the Tembe Tribal area in the northern Maputalands@dbaPlain situated in north-eastern
KwaZulu-Natal, South-Africa (Figure 3.1). Protectegnservation areas (21% of the study
area) include the iSimangaliso Wetland Park in t&t and the Tembe Elephant Park in the
west (SANBI, 2009a). The rest of the land-use ¢®@mbination of unspecified or subsistence
agriculture (iSimangaliso Wetland Park, 2008a), $tseplantations and an urban area at the
town eManguze near the Mozambique border post. Thenge in spatial land-use
distribution from 1992 to 2008 exhibited a slightnease in urban (+1353 ha) and plantation
(+3147 ha) areas and decrease in cultivation pestly 10264 ha, as a result of the 11-year
drought period (Chapter 2) (Grundling et al., 2013&e wetlands of the study area are used
for cattle grazing and croplands (Grundling et 4B98), and the wetland vegetation is
harvested for crafts and building material (Tarraét 2004). The presence of previous
agricultural land-use on wetlands was evident endtudy area where abandoned gardens on
temporary wetlands have become covered by grasblecaluse of drier conditions (Chapter
2) (Grundling et al., 2013a). Macfarlane et al.12Dnoted the impact of reed harvesting on
the vegetation structure and composition in the Muwamp (reed/sedge wetland inTembe
Elephant Park); reeds are fewer, thinner and shtiréa they were in the past (Hannekom,
2011).

Figure 3.1: Regional map of the Maputaland CoaBlain in South Africa and study area
(left); land-use distribution from Landsat EnhancEdematic Mapper (ETM+) imagery,
September 2008 (Chapter 2) (Grundling et al., 20{/8gi)t).
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3.3.1 Climate

Several global and macro-regional factors such as hot, wet exam{nopical) with high
humidity and mild slightly drier winters (subtropical) are resguas for the
tropical/subtropical character of the Maputaland Coastah Rleaylor, 1991; Mucina and
Rutherford, 2006). These factors include the movement of the opieat Convergence
Zone towards the south during the summer months as well as thenganihience of the
Agulhas Current close to the eastern coast (Mucina and Ruthe2fi6; Veereet al., 2008).
Tropical cyclones can cause major climatic and hydrologicalrfgre.g. ‘cyclone Claude’ in
1969 and ‘cyclone Demoina’ in 1984 (MacDevette, 1989). Bruton and Cooper (1980)
reported on the events in early 1976 when Maputaland experienced 700nfathiraonly 3
days. Tropical storm Irina occurred during the research periodairchiyl 2012. Cyclones
originate over the Indian Ocean and approach the Maputaland Coamstal fieim the
northeast. The 1901-2009 Climate Research Unit Global Climater@adeds for a location
in the study area (Lat: -27.1, Long: 32.5) indicates the totahgeerainfall is 908 mm per
year, and alternating wet and dry periods ranging from 9-13 Y&, 2013). Wet periods
(where the moving average rainfall over 10 years is more tthe total average of 908 mm
calculated from 1901-2009) occurred in 1909-1922; 1954-1967; 1971-1984 and 1989-2000.
Mucina and Rutherford (2006) reported that 60% of the rainfall on thmutdiand Coastal
Plain occurs during the summer months (November to March) anddd@®tg the winter
months (April to October), and the mean annual temperatur€@ Zhe evaporation rates
on the Maputaland Coastal Plain are the highest in the winteraalydspring (Van Wyk,
1994; Van Wyk and Smith, 2001). Annual evaporation rates were meas2@ebimnd 2010
on the Eastern Shores area adjacent to Lake St. Lucia was 9@6r i@ Mfabeni mire and

478 mm for the coastal dunes (Clulow et al., 2012).

3.3.2 Geology and Hydrology

Table 3.1 lists the geology of the Maputaland Coastal Rtadonsists of Jurassic basalt and
rhyolite lava of the Lebombo Group that underlie the coastal gBoth& and Porat, 2007).
The terrestrial and recent marine sediments of the Zululand @xidpto Late-Cretaceous)
were deposited on top of the volcanic rocks (Van Wyk and Smith, 20@t&pEfor the
Makatini Formation, all consist of sedimentary deposits formed &sine and/or fluvial
environments, presently or historically (Briggs, 2006). The Zobil&roup consists of

Cretaceous conglomerates, grit and sandstones in the basal sastiofossiliferous
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glauconitic marine siltstone in the top layers. The Maputaland GidigsPliocene to Late
Pleistocene) consists of Tertiary calcarenite, conglomerand sand partly overlaying the
Cretaceous sediments. The younger, more recent Pleistaxdineests cover the Cretaceous
and Tertiary formations and include alluvium, fine-grained aeoédistributed sands, clayey
sand, dune and beach sands, washout-fan gravels and small outcraasrofcious earth
(du Preez and Wolmerans, 1986; Van Wyk and Smith, 2001).

Table 3.1:The geology of the Maputaland Coastal Plain (ad&medRoberts et al., 2006).
The position of the sequences is generally as shown, froro togitom, but see Figure 3.2.

Lithostratigraphic Unit Age and Lithology
M Sibayi Formatio Brown and oranc-brown aeolian sands (cover sands); Cos
a Barrier Dune Cordon (<10 ka)
E KwaMbonambi Formatic Remobilised underlying dune sand -8 ka
t Alluvium and Interdune peat (<10 ka)
a Isipingo Formatior (Upper): Interlayer calcareous sandstones and uecksd
I sands (Eemian beach deposii25 ka)
a (Lower): Carbonate cemented sandstones (Pleistocene
n aeolianite 200 ka)
d Kosi Bay Formatio Orange to yellowish brown silty sands (Older AemSands)
Forms core of coastal dune. (Middle to Late Pleiste, >300
G ka). Note: Clay enriched
L Port Durnford Formatic Lacustrine mud and clayey carbonaceous sand (EaMyjddle
u Pleistocene)
P Unconformity
Umkwelane Formation Aeolianite and calcarenite EBliocene)
Uloa Formation Littoral and shallow marine coquaral sandstone (Mio-
Pliocene) - karst weathered surface

Unconformity

Zululand Grou Siltstone , limestone, sandstones, conglomeratetg€eous
Lebombo Group Lebombo lavas: basalts and rhyqliesassic)
3.3.3 Aquifer

The Port Durnford sediments in the east and the underlying Cretasgistsne of the

Zululand group sediments in the central and western parts of dpeittddand Coastal Plain
are characterised by low permeability and form a basal aquifRadelins and Kelbe, 1998).
The Zululand Group have low groundwater yields (potential saline Wwé&akapers, 2012)

and according to Maud (1998) act as an impermeable layer.

There are two primary aquifers present on the Maputaland CoBR&éd, roughly

characterised as shallow and deep:
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i) The hummocky dune systems comprise the KwaMbonambi Formatfmesesting sand
mobilization, alluvium and peat deposits that occurred during 8tgglacial cycle. These
make up the shallow, unconfined aquifer known as the Maputaland Caasiter (Colvin
et al.,, 2007). The sandy sediments of the Late Pleistocend@adene (cover sands) are
well sorted, highly porous and permeable (typical hydraulic coivilyctalues ~1.006e-04
m/s compared to the Port Durnford lacustrine mud values ~1.006¢s)1@®nundling and
Grundling, 2010). However, the sandy sediments do not occur everywhere.are some
localized occurrences of relatively low permeability swdistre.g. ferricrete (Roux and
Thomas, 1993). Rainfall infiltrates the sandy soils and percolatdse water-table, then
flows laterally to discharge at a lower elevation wherarierges as a surface water source
(Kelbe, 2010). This shallow aquifer is characterised by shesidence time for the
groundwater, because of the high recharge values; the wateigélpically shallow (<5

m.b.g.l.), especially in low-lying areas (Schapers, 2012).

i) The deeper, semi-confined aquifer of the Uloa and Umkweekarmations contains high
yields of generally good quality groundwater (Maud 1998). How iecharged is still
uncertain (Maud 1998; Kelbe, 2010; Roux, 2011; Schapers, 2012).

The hydrogeological characteristics of the Maputaland Grouipljahd Group and Lebombo
Group’s lithostratigraphy within the immediate study area at eManglocation shown in
Figure 3.1) is shown in Figure 3.2. Schapers, (2012) clasdtie regional aquifers of the

northern Maputaland Coastal Plain as:

i. KwaMbonambi Formation (often at higher elevations) typified by Isedl perched
conditions at the contact with the Kosi Bay Formation. The Mi@ambi Formation
(sugar sands) is presumed to be composed of more recent, medioarse-grained
sands forming an unconfined aquifer with a high water yield,

ii. The Kosi Bay and Isipingo Formations, which form partial aquetutthat may, because
of sandy silts with slight to moderate clay content, low y&ld high adhesive forces, act
as a confining and/or semi-confining layer to the underlying geoldgg rubified
palaeosol in the Kosi Bay Formation marks the existence of i@dbaeolian sand
landscape (Cooper and Kensley, 1991),

iii. The Uloa/Umkwelane Formation (Calcrete), which consists afacabus sands, clays
and gravels to form the confined and/or semi-confined aquifer wath thansmissivity

rates (75-100 Aiday). The Uloa Formation contains a sequence of calcifiednenar
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coquina, shelly and boulder/cobble conglomerate séthdstone and siltstone deposits in
which gastropods, brachiopods, coralline algae eodls are present (Roberts et al.,
2006). The Umkwelane Formation overlies the karsttnyad surface of the Uloa
Formation and consists of cross-bedded aeolianiealdified and rubified in the upper
surface forming the Berea-type red sand. Relatitgd clay content in the Berea-type
red sand is from weathering of the feldspar and enadinerals (Roberts et al., 2006),

forming the confining layer above the Uloa Formatibteyer et al, 2001).

Figure 3.2: Interpreted geohydrological charactess of the Maputaland Group
lithostratigraphic layers at the eManguze area (iiftxil after Porat and Botha (2008) and
Schapers (2012)).
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3.3.4 Landscape Setting (Topographical Position)

Kruger, (1983) described the Maputaland Coastal Plain asaast €orelands characterised
by plains (>80% of area with slopes less than 5%), low redief30 m), presence of pans
(i.e. depressions), low to medium drainage density and stresguehcy. DLP (1992)
described the geomorphology of the area as a broad low-lying coastalvjih a large dune
cordon parallel to the coastline developed through bidirectiomabpkc dunes. North-south
orientated dune ridges (Botha and Porat, 2007) with dune troughs that ascdumear
interdune depressions between the dune ridges (DLP, 1992) aretetistia of the area. The
inland facing dune slopes are relatively gentle with sl@éslegrees (DLP, 1992).

Although the study area is situated on a coastal plain, disiindscape units do occur that
detain or retain water necessary to form a wetland. Sememibi&emeniuk (1995) described
such landscape settings as highlands/hills, slopes, flats, d¢haand basins. The
Classification System for wetlands and other aquatic e@sgsin South Africa (Ollis et al.,
2013) make a distinction between four landscape settings (iley flaors, benches, plains,
and slopes)Valley floorsoccur at the base of a valley, situated between two sigesslith

a river, stream or longitudinal wetland that sometimes extalmhg) the valleyBencles are
mostly level or nearly level high ground (relative to the broadsardings), typically being
less than 50 ha in areRlains are extensive areas of low relief characterised by gently
undulating or uniformly sloping land with gentle gradient (<1:1@ppesare an inclined
stretch of ground that can include scarp-, mid- and foot-slopes. \g@owia this study area
(coastal aquifer with sandy plain and dunes formations) the landsetipgys are identified
as consisting of 3 types: plain (upland and lowland), slope and vedtey Theupland plain
(high ground relative to the broad surroundings) extends more than 50 riea iana is >50
m.a.s.l., while thdowland plain occupies areas below 50 m.a.s.l. The 50 m.a.s.| line was
selected based on previous literature (Grundling, 2001; Turner and, F28@) who
indicated peatlands of the Maputaland Coastal Plain generadlyr aanly below this
elevation. Theupland separates lower-lying areakwland to the west and to the east
(Figure 3.3), where incised valleys form part of the dranagtwork representingalley
floors. The transition from the upland to lowland is #lepeareas, which have a topographic
gradient of about 1-2% (Figure 3.3). The drainage systems indhedeorthwards flowing
river in the Muzi swamp (west), the northeast flowing SigaRliver to the south of the lake
system and west-to-east flowing rivers feeding the Kosi Bake (Lake KuHlange) at

approximately right angles to the coast (Figure 3.3).
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Figure 3.3: The location of the upland50 m.a.s.l) region between the Muzi swamp and
Kosi Bay (Lake KuHlange). The lowland (<50 m.a.qlblue-grey shadingto the west and
to the east with drainage systems having incisdiey floors.

3.3.5 Soil

Most of the coastal plain consists of geologicatigent medium to fine-grained aeolian sands
that are nutrient poor, highly leached and acidian Wyk and Smith, 2001). The sandy soils
are characterised by rapid infiltration rates aholawater-holding capacity. Botha and Porat
(2007) described the soil forms on the Maputalandstz Plain by well defined soil catena

that vary from red, yellowish brown to grey, whigenerally show a sharp reduction of
organic matter to less than 0.5% >0.3 m below théase. The duplex, sodic soils with a

prismatic subsoil structure occur on the margin®ldfdune ridges, while organic-rich soil

and peat occurs in permanent wetlands (Botha arat,22007).

3.3.6 Vegetation
The dominant vegetation types which can be fountherhydrological zones in the wetland,

are reed marshPpragmites australigCav.] Steud.), bulrush marshlypha capens)s
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Schoenoplectus corymbosus, Cyperus sphaerospermus, Leptochloa fuscastyisnbr
ferruginea in permanently waterlogged areas; sedge ma@sipdrus latifolius, Cladium
mariscus, Centella asiaticah permanently to seasonally waterlogged areas;lmperata
cylindrical, Dactyloctenium aegyptiuoommunity wet grassland in temporarily waterlogged
areas (Kotze, 1999; Pretorius, 2011). Dominant swamp forest speciese Raphia
australis, Ficus trichopoda, Voacanga thouaraid Barringtonia racemosdGrundling et
al., 2000; Grobler, 2009).

3.4METHODOLOGY

3.4.1 Transect

A 60-km long transect was selected from the inland Tembe Eleplaaki{west) to Kosi Bay

Lake at the coast (east) spanning a range of hydrogeomorpmgseihd wetland systems.
The transect selection was based on 1) availability of datagesiing wetland studies, as
well as accessible groundwater, rainfall and soil inforomfi2) variety of different wetland

types; and 3) accessibility and safety.

3.4.2 Rainfall

To address the spatial-temporal variability of rainfadtat monthly rainfall data for the
northern study area were acquired from the ARC-ISCW (2011) éopeéhiod January 1989
to December 2011. The locations of the automated and manu&lewstdtions are shown in
Figure 3.4. The rainfall measured during the Tropical Stoina I(3-7 March 2012) was
obtained at the Tembe Elephant Park office and the Mi&tation at the town of eManguze.

3.4.3 Elevation and Landscape Setting

An elevation map highlighting valley floors, upland (>50 m.g,9dwland (<50 m.a.s.l.) and

slope areas was derived from a 90 m DEM that was created the elevation data from the
Shuttle Radar Topographic Mission System (SRTM) (CGIAR-@808). SRTM data are

used to generate a digital topographic map of the Earth's landeswifla data points spaced
every 3 arc seconds for Global coverage of latitude and londiypgeoximately 90 m). The

SRTM data meet the absolute horizontal and vertical accarati€0 m (circular error at

90% confidence) and 16 m (linear error at 90% confidence), resggctag specified for the
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mission. However, thabsolute vertical accuracfthis is m.a.s.l.) is significantly better than
the 16 m and is closer to +/- 10 m for the world. Téktive vertical accuracys much
higher; up to 1 m. The limitation with this dataset is the emoseamalgamation of high
vegetation (e.g. swamp forest and plantations) canopies asesaléaation. A land surveyor
was contracted in June 2010 to measure the elevation at each 59 thesitu water
monitoring sites (accuracy 3-6 mm). The land surveyor readiogshe 59 sites were
compared to the 90 m and interpolated 30 m SRTM data (Van den Bailg €009;
Weepener et al., 2012). The results indicate a local avdifigeence of 3 m higher and 1 m
lower for sites without high tree cover and a local avecdge&m for sites in or near swamp
forests and plantations (i.e. with tree cover). Work by KelbeTaytbr (2011) comparing the
SRTM data set with Lidar data for an area near St Luciaki®Gouth of Kosi Bay) and
found vertical errors at pixel resolutions (90 by 90 m) that carezkd0 m but generally
within 2 m for those areas with short vegetation or bare sdierQtatasets include the 1:50
000 5 m elevation contour data set (NGI, 2010) that was used in tth®lélyy Model
(Appendix 3)).

3.4.4 Hydrology (Water-table Monitoring)

During September 2008, 54 water-table monitoring sites were figelndind in April 2009,
15 additional sites were added to obtain a total of 69. Howeverdatdyfrom 59n situ sites
are used in this analysis (Figure 3.4) as the other sitescoamgromised (dried up, damaged,
collapsed or filled in with sand/gravel) and the correct watlkeletmeasurements could not be
taken. From the 59 observation points, 40 sites included wetlandses4veire lakes and 15
were non-wetland terrestrial sites. The monitoring sites indluble boreholes (sunk for
communal use), 29 wells (open wells dug for communal use in andl@wstlands), 3
depressions, 4 lakes, 6 stream crossings (low-water bridhes)ring, 3 wetlands and 2
drainage ditches in swamp forest wetlands. Lakes, spring andsdngre assumed to
represent the surface expression of the regional water-Mbiehly readings were taken in
the period September 2008 to December 2009, June 2010 and February 2011 wgéhdhe
a Solinst water-level meter. At shallow dug wells whée water levels dropped below the
pit, additional PVC well-pipes were installed to access tatemtable. The response of the
water-table to Tropical Storm Irina was measured at 12 sitging 3-7 March, 2012.
Groundwater electrical conductivity (EC) was measured aMina wetland in the Tembe

Elephant Park with the use of an electrical conductivitieme
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The sites were selected based on 1) their accessibilitygi@dsaround the roads and rivers
for easy access and 3 and 5 km apart), 2) permission from thauwuoiy to measure the
water levels and 3) to have reference points not only from tavesist along the transect but
also points north and south to gain an overview of the regionaladile distribution. The
water-table monitoring sites were between 3 and 10 km appperlix 2 lists the water-

table monitoring points.

3.4.5 Hydrogeological Modelling

The use of a hydrological model to derive the best estimatee akgional water-table profile
was examined as another way to aid in the delineation andctbasation of wetland types
for comparison with wetlands mapped from Landsat (Chapter 2inflBng et al., 2013a).
Groundwater model simulations (MODFLOW) provided by Kelbe et (ahpublished)
(Appendix 3) were used to estimate the regional water-tablegmofihe shallow unconfined
aquifer systems over a period with wet and dry years. The logical model simulations are
based on hydrogeological information and aquifer structure descript@itsated with head
data (water-table monitoring data) provided by this study. The logioall model is not
central to this research but formed part of a parallesbparate investigation. Groundwater
simulations were done from January 2000 to December 2010. Anothekelphtlseparate
investigation (Dennis, 2014) used a combination of MODFLOW and MBKEE. In both
modelling studies (Dennis, 2014; Kelbe et al., unpublished in Appendithe3)model
parameters were configured and calibrated using the actuet-tahte readings monitored
between September 2008 and December 2009; also June 2010 to February 2011.

3.4.6 Soil and Vegetation

3.4.6.1 Soil and Vegetation Surveys

Soil and vegetation surveys were conducted at locations represefathe five different

wetland systems along the 60-km transect based on preliminahpkeérvation (Grundling
et al.,, 2010; 2011) (Figure 3.4). These five different wetlarstiesys include: 1) Interdune
depressions and 2) swamp forests towards the east, 3) Muzi swacth@) perched pans
(depressions) towards the west; 5) upland wetland systems imitlade of the transect.
Detailed soil and vegetation community and sub-community descriptiotiseofvetness

zones found at 14 wetland sites provided a separate but compaundlléosalso confirm that
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the wetlands’ extent and distribution are directly linked to spatidl temporal variation of
the water-table (Pretorius, 2011). Two techniques were used tabgesnd sample the soil,
either by soil/peat auguring or by describing a soil profile impen pit. In June 2010, for
each soil sample site, the data collected include elevajionndwater level, soil form and
family, and dominant vegetation type. The soil types were itbestiusing the procedure
outlined by ARC-ISCW (Turner, 1991). Additional general soil obs@mat and
classifications (i.e. organic or mineral soil) were madeeach of the 59 water-table
monitoring sites. In September, 2011, 12 sites along the 60-km dtamees augured to
depths that vary from 2.35 m to 10.75 m to investigate the déppresent) of a low-
permeability sediment layer. Laboratory analysis included dkb @rganic Carbon (SOC)
(analysed with the Walkley-Black method), clay content (bermening the particle size)
and pH (water and KCI solution method) (De Ligny and Rehbach,)1960

3.4.6.2 Additional Soil Information

Additional soil information acquired includes 1) peatland surveys dgn@rundling et al.

(1998), acquired to help map locations where peat was documergate(B.4); 2) a gravel

pit location map indicating materials used for road building (Roux and aoh®93); and 3)

comparison of wetland distribution with clay soils occurrence. [@tier was done by using
the clay classes from a semi-detailed soil map creatdtifaZulu-Natal by Van den Berg et
al. (2009) with the wetland’s class in the 2008 Landsat TM cleadn dataset (Chapter 2)
(Grundling et al., 2013a). The comparison statistics werelledéadl using a confusion matrix
usually applied for accuracy assessments (Chapter 2). Thendeatlass derived from the
2008 Landsat TM classification dataset was compared with tdesgeas (that indicate the
weathered clay-enriched soil found in soil profiles) acquired fabmndependent data set
(Van den Berg et al., 2009)). Area calculations were dondnéowetland pixels that overlap

clay and water classes.
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Figure 3.4: Water-table monitoring sites in wetlaan@as (green points) and non-wetland
sites (red points). Soil surveys include 1) Suniay September 2011 to check for

impermeable layer (white points), 2) detailed soitl aregetation descriptions at 14 sites
(Pretorius, 2011) (yellow points) and 3) peat syrsiges from Grundling et al. (1998) (black

points). The locations of automated (1) and mangjlveather stations in the study area are
indicated by white and purple points (ARC-ISCW, 201

3.5RESULTS

3.5.1 Long-term Rainfall

The long-term rainfall (1989-2012) for the studyaaradicates high summer rainfall from
October to March and lower winter rainfall from Aptd September (Figure 3.5). Rainfall
records indicate that less than average rainfadl keaeived from 2002 to 2012. The average
annual rainfall (586 mm from 2002 to 2012) for thedgtarea was lower than the long-term
average rainfall of 753 mm (measured over the paste28s) (Figure 3.6) (Refer also to
Figure 2.2).
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Figure 3.5: Box-and-whisker plots for rainfall ov@B years (Jan 1989 - March 2012)
arranged according to the hydro-calendar (Sept-A(RC-ISCW, 2011). The box
represents the lower and upper quartile, and iesutle median (centre line), mean/average
(dot) and upper quartile (top of box), while the iskers are the minimum value and
maximum values recorded.

Figure 3.6: Average annual rainfall over 23 yeararaed with average for wet period and
average for dry period.
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3.5.2 Wetland Occurrence in Relation to Hydrology

3.5.2.1 Simulated Water-table Depth

The simulated water-table profile for the entire study ares wonsidered alongside
previously identified temporary and permanent wetland and open-exstas (Chapter 2)
(Grundling et al., 2013a) to provide a comprehensive understandinte aroundwater-
dependent ecosystem. The mean depth to the water-table foimiation period from
January 2000 to December 2010 is shown in Figure 3.7A, and the stdadetibn of depth
to water-table is shown in Figure 3B (Kelbe et al., unpublishegpéAdix 3). Depth to the
regional water-table for the wettest (Figure 3.7C) and dffegure 3.7D) conditions during
the 11-year simulation period was determined and the 2 m depthtéo-table contour was
plotted, along with wetland distribution during the corresponding wet apdperiods
(Chapter 2) (Grundling et al. 2013). Generally, areas within2this contour during the dry
period (e.g. 2008; Figure 3.7D) show close correspondence with permegtéanids in the
lowlands and valley floors (e.g. Muzi system along the Teniyehant Park boundary and to
the south of Lake KuHlange (the larger of the Kosi Bay lakesjing the wet period (e.qg.
2000; Figure 3.7C) there are many more wetlands areas indicasidediie 2 m water-table
depth contour (i.e. where the water-table is greater than 2).8).bThese wetlands are
characterised by large water-table fluctuations with standardation >1 m, implying
changing water levels of >2 m during the simulation period (Keibal., unpublished)
(Appendix 3). Most of these correspond to temporary wetlands on ntralogpland plateau
(plain). The temporary wetlands that fall within the 2 m wébie depth contour during the
wet period (Figure 3.7C) are linked to the regional wateetadnhd have a smaller standard

deviation in the water-table depth (Figure 3.7B).
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Figure 3.7: A) Predicted regional water-table les@htours (meters below surface) for the 10
year transient mean simulated period. B) The StahDeviation of the simulated depth to
the water-table (mBGL), closely aligned to the dedihydraulic properties of the regional
aquifer. The classified wetland distribution supgyosed on the predicted 2 m depth to the
water-table during corresponding C) wet conditigd800) and D) dry conditions (2008).
(Kelbe et al., unpublished) (Appendix 3).

3.5.3 Wetland Occurrence in Relation to Terrain Re@es and Clay Content

3.5.3.1 Impeding Layers

Eight of the 12 sites surveyed showed evidencemgfeding layers, i.e., either an abrupt
change in clay content or a hardened layer in toél@. The results of the 8 sites with an

impeding layer are listed in Table 3.2 with summaridesdcription of the possible impeding

layers found that include: 1) clay layer in a deagja line, 2) buried paleo-peat layers, 3)
buried ferricrete and 4) siliceous cementation b&ed-formed layer, enough to impede water
flow because of the change in hydraulic condugtigitthe different layers in the soil (expert

opinion from Nell (2012)). The laboratory analysesrgvdone for the Muzi system, and for
perched pans similar to 262, Z3, Z4, Z32 and Z3@ {&§gure 3.4 for locations). Sites Z7 and
Z39 already had convincing evidence of an impedaygi (Table 3.2). Additional results for
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the Muzi wetland and perched pans (similar to Z62) were obtaioed Bretorius (2011)
(Grundling et al., 2014).

Table 3.2: Summary for samples where an impeding layefouasl.

No. Wetland Saoll Depthcm| % Clay | Description of sdiprofile
Muzi Muzi Pea 50-40C 26-38 . 16% clay 0-50 cm
wetland . > 32% clay 50-400 cm
- chalk (marl) deposits observed in the peat prof
262 Kwamsomi | Calcified | 0-20 cm 25 . 24.8% clay 0-20 cm
Pan Perched sand . 1.27% SOC at 0-20 cm
Pan . pH 7.08
. Water-table: 0.59 m above soil surface
Z3 Headwaters Peat 100-120 8 . Between 14-30% clay from 0-100 cm
of Muzi : Clay 8% 100-120 cm is lower
. Water-table depth: 0.74 m
Z4 Pan with Sanc 420-48C 10 . Between 0 to 4 % clay from 0-360 cm
buried - Clay 10% at 420-480 cm distinct buried black
organic layer clay / organic matter
. Water-table depth: 0.270 m
z7 Wetland site| Sand 420-480 - . Buried Ferricrete at 400-600 cm
next to . Water-table depth: 1.23 m
borehole
Z32 Dry well Sand 100-120 10 . A change in clay from 0 to 10%
(upland) 1000 6 - Achange in clay from 0 to 6%
. Water-table depth: 4.90 m
Z37 Well near Sand 196 16 . A change in clay from 0 to 16%
drainage line 235 22 - Achange in clay from 16 to 22%
. Water-table depth: 2.20 m
Z39 | Spring nea Sanc 52C - . A change in grain size, texture and black coloy
drainage line . Buried paleo-peat layer
Water-table depth: 0.64 m

Analysis of why the wetlands mapped in Chapter 2 (Grundling €2@l3a) are located in
the study area show clear relation to the regional elevationlep(@EM) derived from
SRTM data, the main geological units (Botha and Porat, 2007) andadayrence map (Van
den Berg et al., 2009) (Figure 3.8). Figure 3.8A shows the swfacation relative to mean
sea level based on the SRTM DEM. Clay-enriched soil foundilrpsofiles (Figure 3.8A)
corresponds well with the wetlands mapped in Chapter 2 (Grundlial, €013a) (Figure
3.8B). Results from the confusion matrix used for comparisoistgtatto calculate the clay
occurrence with wetland distribution indicates that permanenamgsl(representing 15% of
the total wetland and open water in in Figure 3.8A), occur mokilygadrainage lines in
valley floor (see Figure 3.3), commonly (~48 % of them) hau&% clay content in the soil
profile (Figure 3.8B. and Table 3.3). This is prevalent alondvthei river valley swamps in

the west and in the headwaters of the Siyadla River sys@ndrains into the Kosi Bay lake
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system (Figure 3.8B) in the east. Temporary wetlaands more widespread (representing
75% of the total wetland and open water in Figu®A3 many of them occurring in the

upland. Overall, temporary wetlands were less lik@4% of them) to have a high clay-

content (>16%). However, many of these temporarylands, especially those occurring
outside the 2 m depth to water-table during wetopksr (Figure 3.7C) co-incide with mapped
areas high in clay (see central upland in Figug8B.

Figure 3.8: (A) clay content occurrence correspomidls (B) wetland distribution.

Table 3.3: Wetland overlap with clay content ocenoe (%).

Clay Content Classes \Wetiands __Wetlands _Open water _Open water
Wetlands on Clay 1 (Very low - 0-5%) 63 35 36 1
Wetlands on Clay 2 (Low - 6-15%) 12 15 7 0
Wetlands on Clay 3 (Medium - 16-35%) 1 1 0
Wetlands on Clay 4 (High - 36-55%) 18 29 14 0
Wetlands on Clay 5 (Very high - >55%) 5 18 11 0
Wetlands on Clay content unknown 1 2 32 99
100 100 100 100
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3.6DISCUSSION

3.6.1 Wetland Classification

The wetland-type classification, specifically developed for shedy area, was based on
biophysical characteristics and functional attributes such asationdperiod and saturation
levels based on the landscape setting, water-tabletatean and soil. Classification names
used were similar to Classification System for wetlands ahdr @quatic ecosystems in
South Africa (Ollis et al., 2013; SANBI, 2009b) that adapted thedgetrmorphic (HGM)

classification system.

3.6.1.1 Landscape Setting

The geomorphic approach takes into account the variability of webletwrence resulting
from its geomorphic position (Brinson, 1993; Smith et 41995). Landscape settings
identified for the study area include plain (upland and lowland), stopk valley floor
(Figure 3.3).

3.6.1.2 Water

In this study, four types of water permanence are distinguisiasédbon previously
established definitions for wetlands and open water (refer &pt€h 2) (Grundling et al.,
2013a). These include: Permanent wetlandhese areas are permanently saturated (DWAF,
2005), with soil that is inundated or waterlogged throughout the ypamast years
(Thompson et al.,, 2002). The vegetation is lush green and Vfaoi@stall trees (>70%
canopy closure) associated with swamp forests, to reed anelwetignds and discontinuous
permanent wet patches in depressions within the sedge/mosstlagids. Permanently
waterlogged/saturated conditions promote the accumulation of ongetier in the soil. 2)
Temporary wetlandthis refers to seasonal wetlands characterised by satufati three to
ten months of the year, water-table within 50 cm of the suif@@éAF, 2005) This class
also includes the temporary areas where the soil close tarfaees(i.e. top 50 cm) is wet for
periods >2 weeks during the wet season in most years (seldom floodatuted at the
surface for longer than a month). It can remain dry for mone ¢ghgear (Thompson et al.,
2002). The vegetation cover of temporary wet areas can inclug# gnasslands with the
presence of sedge species (Pretorius, 2011). Temporary wetlendotaideal for the

development of organic matter. Bermanent open wateimland areas with open surface
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water such as lakes that exist in all years except the extreime dry conditions. Permanent
open water includes the Kosi Bay lake system and Lake Sher@aamporary open water
areas where open surface water occurs only seasonally or imeltre/et years. During
very wet years, some areas including wetlands can be terfypanandated with pools of

open water for a short period.

3.6.1.3 Wetland Type Classification

Ollis et al. (2013) listed seven possible primary hydrogeomonphitand types for inland
systems: river, floodplain, channelled valley-bottom, uncheuhehlley-bottom, depression,
seep and wetland flat. Wetland flat areas are defined aal ‘bewnear-level wetland area that
is not fed by water from a river/channel, and which is typicsitlyated on a plain” (Ollis et
al. 2013, p103). The primary water source for wetland flat iSgitatton except on a coastal
plain where groundwater may rise to, or near the surfaces(€ilal., 2013). However, in
review of the hydrogeomorphic classification system, especlyaining to this dune
landscape, depressions (large, small, flat bottomed and round battelorgated, linear,
perched and through-flow) are the main local features in the lgrelsca they can occur on
any landscape setting (plain, slope and valley floor). Theacter ecological function and
driving hydrological processes between “depressions” ands*flate typically indistinct.
This is because the defining feature, according to the hydrogpbimatassification by Ollis
et al. (2013) is whether or not the wetland area has enclosetti@econtours and in this
sandy aquifer such subtle elevation features may not be impdranggeologically. For
example large depressions (i.e. with closed contours can bagslkepth through-flow) and
be indistinct from wetlands without closed contours. Confusion overtetra “flat” is
compounded because they are not necessarily flat, and can sltp®.8f6, although more
typically an order of magnitude less. However, the upland plains deanettypical wetland
soil (problematic sandy soils), and only become wet in extreateyears/events when the
flow of water activates and connects with the larger drainaiyeone typifying through-flow
wetlands. The depressions in the study area do not follow theicalaglefinition of
depression because they have no definite inward draining pattem.dohéowever have
closed (or near-closed) elevation contours that increases in depihtie perimeter to a
central area of greatest depth, in which water typicdiyumulates. Consequently, since all
these systems are wetlands because of water-table toseilland/or through-flow of

groundwater on gentle to moderate slopes, and are eitherdiulpartially enclosed by
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elevation contours, we suggest that they be grouped as one wetlaed nigmely

“depressions”. These “depressions” can occur on all landscapgset

Conceptual diagram (Figure 3.9) indicate the hydrogeomorphic wetlyped found in the
study area in relation to their water permanence and landse#p® svith examples of
wetland sites shown in the conceptual model (Figure 3.10). The sijveof

hydrogeomorphic wetland types increase in relation to the incodasater permanence in
the landscape affecting their structure and function (Figure 31@) different wetland types

from the upland plain, slope, lowland plain and valley floerdescribed (Figure 3.10).

Temporary wet reanent Wet
Vegetation structure
(Short) (Tall emergent)
Low Organic Soils Higrganic Soils
(Mineral Soll) (Peat)
Upland Plain Slope Lowland Plain Valley Floor
Depressions (e.g. Depressions Floodplain (not in Floodplain (not in
723, 7225, Z32) (e.g. Z4, 235,236)  Figure 3.10) Figure 3.10)

Seeps Channelled valley- Channelled valley-

(e.g. Z9, Z39) bottom, bottom,
(e.g. Z38, Z44, Z54) (e.g. Z38, Z44, Z54)
Unchannelled valle- Unchannelled valle-

bottom (e.g. Z37) bottom (e.g. Z37)

Depressior Depression (not il

(e.g. Z62) Figure 3.10)

Seep (e.g. 53) Seep (not in Figure
3.10)

Figure 3.9 Conceptual diagram indicating wetland types found in relation to fferatt
landscape settings and water permanence. Locations of thedpadsettings are shown in
Figure 3.3.

3.6.2 Conceptual Model

A conceptual model (Figure 3.9) illustrates the 1) rainfedidgent, 2) landscape setting, 3)
underlying geological template and the high and low water-table qositith interpreted
water flow lines. Dennis (2014) defined the capture zones of theanastlby means of
particle tracking and it corresponds with the flow lines of the epiual model. Water-table
depth and variability at 16 selected representdtixgrogeomorphic wetland sitedong the

transect and their landscape positions are shown in the graph ab®ahéheatic diagram.
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The west side of the 60 km transect (Figure 3.9) includesfiizi wetland system, partially
inside the Tembe Elephant Park, and follows Road no. 522-2S / R2apehseast from the
headwaters of the Muzi wetland, through the town eManguze (not simofigure 3.9), to
the Kosi Bay lake system in the east (see Figure 3.4 fugdca position and landmarks). The
model outlines the regional geology, which is exposed in formationgnlyeparallel to the
coast, and slopes to the coast at’ 3Meyer et al., 2001). Troughs and ridges formed the
template in terms of major topography that plays an importantorola sub-regional and
local level to support wetland formation. The widespread aeoliaorkeng of the inland
dune sands during the Middle to Late Pleistocene deposited thé8&pdtormation on the
coastal plain (Maud, 1998; Porat and Botha, 2008). The Kosi Bayafion (40-60 m thick)
is exposed, consisting of unconsolidated sandy silts with moderaiglt clay content and
low hydraulic conductivity (~1.006e-08 m/s) (Grundling and Grundling, 201@)s,Tacts as
a partial aquiclude but still forms an important rechargeesy to the Uloa/Umkwelane
Formations (Schapers, 2012) that underlie it. The KwaMbonambi (Sagals) formation
surfaces in the central and eastern parts of the tramseaosely-spaced, northward,
orientated parabolic dunes creating a hummocky dune system (Poiabthad 2008). The
lithology description for the area is Arenite (blown sand) (DME, 1@8ayacterised by high
infiltration rates, permeability and storage (hydraulic coriditgtvalues ~1.006e-04 m/s)
(Grundling and Grundling, 2010). The importance of deeper paleo-dune coBiwea-fype
red sands) becomes apparent as they have much lower trangynigaiues and act as
containment structures within the Kosi Bay and KwaMbonambi (S8gads) formations
(Botha, 1997; Schapers, 2012). Stabilization of the landscape atcumiag the Holocene
climatic optimum by rising groundwater levels and vegetation d¢rofBotha and Porat,
2008). Figure 3.9 show an abrupt difference with higher water-tailehe Kosi Bay
Formation compared to the upland plain area of the KwamBonambiakomn then
increasing in the KwamBonambi Formation towards the lowland plaioh @discharge
systems. Except the Muzi wetland system, most wetland tgpges west and central upland
plain tend to be temporary or weak seasonal systems comparedviettands at discharge
areas (e.g. Muzi wetland system), which are typicallgng seasonal to permanently wet
systems, including the swamp forests associated with dealimeg that occur from the Muzi
wetland system eastwards. The upland plain area on the KpsidBmation slopes from east
to west and south to north with an average slope of ~0.03% (Néafaet al., 2012). The
calcimorphic clay from the Kosi Bay formation washes out/down andnaglates/deposits

in the lower horizons of the soil profile forming impeding layershia thannelled valley-
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bottom(Muzi wetland system) and the adjacent area (Watkeyls E9@3), such as the small
temporarydepressiondopographically elevated (~4 m) above the Muzi valley floog. (e.
Kwamsomi Pan, site Z62). The flow lines east of Z3 (headwatérthe Muzi wetland
system, 43 m.a.s.l.) also suggest groundwater dischangechannelled valley-bottorte.g
Z3). Buried impeding layers of paleo-peatefressionson slope, site Z4) ferricrete
(unchannelled valley-bottonsite Z7), or clay restrict rechargeeépwetland on slope, site
Z9) and are, thus, essential to wetland formation. Rechargersodirectly from the
temporary wetlands of the Kosi Bay formation and from theame and larger sand ridges
of the KwaMbonambi formation. Th#epression®n the upland plain (223, Z25, Z32) in the
central part of the transect receive an average annuédlraah720-780 mm. The depth to
water-table is generally less than 1 m (i.e. Z25) (Figu®y. Here, localized illuviation of
fine sediments causes perched, typically temporary wetldaodsccur. Further east,
depression®n upland plain (e.g. Z32) amtkpression®n slope (e.g. Z35, Z36) overlie the
permeable KwaMbonambi formation (sugar sands), the water-tatdedegper (> 3 m)
(Table 3.2 and Figure 3.9). In contrast, the water-tablehiityaat Z35 and Z36 is relatively
small suggesting it is associated with low to moderate digehée.g. Z36) because of
groundwater through-flow driven by the locally steeper watelets the west. Z35 recorded
temporary open water during the wet year (2000) (Chapter 2) (Grunéiingl., 2013).
Lowlands plains contribute to both groundwater recharge and disdh&wghe valley floor
areas (lower elevations to the east) (Kelbe et al., unpubligApggndix 3). At the lowlands,
the wetlands are most often permanent. Water input is dernwedgroundwater, while the
surface water flow fluctuates according to wet and dry pedodsinated by regional climate
(Schapers, 2012} ydrogeomorphic wetland unitsclude channelled valley-botton(iZ38
and Z44) and one flowing to estuary (Z54nchannelled valley-bottor{z37) andseep
(Z53), while floodplain and depressionon lowland plain are not shown in Figure 3.9.
Moderate discharge from adjacent upland plain occutsahannelled valley-bottonfse.
Z37), while channelled valley-bottomgi.e. Z38, Z39 and Z44) receive groundwater
discharge from the sides because of low-permeability sedinantiseir base (e.g. Z39)
(Grundling et al., 2000; Sliva, 2004). These latter locations hostgmemt peatlands, either
swamp forest or sedge wetlands, where the average wateligat).2 m deep and fluctuates
within a small range (Grobler et al., 2004; Grundling et al., 2@Andling et al., 2013b).

The lakes in the study area are considered an expresston grioundwater-table.
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Figure 3.10:Wetland Hydrodynamic Conceptual Model. Schematigsiliation of wetland
types identified and their respective positionhia tandscape. The locations of these wetland
types are indicated by their site numbers. Box ahidkers are as described in Figure. 3.5

3.7CONCLUSIONS

Rainfall distribution, topography, hydraulic chaexistics of the aquifer and the regional
geology formations that slope towards the east eperted as the drivers of wetland and
open water distributionThis research to classifying the wetlands and dteriaing the
landscape processes confirms that the patterns astthng form and function are
predominately shaped by the hydrogeomorphic settmret the rainfall distribution. The
results confirmed that topography plays an importale on a sub-regional and local level to
support wetland formation and the occurrence oflgeds <50 m.a.s.l., not only in the east
with higher rainfall (>800 mm/year) but also in txest (e.g. Muzi wetland) where the

rainfall is ~700 mm/year. The landscape settings dounthe study area are mainly three

62



types: plain (upland or lowland), slope and valley floor. Hydrogeomorpkitand units
identified include floodplain, channelled valley-bottom, unchanneliedliey-bottom,
depression and seep. Depressions can occur on any landscapdseitinglope and valley
floor). The hydrogeomorphic types increase in relation to theaser of water permanence in
the landscape affecting their structure and function. Temporatgnes were mainly located
on an elevated inland sandy plain (the water-tables vary fran»Btm), whereas permanent
wetlands, such as peatlands (fall within the 2 m wateetpfafile during dry periods). The
latter were more typically located in valley floor and lowlgotain areas where the average
water-table is <0.2 m deep and fluctuates within a sraaie. The externt and distribution of
wetlands in wet years were much larger. Wetlands thavdiddide the 2 m water-table depth
contour during wet periods could be perched or partially perched due ied dow

permeable, impeding layers of ferricrete, paleo-peat grthkt can prolong the hydroperiod.
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4. HYDROGEOMORPHIC WETLAND CLASSIFICATION

This chapter to be submitted as:
Grundling, A.T., Weepener, H.L. and Price, J.S. Applyindrogeomorphic wetland

classification on the Maputaland Coastal Plain, north-eakieaZulu-Natal, South Africa.

4.1 OVERVIEW

The main aim of this chapter is to determine if wetlands beabtgndd the same
hydrogeomorphic unit share common features in terms of environmenvtarsdand
processes, which led to an attempt to classify hydrogeomorphiangeunits for inland
wetlands. The outcome was to evaluate if this hydrogeomorphidficiatésn system can be
applied. Different hydrogeomorphic units in the northeastern pahnedviaputaland Coastal
Plain, between the Tembe Elephant Park in the west and th@&#&pmouth in the east, were
identified based on their position in the landscape with the useeofaén map highlighting
concave areas. Local environmental determinants (water-taitdall and elevation) were
examined to show the link between these and the distribution of hydroggomonits, for
September 2008 — 2009, July 2010 and Feb 2011 with some additional readingshn Ma
2012. Accuracy assessment was done by comparing these ground esfatesiavith the
classified hydrogeomorphic wetland units for this study using a-setomated approach,
and was 81% accurate. The semi-automated approach could idewtifyffithe seven
hydrogeomorphic wetland units, namely: floodplain, channelled vali¢tpm, unchannelled
valley-bottom, depression and seep. The strengths and iongate.g. ambiguity between
classes especially the proposed flat wetlands on sand golasta) are highlighted. Wetland
occurrence is dependent on the hydraulic characteristics eofatjuifer and localised
topographical features, and the associated hydrological processdésuld that using broad
hydrogeomorphic unit classifications with limited hydrologicaladabuld be problematic
because not all wetlands belonging to the same hydrogeomorphic unit fuhetisame, e.g.
perched depressions (rainwater fed) and depressions linked to gibeatewater-table.
Furthermore, the character, ecological function and hydrologiracesses between
“depressions” and “flats” are typically indistinct. The uplgsidin are not necessarily flat,
and can slope up to 0.3%, although more typically an order of magnéssiecharacterised

by through-flow systems and fluctuation of the regional watdetaThe methods and
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findings contribute to further refining of the wetland classif@atvork in South Africa and

can be applied on similar sandy coastal plains.

4.2 INTRODUCTION

Wetlands are water-controlled ecosystems and the temporal atial sistribution of water
influence a wide range of ecological processes (c.f. Rtigd., 2005; Cullum and Rodgers,
2010 and 2011). Wetland distribution and character is determined bytioregian
hydrogeomorphic setting, e.g., soil and topography (abiotic) asasellegetation (biotic)
factors (Mitsch and Gosslink993). Mitsch and Gosselink (2000) stated that most wetland
classification approaches consider differences in soiggetagon and hydrological behaviour
as the most appropriate criteria to distinguish wetland types. contrast, the
hydrogeomorphic classificatiodeveloped by Brinson (1993) assigns wetland functioning
based on the geomorphic setting, water source and hydrodynamiesn(gztiwater flow
through the wetland)Geomorphic settingefers to the physical attributes and location of the
wetland with respect to the surroundings in terms of topography aotbgily, which control

its hydrological characteristicsi.e. water sources including precipitation, surface flow and
groundwaterHydrodynamicgefers to the direction and strength of water movement, and it
variability, within the wetland (Brinson, 1993). An underlying wmsption of the
hydrogeomorphic wetland classification concept is that wetld&denging to the same
hydrogeomorphic unit share common environmental drivers and processgh & al.,
1995; Ollis et al., 2013). Although widely applied in South Africais underlying

assumption has yet to be tested.

The Classification System for Wetlands and other aquatic deosysin South Africa
adapted the hydrogeomorphic classification approach (Ollis e2@l3; SANBI, 2009b).

Ollis et al. (2013) listed seven possible primary hydrogeomonphitand types for inland
systems: river, floodplain, channelled valley-bottom, unchdeuhehlley-bottom, depression,
seep or wetland flat. The National Freshwater Ecosysteoniti?rAreas (NFEPA) project
classified a wetland-type layer for South Africa based on theoggdmorphic classification
using an automated approach (Mbona et al., 2010; Driver et al., R@lL#t al., 2011). No
accuracy assessment has been done on the NFEPA wetland-typeSlaijs1 (2009b)

recommended further testing and investigation into automation oflaksifecation system,
based on the availability of information required to distinguish ondamebttype from

another. In this chapter, local environmental determinants of ggdmorphic units (e.g.
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water-table, rainfall and elevationjere examined to show the link between these
environmental attributes and the distribution of hydrogeomorphic u@ilassification
accuracy was determined by comparing these ground referamsewsth the classified
hydrogeomorphic wetland units for this study (using a semi-aueaimagpproach) and the

NFEPA project wetland type layer.

Moreover, establishing the relation between wetland anddtd Wwater-table, and how this
relates to rainfall and elevation will help to characterihe form and function of
hydrogeomorphic wetland units and their hydrological processes @Dlik, 2013; SANBI,
2009b). Applying the hydrogeomorphic wetland classification for inlancesyston sandy
coastal plains will highlight the strengths and limitations tbis approach, and the
implications for management and conservation strategies. Jéetiovbs of this chapter were
1) to identify the different hydrogeomorphic wetland units in the staicha; and 2) to
determine if wetlands that belong to the same hydrogeomorphic weihéinshare common
features in terms of environmental drivers and processeswilhize done by investigating
the relation between landscape setting and local environmentat§anamely water-table,
rainfall, and elevation. Consequently, this evaluation of the lgginmorphic wetland
classification will contribute to the understanding of the vmetlaypes found on the
Maputaland Coastal Plain and how well the hydrogeomorphic wetlassifedation can be

applied.

4.3 STUDY AREA

The study area stretches from the Tembe Elephant Park westeto the Kosi Bay lake
system in the east (Figure 4.1A), part of the Maputaland @loB#in, situated in north-
eastern KwaZulu-Natal province (Figure 4.1A). The Maputaland dod3k@n is
characterised by the relatively flat, low relief, undulatthme landscape of the coastal plain
(Kruger, 1983; Scott-Shaw and Escott, 2011) bordering the Lebombo Mounigairathe
west and the Indian Ocean in the east (Figure 4.1.B). The sadiyents of the Late
Pleistocene and Holocene (cover sands) are well sorted, lmgtdus and permeable, have
relatively high hydraulic conductivity and drain rapidly (DLP, 199)e study area located
on the low-lying coastal plain is characterised by north-soutimtated dune ridges (Botha
and Porat, 2007) and linear interdune depressions between the dese(Dd§, 1992). The

following three landscape settings have been identified irstindy area: plain (upland and
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lowland), slope and valley floor (Chapter 3) (Figu4r.1.C). Thaupland plain(> 50 m.a.s.l.),
lowland plain (< 50 m.a.s.l.) separation is based on previoesaliire (Grundling, 2001,
Turner and Plater, 2004) that reported peatlandsergdly occur below the 50 m.a.s.|
elevation on the Maputaland Coastal Plain. The tadyiag areas lIpwland) to the west and
to the east represewntlley floors.Here incised valleys form part of the drainage ekw
The transition from the upland to lowland are #iepe areas, which have a topographic
gradient of about 1-2% (Figure 4.1.C) while theamd facing dune slopes are relatively
gentle with slopes 3-7 degrees (DLP, 1992). Thelys@rea (~250 000 ha) was selected
because it hosts a diverse set of wetlands (Ch&ptand available supporting baseline data

(Chapter 2 and 3) to assist in the hydrogeomorpleitand classification process.

Figure 4.1: A) Location of the Maputaland CoastairiPand study area. B) Elevation map of
the study area. C) Landscape setting of the strety. a
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44 METHODOLOGY

4.4.1 Environmental Determinants: Ground Reference Points

Forty-two sites (41 wetlands sites and Lake Shengeza) werasisgdrogeomorphic ground
reference sites to measure environmental determinants waeer-table, rainfall and
elevation) as well as to compare with the mapped hydrogeomosgtiand units and the

NFEPA wetland ecosystem types as part of the accuraegsmsent.

4.4.1.1 Water-table

Monthly readings were taken between September 2008 to October 200)Hee@9D09, as
well as June 2010 and February 2011 with some additional readings ih B2, with the
use of a Solinst water-level meter, to measure variationgaier levels at the 41 wetlands
sites and Lake Shengeza (Figure 4.2). The Kosi Bay Lake sysésmot included in the

hydrogeomorphic classification and analysis.

4.4.1.2 Rainfall

Total monthly rainfall data for the study area were acquireh the ARC-ISCW (2011) for

the 18 month period September 2008 to October 2009, December 2009, June 2010y Februar
2011 and March 2012. The locations of the automated and manual weatiogis shae
shown in Figure 4.2. Rainfall grids were interpolated from AR@rmatic weather station

point data and 10-day Rainfall Estimate (FEWS NET, 2001) usingdtellite Enhanced

Data Interpolation method (Hoefsloot, 1995). This involved the followtegs: 1) extracting
values from the Rainfall Estimate and calculating th rat weather station and Rainfall
Estimate values, 2) using inverse distance weighting to tomegularly spaced grid of the
ratios and 3) multiplying the grid with the Rainfall Estimajgd to obtain the final

interpolated rainfall surface.

4.4.1.3 Elevation and Landscape Setting

Elevation data from the 90 m Shuttle Radar Topographic Missioe8y8RTM) (CGIAR-
CSl, 2008) (Farr and Kobrick, 2000) was used to create an elevatipn(Figure 4.1B).
Figure 4.1C highlights the landscape settings namely plains amptaed (>50 m.a.s.l.) and
lowland (<50 m.a.s.l.), slope and valley floors. The SRTM daatrthe absolute horizontal
and vertical accuracies of 20 m (circular error at 90% cenfid) and 16 m (linear error at
90% confidence), respectively, as specified for the missiba.absolute vertical accuracy
(this is m.a.s.l.) is significantly better than 16 m andadser to +/- 10 m for the world. The

relative vertical accuracys much higher; up to 1 m. The limitation with this datasehes
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erroneous amalgamation of high vegetation (e.g. swlam@st and plantations) canopies as
surface elevation. A land surveyor was contractedune 2010 to measure the elevation at
each of the 42n situ water monitoring sites (accuracy 3-6 mm). The lamyesyor readings
for the 42 sites were compared to the 90 m andpatated 30 m SRTM data (Van den Berg
and Weepener, 2009; Van den Berg et al., 2009; Wrempet al., 2012). The results indicate
a local average difference of 3 m higher and 1 m fdaesites without high tree cover and a
local average of 6 m for sites in or near swampstsrand plantations (i.e. with tree cover).
Work by Kelbe and Taylor (2011) comparing the SR@iMa set with Lidar data for an area
near St Lucia (50 km south of Kosi Bay) found vetierrors at pixel resolutions (90 by 90
m) that can exceed 10 m but generally within 2 mtharse areas with short vegetation or
bare soil.

Figure 4.2: Wetland distribution (Grundling et a2013a) (Chapter 2) and water-level
monitoring sites in wetland areas (green point®atPsurvey sites from Grundling et al.
(1998) (black points). The locations of automatedafid manual (6) weather stations in the
study area are indicated by white and purple pg®RC-ISCW, 2011).
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4.4.1.4 Relations between Water-table Depth and Environmental Factors

Boxplots and descriptive statistics were used to explore the dataere created with SAS
Institute, Inc., (1999) for the water-table depth readings @t sde. However, the relation
between water-table depth, total monthly rainfall and elenaftbr each of the 42 ground
reference sites were determined for the 18-month period (@ategal monthly rainfall data
correspond with the same months the water-table readings werg wng multivariate
Agglomerative Hierarchical Clustering Analysis. XLSTATO3. was used to run a
multivariate Agglomerative Hierarchical Clustering Ars$y using Ward’'s method and
Euclidean distance dissimilarity to define groups using the graefedence sites and sorting
them according to clusters based on the differences and simdardf variables
(environmental factors) namely elevation, average and maxiwater-table depth and
average and maximum total monthly rainfall. According to this howtgroups are
determined and represented in a dendrogram based on an algorithed drea®ost and
Sheperd (1974) and adapted by McCune and Mefford (2006). These groupsherere
subjected to a multivariate Discriminant Analysis (DA) toniify the variables that play a
major role in separating the groups also using XLSTAT 4.03. Asalyas performed on a
standardised matrix (so as to have a zero mean and unitcggri@ualpin, 1977) to better
establish the contribution of the variables to each group betaisariables were measured
in different units. The scale of the variants (elevatiortewtable depth and rainfall) was of
different magnitudes and had an effect on highlighting the contributidheof/ariants to
variations in the data set irrespective of scale. Thexefor each of the variants (elevation,
average and maximum water-table depth and average and maxinaimmaothly rainfall),

the macro-reach was calculated under the normalised curve.

4.4.2 Hydrogeomorphic Wetland Classification

4.4.2.1 Data Preparation

Not only the landscape setting (plain (upland and lowland), slopevaley floor) (Figure
4.1C), but also careful consideration of the smaller topograpieiatlres such as swales and
depressions that occur throughout the study area, are importams flacally, and should be
considered in creating the hydrogeomorphic wetland unit map. Traughsdges form the
geological template that expresses the major topography of the stadyfeough areas play
an important role on a sub-regional and local level to support wdtametion (Chapter 3).

Van den Berg et al. (2009) used curvature morphology (concave and coeaskta define
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terrain units (Figure 4.3). This technique is usetknsively to define the smaller topographic
features in soil mapping (Van den Berg and Weep&®€9), as topography consist of slopes
having distinctive morphologic elements with diffat hydraulic characteristics (Richardson
and Vepraskas, 2001).

Figure 4.3: A: Profile of Terrain units- 1 repretem@ crest, 2 a midslope (convex), 3 a
midslope (concave), 4 a footslope and 5 a toesiBp&lap of the study area indicating the
various terrain units (Van den Berg et al., 20@ly terrain units 5 was considered to
support wetland areas.

The terrain units (Figure 4.3A) could be used tdidate areas likely to support wetlands
since wetlands form where there are subtle elevati@mnges i.e., toeslope (terrain unit: 5).
Given the study area’s relatively flat, undulatidgne landscape with deep sandy soils,
Figure 4.3B shows more detailed terrain units airggt defined according to slope changes

and surface profile shapes (concave and convex).

4.4.2.2 Data Processing

In order to apply the hydrogeomorphic wetland cfasstion for inland systems, a semi-
automated approach with the use of ancillary d&tasech as a wetness map (Grundling et al,
2013a) (Chapter 2), terrain unit map (Van den Bargl., 2009) and slope (Weepener et al.
2012) was used in this chapter. All input layeredusis criteria for the hydrogeomorphic
wetlands classification are listed in Table 4.1e Emcillary datasets were cut to cover the full
extent of the study area. The terminology and d&dimé for the five primary
hydrogeomorphic wetland types used for the hydrogephio wetland classification in this
study (Table 4.2) is a modified version of the psgmbclassification by Ollis et al., (2013).
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Table 4.1: Ancillary datasets used in the hydrogeomorphic meetdmssification.

Datasets Reference Purpose

Wetness layer (permanent anérundlingetal., To use as baseline dataset for the

temporary wetlands and open watgf2013a) distribution of subtropical freshwater

areas) (Chapter 2) wetlands and swamp forests on the coastal
lowlands

KwaZulu-Natal (KZN) province soil and Van den Berg et To use the toeslope terrain unit. These are

terrain unit map derived from the SRTMal. (2009) closely associated with wetlands occurrences

DEM

SPOT 2010 imagery SANSA (2013) To digitize the pirent channels

River lines NGI (2012b) To familiarise with the ttibution of 1:50
000 rivers and streams

Inland wetland layer NGI (2012a) To wuse as baselidataset for the

distribution of depressions with closed (or
near-closed) elevation contours.

Shuttle Radar Topography MissiorFarr and To determine the elevation (height above sea

(SRTM) Digital Elevation Model Kobrick, (2000) level), slope, and catchments for the study

(DEM) area.

Slope Weepener etal. To use slope as percentage rise, derived
(2012) from the improved gap-filled SRTM DEM.

Modal values for slope, drainage pattern and
flow direction were calculated for each
wetland polygon in the wetness layer.

Table 4.2: Primary Hydrogeomorphic Wetland Unit Definitions (medifirom Ollis et al.,
2013)

Class No.  Class Name Definitions (summarised)

1 Floodplain Situated adjacent or close to distinct active ckehioh a river, located
on a valley floor, with river-derived depositiorfaatures (e.g. levees)
and water input from periodic (intermittent to sar@al) overtopping of
the channel banks.

2 Channelled Situated adjacent or close to distinct active ckehioh a river, located

Valley-bottom on a valley floor, with_no river-derived deposit@dnfeatures (e.g.
levees) characteristic of a floodplain. Water inpia (surface and
subsurface) runoff from one or both of the adjasatiey side-slopes.

3 Unchannelled Located on a valley floor, without clearly discdteachannel banks

Valley-bottom characterised by permanent or periodic, diffuséitectional through-
flow of water (often dominated by subsurface flow).

4 Depression An area characterised by closed (ar-clesed) elevation contours
(well defined to indistinct) within which water tigally accumulates. It
includes areas not fed by water from a river chirtgpically located
on a lowland (plain) or a upland (plain), not nezedy completely
flat, but can slope up to 0.3%, although more tgitycan order of
magnitude less. Water movements include verticahtéwtable
oscillation) and horizontal (through-flow).

5 Seep _Not located on a valley floor and withoeadly discernable channel
banks. Characterised by permanent or periodicushff unidirectional
through-flow of water (often dominated by subsuefiow).
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4.4.2.3 Data Analysis

Since the focus of this study is the classification of hyeloogprphic wetland units, the
character of the study area need to be considered i.e. lod (22 m). Kruger, (1983)
reported >80% of area with slopes less than 5%), while 8% of skopes degrees (which
is fairly flat) (DLP, 1992). The undulating dunes and sandy soillaaeacterised by high
infiltration rates and a low water-holding capacity. Therefiris assumed that slope values
for depressions are unlikely to have modal slope value of >2%heother hand, channelled
valley-bottom wetlands have sections where the modal valustofoe is on the order of 6%.
Figure 4.4 indicates the classification steps showing howe thgdrogeomorphic wetland
units were identified through elimination Using ArcMap 10 softw&®RI, 2012). It begins
by overlaying the permanent and temporary polygons in the wetngswitha 1) the terrain
unit 5 (toeslope areas); 2) the digitized drainage layer couptadive 1:50 000 river layer;
3) modal slope values of <1%, 1-2% from gap-filed SRTM DEM 4) the 1:50 000 inland
wetland layer with contours, and 5) the SRTM DEM to deterntiaestevation (height above

sea level). Following are the wetland classes and thelats:

(1) Floodplain wetlands: All wetland polygons that fall in terrain unit 5 (topsl) and are
characterised by distinct meandering channels and oxbow depressibnsesondary
channels, indicated by the digitized SPOT 2010 channel layer otlied150 000 river layer
(NGI, 2012b).

(2) Channelled Valley-bottom: All wetland polygons that occurred in terrain unit 5
(toeslope) and that intersect with defined stream channelzeigfrom the SPOT 2010
channel layer or from the 1:50 00O river layer (NGI, 2012b).

(3) Unchannelled Valley-bottom: All wetland polygons that occurred in terrain unit 5

(toeslope) lacking a well-defined stream channel.

(4) Depression All polygons were classified as such using the 1:50 000 Inland Wayer L
category depressions (NGI, 2012a) indicating wetland areas Vasiedc or near closed
elevation contours. All wetland polygons were classifiedwsh if the modal slope values
were <1%. They can either be upland depressions when >50l.noalswland depressions
when <50 m.a.s.l. Lakes (large permanently open water ameajonsidered depressions
because they function similarly to a permanently inundated deprel&#iddBI, 2009b),

except those with distinct in and out flows (e.g. Kosi Bag$k
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(5) Seep:Polygons that include permanent and temporary opéerwseeas from the wetness

map with modal slope values of 1-2%; typically cave midslopes characterised by seepage.

Figure 4.4: Diagram showing the elimination steps jpérthe hydrogeomorphic wetland
classification process.

4.4.2.4 Accuracy Assessment

Accuracy assessment was performed using known hgdmogrphic sites (ground reference
points) to compare with both a) the classified hgemmorphic wetland unit map and with b)
the National Freshwater Ecosystem Priority AreasHR&) Project Wetland Ecosystem
Type layer (Mbona et al., 2010; Driver et al., 200#l et al., 2011). The hydrogeomorphic
unit at each of the 42 ground reference sites weseribed during field visits (Chapter 3) and
verified using the Google Earth Elevation Profitmlt(Dolliver, 2012; Google Inc. (2013)

(Appendix 4). No other independent data set islalvis.
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45 RESULTS

4.5.1 Hydrogeomorphic Wetland Classification

The hydrogeomorphic wetland unit map for the study area was dresieg a semi-
automated approach, with the use of ancillary dataseteiGeographic projection (Datum
World Geodetic System 84). The following hydrogeomorphic wetland wmgtre mapped
(Figure 4.5): ondloodplain, i.e., Siyadla River Floodplain (with evidence of a meandering
river), channelled valley-bottomsinchannelled valley-bottomdepressionon <1% slope
and seepagewetlands on 1-2% slope. Table 4.3 indicates the surface ha@aof each
hydrogeomorphic wetland unit as percentage of the total studyf@reeetlands from the
wetness map (Chapter 2). The drainage networks include ctit¥inelled valley-bottom
wetlands 1% floodplain whereas 36% wer@inchannelled valley-bottoméTable 4.3).
Depressions vary in size from < 5 ha to large upland depressiod®0if-5900 ha.
Depressions comprise 35% of the total wetland &eapson modal slope values of 1-2%
comprise 8%. The Kosi Bay Lake system (total 3639 ha) with op¢er wepresent 9% of the
total wetland area.

Table 4.3: Hydrogeomorphic units in percentage and hectanes (ha

Occurrences of  Total

Class HYDROGEOMORPHIC (HGM) Unit the HGM unit Area Percentage
1 Floodplain 1 564 1
2 Channelled Valley-Bottom 57 4754 11
3 Unchannelled Valley-bottom 204 15422 36
4 Depressions (modal slope values <1%) 1730 14695 5 3
5 Seep (modal slope values 1-2%) 5440 3300 8
6 Kosi Bay Lake System 22 3639 9

7454 42373 100
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Figure 4.5: Hydrogeomorphic wetland units positiomethe landscape.

4.5.2 Accuracy Assessment

Using the 42 known hydrogeomorphic unit sites fraeidf verification (ground reference
points) against the classified hydrogeomorphic avetl units mapped, as well as with the
NFEPA Wetland Ecosystem Type layer (Mbona et all,02@river et al., 2011; Nel et al.,
2011) the mapping accuracy could be determined. mheping accuracy for both the
datasets are calculated and shown in Appendix 4. dfound reference point was located
<100 m from a wetland polygon, it was still considereut if a ground reference point was
located >100 m from a wetland polygon, it was considenot mapped. The overall
hydrogeomorphic wetland unit map accuracy for theys@rea was 81%, while the NFEPA
Wetland Ecosystem Type layer gave an overall 40%pmagpaccuracy (Appendix 4). High
mapping confidence (88% to 100%) was obtained jairédgeomorohic units in valley floor
landscape settings (Table 4.4). Three wetland aveas not mapped in the hydrogeomorphic
wetland unit map (Figure 4.5) compared to 9 of NiiEPA Wetland Ecosystem Type layer
(Appendix 4).
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Table 4.4: Hydrogeomorphic comparison results between groundmedectassification and
the semi-automated hydrogeomorphic classification in this study anditbrated NFEPA
classes.

0, 0,

HGM UNIT lljﬁllyll' NFEPA VESFI{:'EED ACCU/I(;{ACY ACCU/EQACY

MAPPED HGM MAP NFEPA
Floodplain 1 1 1 100 100
Channelled-Valley-bottom 7 6 8 88 75
Unchannelled Valley-bottom 7 2 7 100 29
Depression 18 8 23 78 35
Seep 0 3 33 0
Incorrect 5 16
Not mapped 3 9

42 42 42

OVERALL ACCURACY 81 40

4.5.3 Relation between Water-table Depth and Environmental Best

4.5.3.1 Geomorphic Setting

The distribution of hydrogeomorphic wetland units are related to theologital and
geomorphological drivers and processes on the Maputaland CoastelRiathe relation
needs to be defined. An Agglomerative Hierarchical Clustekimglysis was used as part of
this process to define the distribution of hydrogeomorphic wetland imitse landscape
based on spatial similarities and, conversely, if theralistenct differences evident between
groupings in relation to environmental factors (elevation, mtatge and rainfall). Data for
each site were collated and investigated for the 18-month péYidéndrogram shows the
progressive grouping of the standardised data used and their locatensitudy area (Figure

4.6). Table 4.5 list the results for the 3 groups.
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Figure 4.6: Dendrogram (left) indicating the thilistinct groups using the Agglomerative
Hierarchical Clustering Analysis and location oé tthree distinct groups in the study area

(right).

Table 4.5: Results of the Agglomerative Hierarchi¢astering Analysis per group

GROUP 1 2 3
Objects 18 8 17
Within-class variance 2 2 2
Minimum distance to centrc 0 1 0
Average distance to centroid 1 1 1
Maximum distance to centrc¢ 3 2 2
Grounc referenc sites Z3, 724, 77, Z8, 232,734, Z3t 7237, 238, Z39, ZA(
Z9, 711, 717, 236, Z49, 756, Z42, ZA7, Z48, Z53,
Z18, 720, 722, Z57, Z46 Z54, 758, 763, 764,
723, 7224, 725, Z43, 744, 745, 751,
226, 227, 262, Z52.
265, 267

Multivariate Discriminant Analysis (DA) was used ittentify the variables that differ the
most among the groups. Results of the Discriminarglysis are listed in Table 4.6 (mean
values of the variables) and the variable/factaretations displayed in Table 4.7 and Figure
4.7. Table 4.7 shows the eigenvalues and the guneng percentage of variance of the 5
variables. There are only two factors (F1 and BE#):maximum number of factors is equal to
k-1, when n>p>k, where n is the number of obsermatipp the number of explanatory
variables, and k the number of groups. Figure 4@wshhow the initial variables are
correlated with the two factors (F1 and F2) andesent the ground reference points on the
factor axes. Size and shape of the oval/circleratdhe centroids (yellow point) represent the

95% confidence of the ground reference points @nféttor axes. This confirms that the
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wetland groups are very well discriminated on thedaaxes extracted from the explanatory
variables. F1 (68%) means the variance is repregemté the high percentage eigenvalues
listed in the first factor (elevation and averagd anaximum total monthly rainfall), while F2
(32%) represented the high percentage eigenvaistesl lin the second factor (average and
maximum depth to water-table) (Table 4.7).

Table 4.6: Discriminant analysis variant mean peugr

Data used without the standardised matrix

Group \ . Average Maximum Average Maximum
Variable Elevation Water-table Depth  Water-table Depth Totsl Monthly Total Monthly
ainfall Rainfall

1 66 -1.91 -1.38 60 236

2 35 -1.76 -1.29 69 302

3 20 -1.25 -0.84 73 345
Data used with the standardised matrix

1 0.753 0.11 0.14 -1.02 -1.01

2 0.374 -1.59 -1.61 0.51 0.52

3 -0.973 0.64 0.61 0.84 0.83

Table 4.7: Percentage values of the variable airozl matrix

Figure 4.7: Variables correlated with the
two factors representing the groups on
the factor axes. High elevation and low
rainfall distinguish group 1 in west from

group 2 and 3 closer to the coast (low
elevation and high rainfall. Water-table
depth is low for group 2 and high for

group 3.
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Group 1 is situated southwest in the study area (headwaters Mutheswamp system and
on the upland plain with low rainfall (700 — 760 mm average anmiafail)) (Figure 2.3,
Chapter 2). The mean elevation of the 18 sites clustered in grisup6 m.a.s.l. Group 2 and
3 both occur towards the north-eastern side of the study area avezegye annual rainfall is
761-860 mm (Figure 2.3, Chapter 2), and mean elevations are 332Gnu.a.s.l.,
respectively. Group 3 is strongly associated with valley floohere the water-table of
streams and lakes is persistent at or near the surface/afiable correlations (Figure 4.7)
indicate that rainfall and elevation are the major factaftaencing clustering between group
1 and groups 2 and 3 by 68% (F1), while water-table depth (F2) inflsigheeclustering
between group 2 and 3 by 32%. Caution must be used in ascribing adtthnaitteiscriminate
between groupings, and causal mechanisms (i.e. the dependendyaafiveecurrence/type
on rainfall, elevation and water-table depth. Here, Group 1n@ftégher elevation) and
Groups 2 and 3 (coastal/lower elevation) are discriminated rosigly on the basis of
rainfall and elevation (Table 4.7). This discrimination is litkeelated to the relatively
consistent increase of elevation and decrease of rainfalltoges5 km distance inland. A
weaker discrimination is made between groups 2 and 3 on the diasister-table. The
locations of the ground reference points for these groups arsp@tsed across a similar
region (Figure 4.6) but with Group 3 being strongly associated withady@a network (high
water-table) compared to Group 2 (away from drainage linessandeeper water-table).
Being interspersed across a wide region, the rainfalledenvhtion gradients are mixed and
unable to discriminate between these groups. The weaknesgesftable as a discriminating
variable is likely due to its high variability, particuharin unchannelled valley-bottoms,
depressions and seeps (Figure 4.8), which make up most of Group 2 atidr&lsv Thus,
while we can discriminate between groups of wetlands most cotifideith rainfall and
elevation (because of their consistent gradients), it saeikely that these are casual
mechanisms. The local hydrological setting (which is relate@lévation) and hydraulic
properties of the soils, have a much stronger effect on congrtiie requisite saturation than

the relatively small differences in precipitation.

For example the distribution of swamp forest in channelled vallagistis strongly linked
with elevation and groundwater discharge conditions, largely a prodfictthe
geomorphological history of the coastal plain governed by the itimacbetween local

rainfall, groundwater flow characteristics and sea |€StVa et al., 2004).
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The lowland (<50 m.a.s.l.) areas host most of thelrdgeomorphic wetland types.
Floodplain and channelled valley-bottomsvetlands (see Figure 4.5) are distinct fluvial
features covering 5318 ha, most with swamp foregetation (Table 4.3). The largest
proportion of wetlands are classified aschannelled valley-bottomsetlands (15422 ha)
followed by depressiong14695 ha) (Table 4.3). The upland plain (>50 mi.p.kas the
largest proportion of depressions, consisting mostlyarge flat-bottomed features (11352
ha). Depressions on thiewlands (1399 ha) include Lake Shegeza and ameawswing the
lakes but exclude the The Kosi Bay Lake systena®339 ha). Small depressions (< 5 ha in
size) make up 1944 ha of the study area. Depressgiotal 35%) are common features in
this interdune landscape and can occur on all s settings: plain (upland or lowland),
seep and valley floor, same as seep occurence &ps s& 1-2% slope represent only 8% of

the total wetland area.

4.5.3.2 Hydrological Characteristics

The hydrological character of the hydrogeomorphietland unit typically reflects the
landscape setting specifically as it controls re¢atvater-table depth and fluctuation (Figure
4.8). For example channelled valley-bottoms have whdeels sustained closer to the
surface, followed by unchannelled-valley-bottoms.wideer, floodplains, depressions and
seeps experience a much wider range of water leagla, result of their periodic inundation

with flooding events (Figure 4.8).

Figure 4.8: Average, minimum and maximum (boxplots)vater-table depth for different
hydrogeomorphic wetland units over 18 month’s perieidodplain (n=1), channelled valley-
bottomed (n=8), unchannelled valley-bottom (n=7)prdesions (n=22) without perched
depression (262) and seep (n=3) (Total n=41). Thelbts represent th&&and & quartiles,
the line is the median, the red dot is the aveegkthe whiskers are max and min values.
Note that all the time series points for each atatiave been included.
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Evaluating the proposed hydrogeomorphic wetland unit classificatpss tyhe study found
that the character, ecological function and driving hydroldgipeocesses between
“depressions” and “flats” are typically indistinct. They are metessarily flat, and can slope
up to 0.3%, although more typically an order of magnitude less. miagybe through-flow
systems affected by fluctuation of the regional water-tadilmjlar to how unchannelled
valley-bottom and seeps functioBepression wetlands of various genres occur such as
perched depressions (rainwater fed), or groundwater-fed depresssongated with through-
flow of groundwater on all landscape settings. Figure 4.9 9shamatic representation of
depression wetlands; all three genres have water inside ghesdon from a previous water-
table rise. Figure 4.9A is a temporatgpression(e.g. Kwamsomi Pan, site Z62) with high
clay content (25%) at 0-20 cm in the soil profile, and with nedéti large water-table
fluctuations. The water-table of site Z62 perched pan is oraged).59 m above the surface
in the rainy season versus the regional water-table in theyngéd borehole (187 m away)
that is on average 3.31 m below surface. In locations wherel@pression intercepts the
water-table throughout the year, it is permanently wet, butemMte base is elevated relative
to the water-table, the wetlands are only wet during high raief@nts. For example, the
uplands are flooded during large rainfall events (e.g. the flao@900) giving rise to the
groundwater at or near the surface. Figure 4.9B and C are phfgateato-genic, i.e., the
genesis is related to the water-table) and can occur on plgtend and lowland). The
depressions on the upland plain (223, Z25, Z32) (Figure 4.9B) in thteac@art of the
transect receive an average annual rainfall of 720-780 mmddpih to water-table varies
from less than 1 m (i.e. Z25) to much deeper (> 3 m, Z32kohirast, the water-table
variability at Z35 and Z36 is relatively small, being assedawith low to moderate
discharge because of groundwater through-flow driven by the topograplapal towards
the east. Figure 4.9C represents a through-flow wetland wotingwater discharge into the

one side of the wetland and with an outflow to the regional grouedwatthe opposite bank.
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Figure 4.9: Depressions (hydrogeomorphic units) wdiffierent functioning processes)
perched depression; B) upland depression, and C) sigpneon slopeDiagrams adapted from
Semeniuk and Semeniuk, (1995) an&. EPA (2008).

4.6 DISCUSSION

Ambiguity occurred between some hydrogeomorphic unitshannelled valley-bottomnd
depression(e.g. Z7);seepor depressione.g. Z9),seepandchannelled valley-bottorte.g.
Z39 is a spring (groundwatseepaggfeeding achannelled valley-bottongnd wetland flat
and depressionthat were the most ambiguous of categories in théysarea.The wetland
flat as hydrogeomorphic type is defined by Ollis et(2013). Ollis et al. (2013) expressed
concern thatvetland flatshould not be confused with floodplain flats wharie connected to
and fed by a river. The upland plain areas in thdysarea display large flat-bottomed relic
features on <1% slope, denuded by wind and wataneSof these relic features are 10 km
long with micro-topography (<1 m high dune remnants$ smaller depressions with pools of
standing water in wet years). Ollis et al. (201B03) indicated thaitvetland flatareas may
have “small ponded areas that form digressional rfeEatures within an extensiweetland

flat” area and is therefore considered as part of thiiand flat. These wetland types on the
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upland and lowland plain were classified as depressions and not “Hatsuse large
depressions because they have closed contours that can slopeD (%), characterised by
through-flow systems and fluctuation of the regional water-tabfe micro-topography
associated with these “flats” on up and lowlands (modal slope vall®s were also

considered to be individual depressions (Appendix 4).

Limitations in the use of automated and semi-automated approacobseithe quality of
baseline wetland inventory layers and ancillary input layerthese are overlaid to classify
the hydrogeomorphic units. If these layers are not comprehensiveceundhte it will affect
the accuracy of the product. The wetland layers that were produceghigog wetland
distribution in wet and dry years were fairly accurate in mappuegland extent and
distribution with only 3 areas not mapped. The NFEPA Wetland BtasyType used the
National Wetland Inventory VS 3 (SANBI, 2010) and 9 wetland siese not mapped
(Appendix 4). Another limitation could be use of inaccurate rivedsirlayers, consequently
misclassifying thechannelledand unchannelled valley-bottorwetlands. Furthermore, the
number of independent ground reference points representing themtiffgrdrogeomorphic
wetland units was limited due to deep sandy soils, overgrowmodids and access entering
conservation areas. This, too, had an implication on the accofatlye classification.
However, the 81% mapping accuracy for the study area compaliewithe the NFEPA
Wetland Ecosystem Type dataset (average accuracy 40%) dthbnsautomated approach
(Mbona et al., 2010; Driver et al., 2011; Nel et al., 2011; VareDiy et al., in press) but on
a national scale. No accuracy assessment has been done fFERA Wetland Ecosystem
Type dataset and this study makes a significant contribution issiisgehe classifications

on sandy coastal plains.

4.7 CONCLUSIONS
Incomplete and inaccurate input layers (e.g. wetlands layer iaad layer) and limited

ground reference points with substantiated groundwater monitoring adatahe major
limitations in an automated and semi-automated approach for hydrogeomorphic wetland
classification. The danger in using the broad hydrogeomorphssifitation with limited
criterion for future land-use planning and assessments is thatniits a direct judgement of

a single wetland’'s value. For example, the hydrogeomorphic fadasisin is based on the
fundamental factors, namely: landscape setting, permanencetesf (iwgdroperiod), source

of water (rain or groundwater) as well as the sediment input yp® (e.g. alluvial). It
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addresses aspects such as: 1) the origin of the landscapg éet., interdunal or fluvial
features like floodplains); 2) the importance of the landscapegée.g., upland recharge
and lowland discharge areas); 3) the description of the wateresderg., seepage of
groundwater discharge or runoff or flow-through/interflow) and 4) & thetland is
permanent, seasonally or intermittently inundated (i.e., wetldistfibution and extent
mapped for wet and dry years). Additional detailed information can lmmlgdded to sub-
classify the hydrogeomorphic units that are part of the higicicstructure in which the
hydrogeomorphic classification is applied, when and if the infoameébecomes available.
This study highlights that a classification is only useful dah be reasonably applied. In this
study area it was not easy to know the hydrological cause oésigpns without long-term
measurements. Not even a single site visit will help becasne depressions on the
moist/sedge grasslands look the same but function differenttirolbgical data of a wetland
could indicate interaction with the regional water-table (eiteeharge or discharge function)
and the ponding of rainwater (could indicate perched or partially pkrcbaditions).
Defining these relations and the ability to quantify aquifer depeydare much needed for
biodiversity management or sustainable aquifer development.siijpglementary ground
reference data confirmed that not all wetlands belongingegsame hydrogeomorphic unit
function the same, e.g. perched depressions (rainwater fed) prebsiens linked to the
regional water-table. Through-flow systems by regional diatbn of the regional water-
table in the deep sandy dune landscape are characteristic to tinaoreone type of
hydrogeomorphic unit e.g. “depressions” and “flats” and can atsoroin unchannelled
valley-bottom and seeps because of slope. This study gives a Unatnstanding of the
wetland types found on the Maputaland Coastal Plain and how well thegbgdnorphic
classification could be applied. The methods and findings contribmtesther refining of
the wetland classification work in South Africa and can be appliesimitar sandy coastal

plains.
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5. CONCLUSION AND RECOMMENDATIONS

5.1 SANDY COASTAL PLAINS

Wetlands on sandy coastal areas have in common sand, wind andawadeivers of
ecological processes that determine how a specific wetlarahge rof wetlands functions.
Sea-level regression and transgression are characterisandy coastal areas (Wright et al.,
2000) in The Netherlands (Wadden Islands) (Grootjans, 2009), AustFabaef Island)
(Sinclair, 1997) and Mozambique Coastal Plain (Momade and Achimo),2@3&mbling
similar hydrogeomorphic settings. Characteristic of cogstihs are the undulating dune
systems continuously shaped and formed by wind action resulting imt chages (mobile or
partially mobile) close to the coast to reworked parabolic duméei interior that have a
more hummocky aspect (Momade and Achimo, 2004). Local blowouts arenaom
processes seen along the coast still today (Grootjans, 2009; Manddachimo, 2004;
Sinclair, 1997). Coastal areas, known to host wetlands, are béiagdufor a variety of
land-use activities that range from developed areas to satiser areas where humans can
enjoy recreational activities or where protection of sersit&bitats exclude or limit human
access (Barker et al., 2009). Either way, human interventiooastal areas has an ecological
cost, especially in areas where human life and infrastreicire threatened (e.g. dikes to
protect the coast and to reclaim land) (Grootjans, 2009). Iniemadly, the appreciation
towards the importance of landscape analysis and interpretatiocresising, especially in
solving ecological problems and resolving previous bias convictiodsphilosophies on

wetland function in landscapes (Grootjans, 2008; Ellery et al.,a83009

In South Africa, wetlands make up only 2.4 % of the country’s areaatmitthe most
threatened ecosystem (Driver et al.,, 2012). The KwaZulaiNRtovince has the highest
percentage of wetlands per province area (4%) (SANBI, 2010} aso the province with
the highest rate of natural habitat loss and wetland loss (Deival., 2012; Kotze et al.,
1995). Estimated predictions indicate that there will be almosahwal habitat left outside
protective areas by 2050 (Driver et al., 2012). Functional cdasi@$capes are dependent on
intact natural habitat and healthy ecosystems in the long-terbe resilient in different
climatic conditions (Driver et al., 2012; Barnes et al., 200Rgré&fore, the need has been

expressed on various governmental levels in South Africa to in@epanultidisciplinary
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knowledge by supporting research on how wetlands and other inland aecedigstems
function in the landscape (WRC, 2011).

The Maputaland Coastal Plain has experienced a combination of edpB&odelyptus
plantations, development and less than average rainfall eca&$ved from 2002 to 2012,
when the average annual rainfall (586 mm) was far below thetésngaverage rainfall of
753 mm (measured over the previous 23 years). This had an efféet grotndwater levels
(Schapers 2012). The specific consequences of prolonged drought and htfectd a
wetlands are unknown. The importance of maps to guide decisionsvetieret best to allow
different land-use activities other than conservation areasrassed (Taylor et al., 1995;
Driver et al., 2012). Maltby and Barker (2009) view wetland ocogedrom water supply,
from one or more sources including discharge areas, yet wetland typapaslly do not
indicate the source of water for each wetland, i.e. groundwatdrarge and discharge
function of wetlands. Therefore, the science of mapping, deaisiog and classifying
ecosystems is laying the foundation for meaningful assessméanajng and monitoring of
ecosystems (Driver et al., 2012), especially for groundwdgpendent ecosystems on the
Maputaland Coastal Plain (Colvin et al., 2007). The primary aqusf thought to be the
principle source of water for rivers, lakes and wetlands (arel wersa) (Taylor et al., 2006;
Le Maitre and Colvin, 2008; Kelbe and Germishuyse, 2010). The tempodalspatial
variability of these wetlands make their identity and charsetigon difficult not only
because of the deep sandy soils with no signs of wetness (D20ASE), but also because the
vegetation composition varies between the different wetland tyfmsexample, swamp
forests have clear boundaries with species exclusive to thd#ispeetland, whereas the rest
of the wetlands on predominantly sandy substrate have specieschstive to the type of
wetland (Pretorius, 2011).

5.2 RESEARCH CONTRIBUTION

From the literature it was stated that the Maputaland @lo&4in has a strong relation
between the spatial distribution of wetlands and geological fawnsttopography, elevation
above sea level, rainfall distribution and depth to groundwateoagdiundwater fluctuation
(Grundling et al., 1998; Marneweck, et al., 2001). Although thissiamt on thénterrelated
effectsof topography, water-table and soil type and vegetation composittbstaicture has
already been demonstrated (Matthews, 2007; Taylor et al., 2006; G00®@; Van Wyk,
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1991) on local-scale studies, more work was needed to prove thisuliragional scale to
link wetland types and dynamics to specific environmental fagsarsh as rainfall, water-
table, elevation). Therefore, two hypotheses were tested thishresearch: 1) wetland
function depends on landscape setting and 2) wetland function isy riigtured by the
hydrogeomorphic type classification. In order to test the hypothbsef®llowing methods

were usedmapping, characterisingnd classifyingnhydrogeomorphic wetland types.

A combination of classification approaches were used to map th&lspatl temporal
character of these wetlands. Remote sensing classificatilassification specifically
developed for the study area based on biophysical characteristiagatidrfal attributes and
adapting a geomorphic classification approach (Semeniuk and Sem®8@iikand applying
hydrogeomorphic classification (Ollis et al., 2013). Landsagesarom dry periods (1992
and 2008) and a wet period (2000) were used along with data on soilmtiegand a
digital elevation model and terrain map. The regional wataletwas defined on the basis of
59 in situ measurement points including drilled and dug wells, lakes, straathsprings,
then modelled (MODFLOW) to characterise the regional watde-tprofile. A landscape
perspective was needed to fully understand the interactions aimdoton planning and
management decisions. The conceptual model was used to intdwregdinfall gradient,
landscape setting, and underlying geological template and theahdHow water-table
position. Both model parameters were configured and calibratedsagaeasuredn situ
data. The extent and distribution of permanent and temporary wetladdspen water in dry
and wet years assessed with remote sensing were used aseaafanformation for both

models.

5.3 MAIN FINDINGS

It was previously suggested that the wetland distribution on the Elapdt Coastal Plain

follows an east-west pattern and mirrors the rainfall patiera large extent. However, this
research confirms that the patterns and wetland form amtidorare predominately a result
of the hydrogeomorphic setting and not the rainfall distributithpagh some wetland types
such as peatlands do occur in areas where the rainfall exceeds 3@famand at elevations
between sea level and 50 m.a.s.l. Exceptions such as the $inanp” occur in the west of
the study area at 700 mm/year. Landscape settings identified ooottstal aquifer were

dominated by dune formations which consist of 3 types: plain (upland ananiduislope
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and valley floor. The Wetland character is related to regiandllocal hydrogeology as well
as climate affecting the temporal and spatial variabiitthe wetlands. Wetland types range
from peat-forming swamp forests to moist sedge-grasslandsendieg on their
hydrogeomorphic setting. Wetlands with less than 2 m water-falauation during dry
periods were almost exclusively those we characterised asmdpent” wetlands, while the
“temporary” wetlands were mapped with larger extent on an upland @pendix 2).
Assessment of the groundwater-surface water connectivityide®\a holistic view of the
abiotic template that sustains the biota. In this environmenherev potential
evapotranspiration greatly exceeds precipitation, externarveaiurces such as surface or
groundwater are critical to the hydroperiod and pattern of sainratnd inundation. In
locations where the surface intercepts the regional wdikr-throughout the year, it is
permanently wet. But, where the base is elevatedveltdithe water-table, the wetlands are
only wet during high rainfall events. The delineation of wetlaethess zones as defined by
the period of inundation (hydroperiod) is of importance in wetland nesnegt. Results
from a separate research study site in the south on the Néaplt2oastal Plain (Appendix
5) found that soil organic carbon is a good indicator of hydroperiod andearsed to
delineate and classify permanent and temporary wetlands on saastalcaquifers. The
vegetation indicators in combination with the soil organic carbonenbmtrovide the best

options to define different wetland systems and individuahesst zones.

Groundwater is an important driver in wetland distribution on the Mdgoud Coastal Plain,
and it was therefore assumed that its wetlands are adefe@ndent. But, the results indicate
that some wetlands are perched systems and not dependent on itmal reguifer.
Furthermore, the temporary upland depressions are also unlikdédg werived from an
external groundwater source, although locally perched conditions perdesv permeability
sediments (e.g. Kosi Bay Formation) can retain groundwatarway that sustains wetland
processes. The impact of groundwater depletion on aquifer-dependsgstems depends on
the wetland type and drop in water-table. It can vary from slgéttand loss to loss in
wetland function and ultimately to ecosystem collapse. The pemhdaowering of water-
table below effective capillary action depth will resualtwetlands drying out and replaced by
terrestrial species as seen in temporary wetlands on the upleasl Wetlands formed by

groundwater discharge rely more heavily on shallow aquifer tomions. Therefore,
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wetlands differ in type, distribution and extent that emafrate hydrological response due
to groundwater fluctuation and discharge across spatial amdtahscales.

The hydrogeomorphic classification brings into prominence the impartalerlying features

of all wetlands, i.e. land (geomorphology) and water (hydrology).rébelts in the relation

between rainfall, elevation and depth to water-table show aease in the variety of
hydrogeomorphic wetland units in wetter lowland areas comparddetoupland areas. In
this study area it was found that wetland occurrence is not depeow rainfall or elevation

but rather depth to water-table based on localised topographicailrefeasupporting

hydrological processes.

This research finding concludes on the two hypotheses:

Wetland function depends on landscape settiAgswer: Generall)fES.

This research has demonstrated depressions on slope functesardiff than depressions on
plain. Partially perched conditions in the upland plain haveopgad hydroperiods.

Wetland function is truly captured by the hydrogeomorphic type claggific Answer:NO.
Not all depression on the coastal plain function the same adyhaee types of depressions
occur and function differently, i.e., perched depressions with natdirtke regional water-
table vs. depressions that are linked with the regional wat-bn plain, slope and valley

floor landscape settings.

The semi-automated approach to map hydrogeomorphic units on the Magdu@bastal
Plain was 81% accurate compared to ground reference sites. let®mpil inaccurate input
layers (e.g. wetlands layer and river layer) and limiteduigd reference points with
substantiated groundwater monitoring data are the major limitatioa $emi-automatic
approach for hydrogeomorphic wetland classification. Furthermorenépped or classified
hydrogeomorphic units depend greatly on the data source. The 2008 Lahtskttaset
classification for the entire Maputaland Coastal Plain gewveverall 80% mapping accuracy.
The combination of Landsat imagery with ancillary data show lan@cetseties and drought
have reduced wetland extent and distribution in the north-eastern Naqou@oastal Plain
by 11% over 16 years (1992-2008). Wetland loss is a significant profue the local
communities that depend on them as a natural resource and #sistratneed for improved

management by all stakeholders.
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5.4 LAND-USE IMPACTS

The sedge/moist grassland wetlands that occur primarily on thedsptover ~5% of the
study area and are flooded during large rainfall events tfeegfloods in 2000). As such,
these wetlands are vulnerable to land-use activities suchestrioplantation that, on a large
scale, can influence groundwater recharge (Walters eR@l]l) especially in potential
recharge areas like the upland plains. There is evidenae ioteease in afforestation from
2005 to 2008 (Macfarlane et al., 2012). Recent studies by Dennis (2@b4deck on the
negative effect that emerging plantation could have on wexetd in lakes and wetlands in
the area. However, the extent of the influence still needsetquantified. Old, abandoned
raised gardens indicate a period of wetter conditions once exGtaddling et al., 1998).
Wetlands and croplands <1 ha and cultivated fields in swamp forestdifficult to map
using Landsat. The ambiguity between classifying: cultivation ardstnd; temporal
wetland and grassland; and bare soil and cultivation were highlighied Landsat imagery.
Road improvement from the towns Hluhluwe and Jozini through the town eigkang
(26°59'15"S; 32°45'25"E) to the Mozambique border post resulted in the aseref
development around eManguze and population density increase (Grundlihg26i2g;
Schapers, 2012). This caused increase in cultivation in wetlagals atcess roads to
transport the crops to the markets and urban sprawl alongsideatheetworks. The two
main regional sources of coastal aquifer contamination are lanprastces and sea-water
intrusion (Meyer et al., 2001). Unconfined aquifers are most vuiteeta pollution both in
the unsaturated zone and in the aquifer because the shallow \bégeatal the high
permeability of the sediments allow a short travel time forugenits (King, 2007). These
pollutants use the same travel path to the aquifer as norrhakrgec King (2007) stresses the
importance that no pollution should take place in known areas of rech&igehington
(1978) mentions bacterial and chemical contamination as the twodf/pmsalised pollution
that threated the area. Land-use practices such as piefa@ind informal cemeteries are
sources of bacteria and aquifers can be readily polluteH. b§oli, whereas the forestry,
agriculture and unregulated industries pose the risk of chemiltatigm. Water abstraction
impacts in the KwaMbonambi Formation aquifer was measured byp&ch#2012) and
analysis of critical drawdown depth in boreholes in the Airfieldl figld (south of the town
eManguze) range in the order of 10 m per day while remaining bosetabe a variable and
large drawdown range (25 to 40 m) and maximum 60 m per day. Groundsvatpically

slow moving and, therefore, the need exists to take into actoaifag time before impacts
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of groundwater abstraction on ecologically sensitive areas caetbemined. Withdrawing
water from shallow aquifers (abstracting or through rapid evapspiration) near surface
water bodies (i.e., rivers, lakes and wetlands) can reitheécavailable surface water supply
(Kelbe and Germishuyse, 2010; Schapers, 2012) through 1) capturingtimehgater flow
that should be discharged into the surface water source (lessrgecba?2) inducing flow
from the surface water source to the aquifer (less rechaegeh the case of a water body
being a source of water to the aquifer and water is reducedgthrabstraction or

evapotranspiration.

5.5 RECOMMENDATIONS
1. Monitoring of the groundwater during this study and analysesl\clealicated that the
Maputaland Coastal Plain has experienced a significant droughtless than average
rainfall 2002 to 2012 this effect was both noted on groundwater levelswatidnd
distribution. However, the specific consequences of prolonged drought and héfects
wetlands are unknowend the combination of expandEdcalyptusplantations could have a
devastating impact on wetland function, related eco-servitgsacio-economic benefits of
wetlands. Therefore the following recommendations are made:
Appropriate groundwater monitoring programmes, e.g. the South aAfric
Environmental Observation Network (SAEON), need to be implerdeorethe
entire Maputaland Coastal Plain to account for aquifer vulnesabitid volumes
abstracted; thereby informing management decisions regarditeg abstraction.
Socio-economic aspects impacting on wetlands and water seshotyd be
identified and monitored. Alternative land-use practices shoulchbestigated
and improper land-use of wetlands (such as draining) be regulaipctbved
management should be promoted by all stakeholders with the airrestat#ish
wetland functioning and to re-initiate peat-forming processes.
2. This research has clearly demonstrated that wetlands dobwie groundwater
discharge on primary aquifers depend on the shallow aquifer coigrnibats determined
by its geological and hydrological characteristics (e.g.drdmylic conductivity).
Furthermore, wetlands differ in type, distribution and extent ta@anate from
hydrological response due to groundwater fluctuation and dischargesepatial and
temporal scales. Results of the thesis were incorporateth&itmodelling of wetlands of

this region and successfully incorporate into the mapping oamaglon a regional scale.
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It is therefore recommended that a similar approach iswelll to support management
of wetlands on similar landscapes:
Improved identification and classification of the lithology and ggical
significance of the shallow and deeper aquifer in primguoyjfar regions.
Further development of methods and models describing the interactiveebe
aquifers and their discharge boundaries (i.e. rivers, lakeweitahds).
The impact of direct water abstraction and evapotranspirbyiguiantations on
wetland function and distribution is unknown and need to be quantified.
Improved inventory of wetlands and land use planning in primary aqeiens
3. This thesis concluded that wetland function on the MaputaGoastal Plain depends on
landscape setting and that wetland function is not fully capturethdoyhydrogeomorphic
type classification. Therefore, a review of the hydrogeomorptiassification system

especially pertaining to sandy coastal aquifers is required

5.6 CONCLUSIONS

This thesis attempts to illustrate the use of a holiggr@ach to define the interaction of
landscape processes maintaining the dynamics of wetland typeyt exte distribution
through the use of mapping, characterising with conceptual medpforted by numerical
models and classification. Various multidisciplinary studiesehbgen conducted, but the
challenge was to combine previous studies and current findings totendicd understand
the processes at work on the Maputaland Coastal Plain, norétre&svaZulu-Natal. An
approach which integrates various assessment methodologies wasdeguinderstand the
hydrological abiotic template that sustains ecosystems miugascales in the catchment. It
was the quest of this research to present a conceptualwWaknef the connectivity of
landscape processes across spatial and temporal scales saldébeed study area on the
Maputaland Coastal Plain. Up-scaling studies to the broadputsland Coastal Plain will
particularly benefit from the research findings. Improvementhé¢ remote sensing method
used in this research can be applied to similar coastal, #eds as the Maputaland Coastal
Plain in Mozambique, supporting future research (e.g. Landsat fiynagth supporting
ancillary data such as maps for wetland vegetation, cultivationurban classes from high
resolution spectral and spatial resolution imagery). The irapoetof using imagery acquired
in wet and dry periods as well as summer and winter for a norprehensive wetland

inventory of the study area, is stressed. The wetland invelagey is a valuable asset for
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various applications (e.g. GIS analysis to type and classfjamds and hydrology model
input). The quality of the wetland inventory can have serious accurapiications.
Temporal differences also exist especially in semi-aridrenments where distinct wet and
dry periods are experienced, of which the study area is anpéxaThis research initiative
created a gateway for other research projects (The Adlidoc Wetlands: Research and
Restoration (AllWet RES)) to follow (Sliva et al., 2013) and woented methods and
techniques that could be applied in the rest of the coasial giasimilar coastal plains in
other parts of the world.
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APPENDICES

Al. APPENDIX 1

: MAP METADATA

Title and Description

Title of data set

Metadata for north-eastern MdpnthLand Cover 1992

Description Land-Cover map for north-eastern Malanid, KZN province
Supplemental Coastal Plain, Dry year 2008
Informatior

Theme Keywords

Land-Cover

Bounding Coordinates in

Decimal degrees

Upper left X

32.25 degrees

Upper left Y

-26.86 degrees

Lower right X

32.89 degree:

Lower right Y

-27.24 degrees

Place Keywords

Phongolo Floodplain, Tembe ElepRank, eManguze, Mozambique bord
post (Farazel).

Scale Denominato

Scale | 1:50 000 | Pixel size | 30m x30m

History

Originator Agricultural Research Council (ARC) stitute for Soil, Climate and Water,
Publication date 2012

(YYYYMMDD)

Publication Place

Pretoria

Presentation Form

Digital raster data

Online linkage

From Landsat TM 5 satellite imagesr& ID 167079; Date 9 July 1992.

Purpos

Done for the Water Research Commission (Project $&3

Access Details

Conditions of us

To all nor-profit organization

Access rights

Water Research Commission

Contact details

Contact Organization

Agricultural Research Cou@RC) - Institute for Soil, Climate and Water

Contact Person

Althea Grundling

Mailing addres

Private Bag X79, Pretoria, 0C

Phone no. (012) 310-2500/2561
Fax no (012)32z-1157
E-mail althea@arc.agric.za

Native data set environment

Full path name where data is stored

Data stored on

Hard drive

Size of data s

3.4 Mk

Data Format

Erdas Imagine raster (.img)

Time Period

Date of data collection, publication etc

(YYYYMMDD)

Data collected from satellite images of 2008. Land-
Cover Data produced in 201

To what does date refer,
etc

collection, publicatigrW’WRC Project (K5/1923) Final Report 12 Dec 2012

(publication only in 2013

Progress

Progress of da

Complet:

Data set maintenance and update frequency

Irregular

106



Data Quality

Attribute Accuracy

The overall land-cover/wetlandpping accuracy for the entire Maputalan
Coastal Plain dataset (not the smaller study adeaiyed from single date
2008Landsat TM satellite imagery, was 8

o8

Positional Accuracy

The 2008 Landsat images weteogctified using the 90 m x 90 m Shuttle
Radar Topography Mission (SRTM) DEM (CGIAR-CSI, 83)@nd 2002
Global Land Cover network Landsat images as bagps.nide
orthorectification was done in the original UTM (Mersal Transverse
Mercator; Datum World Geodetic System 84) projecafter which it was
re-projected to the Geographic (Datum World Geadgyistem 84)
projection.

Other data quality issues

High mapping confidenéb% to 100%) was obtained for land-co
classes: open water, wetlands (sedge/moist grasilasultivation, plantatiof
and bare soil. Classes difficult to map includexsgtand and the overlap wi
cultivation practices and temporary wetlands; waod| savanna and oth
forest classes (e.g. dune forest, sand forest) tduthe similar spectra
signatures; urban areas represent scattered h@udssteth mixture of bar
soil and croplands, and the swamp forest classrémaesent narrow linez
features in drainage lines.

er

th

3%

A

=

Spatial Data Organization Information

Spatial data type |

Raster

Spatial Reference Information

Map projection name

Geographic, WGS84

Map Units

Decimal Degrees

Attribute Overview

Attribute label and
description

Land cover class:
water
wetlands
urban
grassland
closed savanna
open savanna
cultivation
plantations
bare soil
clouds and shadow
mangrove
sand forest
riverine forest
swamp forest
dune forest
dens coastal woodland
open coastal woodland

Distribution Information

Distributor Organization

Agricultural Research CollfARC) - Institute for Soil, Climate and
Water

Distribution contact person

Althea Grundling

Address Private Bag X79, Pretoria, 0001
Phone nc (012) 31(-2500/256

Fax no. (012) 323-1157

E-mail althea@arc.agric.za

Liability

Liability held by distributor | None
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Title and Description

Title of data set

Metadata for north-eastern MaantaLand Cover 2000

Description Land-Cover map for north-eastern Malanid, KZN province
Supplemental Coastal Plain, Dry year 2008
Information

Theme Keywords

Land-Cover

Bounding Coordinates in

Decimal degrees

Upper left X

32.25431 degrees

Upper left Y

-26.86 degrees

Lower right X

32.89 degree:

Lower right Y

-27.24 degrees

Place Keywords

Phongolo Floodplain, Tembe ElepRank, eManguze, Mozambique bord
post (Farazel).

Scale Denominator

Scale | 1:50 000 | Pixel size | 30m x 30m

History

Originator Agricultural Research Council (ARC) stitute for Soil, Climate and Water|
Publication date 2012

(YYYYMMDD)

Publication Place

Pretoria

Presentation For

Digital raster dal

Online linkage

From Landsat TM 5 satellite imagesr& ID 167079; Date 17 September
2000

Purpose

Done for the Water Research Commissiofe@@ni€5/1923)

AccessDetails

Conditions of use

To all non-profit organizations

Access right

Water Research Commiss

Contact details

Contact Organization

Agricultural Research Couf&RC) - Institute for Soil, Climate and Wate

Contact Persc

Althea Grundlin

Mailing address

Private Bag X79, Pretoria, 0001

Phone nc (012) 31(-2500/256.
Fax no. (012) 323-1157
E-mail althea@arc.agric..

Native data set environment

Full path name where data is stored

Data stored c

Hard drive

Size of data set

3.4 Mb

Data Forme

Erdas Imagine raster (.in

Time Period

Date of data collection, publication etc

(YYYYMMDD)

Data collected from satellite images of 2008. Land-
Cover Data produced in 2012,

To what does date refer,
etc.

collection, publicatig?W’WRC Project (K5/1923) Final Report 12 Dec 2012

(publication only in 2013).

Progres:

Progress of data

Complete

Data set maintenance and update fregL

Irregulal
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Data Quality

Attribute Accuracy

The overall land-cover/wetlandpping accuracy for the entire Maputalan
Coastal Plain dataset (not the smaller study adeaiyed from single date
2008 Landsat TM satellite imagery, was ¢

o8

Positional Accuracy

The 2008 Landsat images weteogctified using the 90 m x 90 m Shuttle
Radar Topography Mission (SRTM) DEM (CGIAR-CSI, 83)@nd 2002
Global Land Cover network Landsat images as bagps.nide
orthorectification was done in the original UTM (Mersal Transverse
Mercator; Datum World Geodetic System 84) projecafter which it was
re-projected to the Geographic (Datum World Geadgyistem 84)
projection.

Other data quality issues

High mapping confidenéb% to 100%) was obtained for land-co
classes: open water, wetlands (sedge/moist grasilasultivation, plantatiof
and bare soil. Classes difficult to map includexsgtand and the overlap wi
cultivation practices and temporary wetlands; waod| savanna and oth
forest classes (e.g. dune forest, sand forest) tduthe similar spectra
signatures; urban areas represent scattered h@udssteth mixture of bar
soil and croplands, and the swamp forest classrémaesent narrow linez
features in drainage lines.

er

th

3%

A

=

Spatial Data Organization Information

Spatial data type |

Raster

Spatial Reference Information

Map projection name

Geographic, WGS84

Map Units

Decimal Degrees

Attribute Overview

Attribute label and
description

Land cover class:
water
wetlands
urban
grassland
closed savanna
open savanna
cultivation
plantations
bare soil
clouds and shadow
mangrove
sand forest
riverine forest
swamp forest
dune forest
dens coastal woodland
open coastal woodland

Distribution Information

Distributor Organization

Agricultural Research CollfARC) - Institute for Soil, Climate and
Water

Distribution contact person

Althea Grundling

Address Private Bag X79, Pretoria, 0001
Phone nc (012) 31(-2500/256

Fax no. (012) 323-1157

E-mail althea@arc.agric.za

Liability

Liability held by distributor | None
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Title and Description

Title of data s¢

Metadata for nori-eastern Maputaland Land Cover 2

Description Land-Cover map for north-eastern Malanid, KZN province
Supplemental Coastal Plain, Dry year 2008
Information

Theme Keyworc

Lanc-Cover

Bounding Coordinates in

Decimal degrees

Upper left X

32.25 degrees

Upper left Y

-26.86 degrees

Lower right X

32.89 degrees

Lower right Y

-27.24degree

Place Keywords

Phongolo Floodplain, Tembe ElepRank, eManguze, Mozambique bord
post (Farazel

Scale Denominator

Scale | 1:50 00( | Pixel siz | 30m x 30n

History

Originator Agricultural Research Council (ARC) stitute for Soil, Climate and Water,
Publication date 2012

(YYYYMMDD)

Publication Place

Pretoria

Presentation Form

Digital raster data

Online linkage

From Landsat TM 5 satellite imageer& ID 167079 and 167080; Date 7
September 200

Purpose

Done for the Water Research Commissionfe@@ni€5/1923)

Access Details

Conditions of us

To all nor-profit organization

Access rights

Water Research Commission

Contact details

Contact Organization

Agricultural Research Cou@RC) - Institute for Soil, Climate and Water

Contact Person

Althea Grundling

Mailing address

Private Bag X79, Pretoria, 0001

Phone no. (012) 310-2500/2561
Fax no (012) 32-1157
E-mail althea@arc.agric.za

Native data set environment

Full path name where data is stored

Data stored on

Hard drive

Size of data set

3.4 Mb

Data Format

Erdas Imagine raster (.img)

Time Period

Date of data collection, publication etc

(YYYYMMDD)

Data collected from satellite images of 2008. Land-
Cover Data produced in 2012,

To what does date refer,
etc.

collection, publicatig?W’WRC Project (K5/1923) Final Report 12 Dec 2012

(publication only in 2013).

Progress

Progress of da

Complet:

Data set maintenance and update frequency

Irregular
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Data Quality

Attribute Accuracy

The overall land-cover/wetlandpping accuracy for the entire Maputalan
Coastal Plain dataset (not the smaller study adeaiyed from single date
2008 Landsat Thsatellite imagery, was 8C

o8

Positional Accuracy

The 2008 Landsat images weteogctified using the 90 m x 90 m Shuttle
Radar Topography Mission (SRTM) DEM (CGIAR-CSI, 83)@nd 2002
Global Land Cover network Landsat images as bagps.nide
orthorectification was done in the original UTM (Mersal Transverse
Mercator; Datum World Geodetic System 84) projecafter which it was
re-projected to the Geographic (Datum World Geadgyistem 84)
projection.

Other data quality issues

High mapping confidenéb% to 100%) was obtained for land-co
classes: open water, wetlands (sedge/moist grasilasultivation, plantatiof
and bare soil. Classes difficult to map includexsgtand and the overlap wi
cultivation practices and temporary wetlands; waod| savanna and oth
forest classes (e.g. dune forest, sand forest) tduthe similar spectra
signatures; urban areas represent scattered h@udssteth mixture of bar
soil and croplands, and the swamp forest classrémaesent narrow linez
features in drainage lines.

er

th

3%

A

=

Spatial Data Organization Information

Spatial data type |

Raster

Spatial Reference Information

Map projection name

Geographic, WGS84

Map Units

Decimal Degrees

Attribute Overview

Attribute label and
description

Land cover class:
water
wetlands
urban
grassland
closed savanna
open savanna
cultivation
plantations
bare soil
clouds and shadow
mangrove
sand forest
riverine forest
swamp forest
dune forest
dens coastal woodland
open coastal woodland

Distribution Information

Distributor Organization

Agricultural Research CollfARC) - Institute for Soil, Climate and
Water

Distribution contact person

Althea Grundling

Address Private Bag X79, Pretoria, 0001
Phone nc (012) 31(-2500/256

Fax no. (012) 323-1157

E-mail althea@arc.agric.za

Liability

Liability held by distributor | None
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Title and Description

Title of data set

Metadata for north-eastern MdpnthWetness Map

Description Wetness map for north-eastern MaputalEZN province
Supplemental Coastal Plain, Dry year 2008
Information

Theme Keywords

Wetlands, Open water and Swamp tores

Bounding Coordinates in

Decimal degrees

Upper left X

32.25431 degrees

Upper left Y

-26.86 degrees

Lower right X

32.89 degree:

Lower right Y

-27.24 degrees

Place Keywords

Phongolo Floodplain, Tembe ElepRank, eManguze, Mozambique bord
post (Farazel).

Scale Denominator

Scale | 1:50 000 | Pixel size | 30m x 30m

History

Originator Agricultural Research Council (ARC) stitute for Soil, Climate and Water|
Publication date 2012

(YYYYMMDD)

Publication Place

Pretoria

Presentation For

Digital raster dal

Online linkage

From land Cover data sets 1992, 20@D2008 specifically created for this
projec

Purpose

Done for the Water Research Commissiofe@@ni€5/1923)

Access Detail

Conditions of use

To all non-profit organizations

Access right

Water Research Commiss

Contact details

Contact Organization

Agricultural Research Couf&RC) - Institute for Soil, Climate and Wate

Contact Persc

AltheaGrundlinc

Mailing address

Private Bag X79, Pretoria, 0001

Phone nc (012) 31(-2500/256.
Fax no. (012) 323-1157
E-mail althea@arc.agric..

Native data set environment

Full path name where data is stored

Data stored c

Hard drive

Size of data set

3.4 Mb

Data Forme

Erdas Imagine raster (.in

Time Period

Date of data collection, publication etc

(YYYYMMDD)

Data collected from satellite images of 2008. Land-
Cover Data produced in 2012,

To what does date refer,
etc.

collection, publicatignW’WRC Project (K5/1923) Final Report 12 Dec 2012

(publication only in 2013).

Progres:

Progress of data

Complete

Data set maintenance and update fregL

Irregulal
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Data Quality

Attribute Accuracy

The overall land-cover/wetlandpping accuracy for the entire Maputalan
Coastal Plain dataset (not the smaller study adeaiyed from single date
2008 Landsat TM satellite imagery, was ¢

o8

Positional Accuracy

The 2008 Landsat images weteogctified using the 90 m x 90 m Shuttle
Radar Topography Mission (SRTM) DEM (CGIAR-CSI, 8)@nd 2002
Global Land Cover network Landsat images as bagps.nide
orthorectification was done in the original UTM (Mersal Transverse
Mercator; Datum World Geodetic System 84) projecafter which it was
re-projected to the Geographic (Datum World Geadgtistem 84)
projection.

Other data quality issues

High mapping confidenéb% to 100%) was obtained for land-co
classes: open water, wetlands (sedge/moist grasilasultivation, plantatiof
and bare soil. Classes difficult to map includexsgtand and the overlap wi
cultivation practices and temporary wetlands; waod| savanna and oth
forest classes (e.g. dune forest, sand forest) tduthe similar spectra
signatures; urban areas represent scattered h@udssteth mixture of bar
soil and croplands, and the swamp forest classrémaesent narrow linez
features in drainage lines.

er

th

3%

Al

=

Spatial Data Organization Information

Spatial data type

| Raster

Spatial Reference Information

Map projection name

Geographic, WGS84

Map Units

Decimal Degrees

Attribute Overview

Attribute label and
description

Land cover class:

Wetlands non-permanent
Wetlands Permanent saturated
Wetlands inundated
Permanent open water

Swamp fores

Distribution Information

Distributor Organization

Agricultural Research CollfARC) - Institute for Soil, Climate and
Water

Distribution contact person Althea Grundling

Address Private Bag X79, Pretoria, 0001
Phone no. (012) 310-2500/2561

Fax no (012) 32-1157

E-mail althea@arc.agric.za

Liability

Liability held by distributor | None
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A2.

APPENDIX 2: WATER-TABLE MONITORING SITES

NO SITENAME ELEV LAT LONG TYPE WETLAND
1 Z3 43.26 -27d -3m -23.8s 32d 29m 44.7s well Yes
2 Z4 53.13 -27d -5m -4.8s 32d 29m 44.8s Pan/depression  Yes
3 Z5 49.82 -27d -4m -37.6s 32d 29m 28.5s well No
4 Z6 52.09 -27d -4m -36.7s 32d 29m 47.9s  borehole No
5 z7 56.08 -27d -5m -5s 32d 30m 50.3s  borehole Yes
6 Z8 54.54 -27d -3m -22.5s 32d 31m 23s well Yes
7 Z9 61.81 -27d -4m -58.6s 32d 31m 55.3s well Yes
8 Z10 65.98 -27d -3m -25.1s 32d 33m 6s  borehole No
9 Z11 60.64 -27d -3m -14.3s 32d 32m 36.2s well Yes
10 zZ12 72.59 -27d -4m -20.5s 32d 33m 16s  borehole No
11 Z13 69.76 -27d -4m -32.9s 32d 33m 3.8s well No
12 Z16 72.73 -27d -7m -23.8s 32d 32m 16.7s well No
13 Z17B 73.92 -27d -6m -26.5s 32d 33m 17.2s well Yes
14 Z18B 74.53 -27d -4m -4s 32d 34m 30.1s well Yes
15 Z20 74.88 -27d -5m -33.9s 32d 34m 21.2s well Yes
16 z22 73.08 -27d -3m -3.4s 32d 35m 58.4s well Yes
17 Z23 73.94 -27d -3m -46.7s 32d 35m 55.6s well Yes
18 224 75.00 -27d -4m -34.3s 32d 35m 58.9sPan/depression  Yes
19 Z25 73.79 -27d -3m -16.5s 32d 37m 46.3s well Yes
20 726 74.36 -27d -2m -58s 32d 38m 20.1s well Yes
21 z27 70.41 -27d -1m -30.4s 32d 37m 40s well Yes
22 Z28 77.74 -27d -4m -49.1s 32d 38m 32.2s  borehole No
23 Z30 78.92 -27d -2m -25.5s 32d 39m 42.8s  borehole No
24 Z31A 75.54 -27d -2m -28.3s 32d 39m 29.7s  borehole No
25 zZ32 72.95 -27d -1m -33.4s 32d 40m 11.4s borehole Yes
26 Z33 73.79 -27d Om -31.8s 32d 39m 59.9s well No
27 Z34A 71.64 -27d -3m -38.9s 32d 41m 23.2s well Yes
28 Z35 63.40 -27d -1m -2s 32d 42m 54.7s well Yes
29 Z36A 46.99 -27d -1m -9.5s 32d 44m 23.7s well Yes
30 Z36B 48.54 -27d -1m -9.5s 32d 44m 23.7s well Yes
31 Z37A 36.70 -26d -59m -54s 32d 44m 25.7s well Yes
32 Z38 33.12 -26d -59m -36.5s 32d 44m 26.9s  drain Yes
33 Z39 37.63 -26d -59m -21.7s 32d 43m 33.5s  spring Yes
34 Z40A 45.18 -26d -59m -21.4s 32d 43m 0.3s river Yes
35 z41 65.16 -26d -59m -4.4s 32d 43m 52.6s borehole No
36 z42 24.54 -27d -1m -31.1s 32d 46m 58.9s lake Yes
37 Z43 20.80 -26d -59m -34.8s 32d 46m 40.3s  drain Yes
38 Z44 25.42 -26d -57m -3.3s 32d 46m 13.8s  wetland Yes
39 Z45 13.48 -26d -57m -13.6s 32d 48m 7.7s lake Yes
40 746 39.23 -26d -55m -9.9s 32d 47m 5.1s well Yes
41 747 39.97 -26d -53m -13.5s 32d 47m 1s well Yes
42 Z48 28.19 -26d -52m -20.5s 32d 49m 12.8s  wetland Yes
43 Z49 26.88 -26d -53m -15s 32d 49m 39.4s well Yes
44 Z50 24.20 -26d -55m -22.1s 32d 49m 44s well No
45 Z51 19.07 -26d -56m -7.7s 32d 49m 9.3s well Yes
46 Z52 1.87 -26d -57m -36.9s 32d 49m 37.1s lake Yes
47 Z53 2.23 -26d -53m -42.2s 32d 51m 49.3s  wetland Yes
48 754 1.45 -26d -53m -43.7s 32d 51m 57Stream at estuary Yes
49 756 61.70 -26d -53m -8.5s 32d 43m 14.7s well Yes
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50
51
52
53
54
55
56
57
58
59

Z57
Z58
Z59
Z61
Z62
Z63
Z64
Z65
Z66
Z67

64.64
52.79
41.08
43.70
44.80
9.68
14.72
81.72
63.41
50.06

-26d -56m -22.4s
-26d -54m -54.8s
-26d -54m -5.2s
-27d -1m -22.2s
-27d -1m -23.2s

-27d -4m -52s
-27d -5m -18.5s
27d-11m -55.4s
-27d -5m -56.1s
-27d -7m -14.1s

32d 39m 15s
32d 37m 28.1s
32d 36m 21s
32d 29m 38.2s

32d 29m 31.9sPan/depression

32d 47m 12.2s
32d 45m 54.3s
32d 35m 2.5s
32d 42m Os
32d 41m 47s

well

river

well
borehole

river
river
lake
borehole
river

Yes
Yes
No

No

Yes
Yes
Yes
Yes
No

Yes
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A3. APPENDIX 3: HYDROLOGY MODEL

Paper to be submitted as:
Kelbe, B.E., Grundling, A.T. and PricéS. Modelling water-table depth in a primary aquifer
to identify potential wetland hydrogeomorphic settings on the, nortlaputaland Coastal

Plain, KwaZulu-Natal, South Africa.

A3.1 OVERVIEW

It is believed that the primary aquifer on the Maputalands@b#lain in northern KwaZulu-
Natal, South Africa is the principle source of water formyéakes and most of the wetlands
in dry periods and is recharged by these systems in wet periodseveigwhe temporal and
special variability of these wetlands make their identityd characterisation difficult.
Modelling hydrologic processes such as regional water-table daptprovide insight into
the spatial and temporal patterns of wetland occurrence. Thiscpeimed to populate the
database of a single layer groundwater model (MODFLOW) to atmwVater-table profile
fluctuations for a transient 10-year simulation period (from Jgn2@00 to December 2010)
with wet and dry years. The extent and distribution of permanent anmbtary wetlands in
dry and wet years assessed with remote sensing were ugesbace of information for the
model. The model parameters were configured and calibrated tagegasured in situ data.
The results confirm that topography plays an important role on-gegidnal and local level
to support wetland formation. The wetlands’ extent and distributiordieeetly linked to
spatial and temporal variation of the water-table. Groundwatehaige zones in the lowland
(1-50 m.a.s.l.) areas support more permanent wetlands with dolyipeat or high organic
soil substrates, including swamp forest and most of the pemhawpen water. Most
temporary wetlands associated with low % clay occurrencethraceigh-flow interdune
systems characterised by regional fluctuation of the wates:t&iher temporary wetlands
are perched or partially perched conditions, where local oredekpv permeability
formations retain groundwater in a way that sustains wetlandgz@geTo capture the extent
and behaviour of perched wetlands, a more sophisticated saturstdiated modelling

approach is required.
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A3.2 INTRODUCTION

Wetlands form where water is present at or near the land suddaea sufficiently long time
to promote hydric soils and support vegetation communities adapted ¢onektions. These
conditions can arise when the hydrogeomorphic setting and climate irea high water-
table connected to the regional groundwater regime, or whechguewater-tables intersect
the surface topography. The Maputaland Coastal Plain, also knowlme dgozambique
Coastal Plain, in the northeastern region of KwaZulu-Natalifzevn South Africa, consists
of a low relief, undulating sandy dune landscape that contain the higbesntage of
wetland area per province area in South Africa (SANBI, 2010)6&n% of South Africa’s
known peatlands (Grundling et al., 1998). According to Taylor (1991) réenwusiltrates
into the coastal dunes to recharge the shallow aquifer linkedjaoeatl ecosystems. Many
interdune or topographic lows are wet (inundated or saturated), foagunter dependent
ecosystems of the Maputaland Coastal Plain (Colvin 2@0.7; Taylor et al, 2006).

It is postulated that in this environment the shallow aquifehésdominant hydrological
feature that is closely linked to the aquatic and terrestciallogy (Taylor et al., 2006; Colvin
et al., 2007; Le Maitre and Colvin, 2008; Kelbe and Germishuyse, ZDi€)e is a need to
clarify the source and persistence of water in these wet(@etg), 1989) since this affects
wetland form and function (Barker and Maltby, 2009). While this in&diom is not
generally available for wetlands of the Maputaland Coddtah (Ewart-Smith et al., 2006),
there is good evidence that many wetlands serve as groundwateardes areas (Taylor et
al., 2006). The wetlands may be linked through surface drainagemsygorming low
gradient streams that can directly influence the watde-tpiofile and hence the wetlands
themselves. However, wetlands can form from perched wdtksstahat are not directly
connected to the regional water-table (Dempster et al. 2008)difficult to identify these

linked and perched systems without detailed field studies.

Determination of the water-table profile is often derivednir the interpolation and
extrapolation of water level measurements at monitoring sitdseaposed water surfaces
that are assumed to be extensions of the groundwater system. tldte interpolation
methods fail to include the impact of changing groundwater fluxescaged with known
hydrogeomorphic features including drainage boundaries, topographic ecupressi
lithological discontinuities or heterogeneity. Groundwater storageepresented by the
water-table profile which changes in direct response to rgelard discharge fluxes. These
fluxes can induce significant changes in the temporal and spatitdrns of groundwater
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storage that can produce rapid changes in the water-table pesfdehence the requisite
conditions for wetland development. This is particularly relevanthe shallow aquifers
along the coastal plain where the water-table hydrographs esemble the stream
hydrographs (Kelbe and Germishuyse, 2010). Groundwater models can betoused
characterise the spatial and temporal patterns of groundstatage (Gilvear and Bradley,
2009) that are linked to the distribution and function of wetlands and lgkelbe and
Germishuyse, 2000, Winter, 1999).

The application of numerical methods to support environmental stusli@s gragmatic
approach that provides increasingly reliable estimates dbthg function and dynamics of
aquatic systems as conceptual modelling and data assimitaftitlme system progresses
during model development and calibration. If the appropriate cond¢epbael(s) and ground
truth information are available to support the simulation ofhalirelevant driving features of
the system that create the water level responses, the inahmeodel will provide a strong

analytical tool to evaluate the groundwater relations driviiegenvironmental system.

Insight is needed into how groundwater discharge and the depth to aldter¢late to
wetland types of the Maputaland Coastal Plain. The derivati@nrefiable estimate of the
water-table profile and its variability are important €astin the study of these environmental
systems, particularly the distribution of the permanent and temypaetlands. An accurate
profile of the water-table in these situations would dyeassist in determining the type of
ecosystem dependency of a region, particularly on the igatitih of wetland types and
their dependency on the regional aquifer. Various studies havepbééshed on the use of
groundwater models in the support of environmental studies fotutlg segion (Kelbe and
Germishuyse, 2000, 2001, 2010; Veeret et al (2009). For example fdmatations) is an
emerging threat to the wetlands on the Maputaland Coastal @Malters et al., 2011).
Macfarlane et al. (2012) and Grundling et al. (2013a) reported on i@asecin afforestation
in the study area. Dennis (2014) stated that forestry doeg #ftemflows and water levels
in the lakes and recommend that no forestry plantations be withind? &rsensitive wetland
as this would significantly increase the water deficit andntiatéy impact these groundwater

dependent ecosystems.

The unique importance of groundwater in this area for the estieasystems during severe
droughts has been studied by Taylor et al. (2006). These studies and swoibskgnges in

land-use have led to management controls that enhance groundwhsegeeto protect the
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ecological resources of the Maputaland Coastal Plain. Theo#ithis study is to use
groundwater modelling to derive the best estimate of the regiatat-table profile during a

wet and dry period to aid in the delineation and chariaetén of wetland types.

A3.3 STUDY AREA

The Maputaland Coastal Plain in north-eastern KwaZulu-Natal qeyi South Africa
(Figure A3.1A and 1B) is renowned for its biodiversity, conseovatreas, and World
Heritage Site that include a variety of fresh and saliatekwvetlands such as swamp forest,
saline reed swamp, salt marsh, submerged macrophyte besgraves and riverine
woodlands (Taylor, 1991). The study area is situated in the nord#meagsart of the
Maputaland Coastal Plain between the Tembe Elephant Park aKdghBay Lake system
(Figure A3.1A). Economic activity on the Maputaland Coastal Riammsists predominantly
of subsistence agriculture (croplands and rangelands), forpkintdtions) and eco-tourism
centred around the coastal wetlands (Figure A3.1C). The iSitmmdaetland Park is a
World Heritage Site that protects the environment along theat@isp around the Kosi Bay
lake system up to the Mozambique border. The Tembe Elephant Parkprisclaimed
community conservation area that is being linked to the Mapuh&hd Park as part of a
Transfrontier park with Mozambique and Swaziland. The Maputalanda¢dain has poor
soils (Lubke et al.,, 1996) that are generally unsuitable for coomhegrain farming.
However, the region is under severe threat from regulatge taale commercial forestry, as
well as an increase in uncontrolled small scale forestsubgistence farmers, both of which
can have significant impacts on groundwater levels and wetlavaise{ et al., 2009;
Grundling et al., 2013a). The local communities in the regignaelsubsistence agriculture

in wetlands for crop production.

Grundling et al. (2013) used Landsat TM and ETM imagery acquire®&t and 2008 (dry)
and Landsat ETM for 2000 (wet) along with ancillary data suchdigital elevation model,
vegetation and soil maps to identify and map permanent and temfiatand) wetlands and
open water (Figure A3.1B), based on land-cover classificationhiordifferent years. All
three datasets were used for land-cover change analydestoibe the spatial extent and
distribution of wetlands and open water as well as land-useesldssing the three different
years to determine wetland loss from land-use changes due it@toutt, plantation and
urbanisation.
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The study area hosts a complex array of wetlanéstypat range from “permanent wetlands”
with dominantly peat or high organic soil substratetemporary wetlands with mineral soils
(Grundling et al., 2013a; Pretorius, 2011). Theritiation of wetlands varies in response to
periods of water surplus or drought, from large terapy wetlands systems to permanent

linear interdune wetlands between the paraboli@edyKwaMbonambi Formation).

Figure A3.0.1: A) The study area on the Maputal@odstal Plain in north-eastern KwaZulu-
Natal province, South Africa (Grundling et al., 2@). B) The distribution of wetlands and
C) land cover types (Grundling et al., 2013a) vididf area index (LAI) for application in the
mode. (NLC2000 Management Committee, 2005).

“Permanent wetlands” have a relatively fixed boupdaug. peat swamp forests (Grobler,
2009), while sedge/moist grassland wetlands thairome the deep sandy soil in areas where

the water-table fluctuations are greater (cond#iorot ideal for peat development) are
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referred to as “temporary wetlands” (Pretorius, 2011). The bowsdafitemporary wetlands
appear to grow or shrink in wet or dry periods (Begg, 1989), potgntalising their area to
be underestimated in periods of water shortage (Grundling et al.,)20I3aing very wet
years, some areas including wetlands can be temporarily irmehdéh pools of open water
for a short period. These can be described as “temporary oper’ W@tundling et al.,
2013a). In contrast, there are “permanent open water” areas imglthtd Kosi Bay lake

system and smaller lakes such as Lake Shengeza (Grundiihg2913a).

In general the regional geology that slope towards the east argetbipitation (rainfall)
gradient that decreases from east (>820 mm) to west (~680(@mmdling et al., 2013a)
dictates the distribution of wetlands. Most of the permanent matlaccur along the coast to
the east. The upland (>50 m.a.s.l.) has a greater proportioengfotary sedge/moist
grassland wetlands, while the lowland areas (<50 m.a.s.bytlymin the east where
precipitation is also higher, host most of the permanent wetlarasding swamp forest, as
well as some temporary wetlands and most of the permanentvegter (Figure A3.1B and
Figure A3.2A). Groundwater recharge takes place when theseffisient rainfall, while
groundwater discharge occurs in low-lying areas, facilitdigdthe underlying regional
geology that slopes towards the east. Consequently, the permapanivaier areas (Kosi
Bay lakes system and Lake Shengeza) which represent 2-3f total study area, and all of

the swamp forest are congruent with the high water-tablesindghstal region.

The wetland distribution and temporal character are relatetietanature of the aquifer,
topography and rainfall distribution i.e. hydrogeomorphic setting (Gnmet al., 2013a).

Hydrogeomorphic wetland units identified by Grundling et al. (20@dlude: a floodplain,

channelled valley-bottom, unchannelled valley-bottom, depressioneapdaseas. However,
wetland occurrence is not dependent on rainfall or elevationatheérrdepth to water-table,
which is dependent on the hydraulic characteristics of the rdgampafer and localised
topographical features and associated hydrological processes. Sopwary wetlands are
perched pans (e.g. Kwamsomi Pan, parallel to the Muzi wetgsttm) while other are
flow-through interdune systems characterised by fluctuation of elgeorral water-table
(Grundling, 2014)
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A3.4 HYDROLOGICAL MODEL

This project aimed to populate the database of a single lgs@indwater model
(MODFLOW) (Harbaugh et al., 2000) to determine the water-talofiélgofluctuations over a
period with wet and dry years. The simulations are used toideromsight of how
hydrogeomorphic setting and climate conspire to produce persistgansient high water-
tables conducive to the evolution of wetland types in specific ggunt settings. This study
presents the MODFLOW (Harbaugh, 2005) results for a transientakOsiyraulation period
from January 2000 to December 2010. This period includes a weR@6@rand dry years
when the average annual rainfall received was below awemg., 2002, 2003, 2004 and
2008 (Grundling et al., 2013a).

The model parameters were configured and calibrated aga@astuned data in boreholes,
wells, wetlands, streams and lake levels (Grundling, e2@ll4) and the results analysed
using the Groundwater Vistas Interface. In this study groundwatéarge and evaporation
were simulated for various land-cover classes (Grundling et 28113a) using the
Unsaturated-Zone Flow Package (Niswonger et al., 2006) that inctagdhe stream flow
package (Prudic et al, 2004) coupled to the lake package (Meditkonikow, 2000). These

models are highly parametrised and need representative ealdies calibration.

MODFLOW requires detailed description of the hydrogeologicatuies that control the
movement of water within the aquifer. These features wat@lly configured as
Hydrostratigraphic Units (HSU) with homogeneous hydraulic progertipydraulic
conductivity and storativity) but spatial heterogeneity was intratluosing inverse
calibration modelling techniques (Doherty, 2010. These HSU zonessespirthe different
aquifers formed by the various geological formations that areideddn the next section.
The recharge to groundwater storage is derived from inifdtrat after
evaporation/transpiration losses from the unsaturated zone havesdigsfied (Niswonger et
al., 2006), assuming no surface runoff occurs. Infiltration acrosndoel domain is derived
from the incident rainfall after accounting for interceptiassies Interception losses are
assumed to be directly proportional to the canopy storage as ntedsutee LAI. The
incident rainfall was reduced by applying a simple proportion (1/100)eokeaf Area Index
(LAI) for the winter and summer periods. This model configuratiopires the temporal and

spatial distribution of rainfall and potential evaporation.
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A3.4.1 Hydrogeological Setting

The Maputaland Coastal Plain was formed by sedimentary procdeseg periods of
marine regressions and transgressions (Botha et al. 2013)ehttcca sedimentary sequence
of unconsolidated formations. Subsequent aeolian depositions formeo-duade ridges
orientated parallel to the coast and more recent high frontal diovesthe shoreline (Figure
A3.2C). The coastal plain is characterised by a sequenceiofesgd overlying consolidated
rocks of Jurasic basalts and rhyolitic rocks that generallyesghe east at an angle of about
3 degrees to the horizontal (Botha et al., 2013). During the c&mia Period much of the
area was below sea level, creating a hydrogeological Gmitagstones and siltstones with
very low hydraulic conductivity, porosity and storativity, wiisehaves as an aquiclude with

residual brackish water (Zululand Group), and forms the bathe eégional aquifer.

Overlying the Zululand Group are unconsolidated to partially cateteldd sedimentary
deposits formed by a succession of marine, alluvial and aeoliaessex (Worthington,
1978; Meyer and Godfrey, 1995, Kelbe et al, 2013 and Botha et al., @a0tt3yarying
combinations of sand, silt and clay. The strata have guriflg different hydraulic properties
to form several hydrogeological units that create both uncontamed partially confined
(leaky type) aquifers (Figure A3.2C).

The lowest part of this primary porosity aquiféfig-Pliocenesediments) consists of karst-
weathered calcarenites with intercalated mudstone beds (Maud @hd, B000) often
referred to as the Uloa Formation (Figure A3.2C). This hydrtgraphic unit (HSU) (i.e.
stratigraphic zones with uniform hydraulic properties) is gelyeoaferlain by sedimentary
units with finer grained, less permeable sediments creatiagky type aquifer (Todd, 1980).
Along the coastal margin this overlying unit comprises an exteraper ofMiddle to Late
Pleistocenemarine, estuarine clay, silt and sand of the Port Durnfangmation. These
sediments generally have lower hydraulic conductivities and isitest than the underlying
Uloa Formation, creating a partially confined leaky aquifet ihaydraulically connected to

the Indian Ocean in places (Kelbe and Germishuyse, 2010).

Overlying the extensivéiddle to Late Pleistocen®ort Durnford sediments are younger
porous and more permeable sandy formationsaté Pleistocenéo Holoceneage. These
layers form the Kosi Bay Formation that cover an extensiva &mmn the coast to the
western interior (Figure A3.2B and A3.2C). Separating thei Kod older formations are

interspaced bands of lignite and red sands. The uppermost, yoltalesenesediments
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(Sibaya Formation) and the reworked sands of the KwaMbonambi Formatiening a
large section of the study area have relatively high widraonductivity and drain rapidly
(DLP, 1992). However, they generally occur above the phreatie @@bP, 1992) and play

little role in groundwater movement.

Since the focus of this study is the characterisation of tletutiting water-table profile it is
assumed that the deeper formations will not influence the wadibr-profile to a significant
extent and the main controlling factors are the upper saturatsibrsiphic layers and
drainage boundaries. Consequently, the development and calibratiore afatler-table

profile was based on a single layer model.

The spatial distribution of the upper geological units were mapp&btha and Porat (2007)
and plotted in Figure A3.2C, along with the available water lewehitoring sites (WL

Targets). It is assumed that not all these lithological yvay a significant role in the
hydrodynamics of the groundwater and would likely be insensitive to nuadiération,

particularly where few water level measurements exighinvthese units to support the
calibration process. Most of these monitoring sites are \edtalled below the water-table
and may not represent the lithological units in the upper laypengeahe phreatic zone. This

may induce errors in the representation of the units beingatdd.

Based on the distribution of the lithological units and monitoring pdinssnot possible to
calibrate those units that have no monitoring data or that arnel@tit® model domain. The
two predominant units that require hydraulic properties based anapped units in Figure
A3.2C are the Arenite (KwaMbonambi Fm) and Aeolanite (Kosi Bay Quaternary Sands.
However, it is highly likely that these lithological units dreterogeneous and they are
expected to exhibit a large variability in their hydraulic prapertConsequently, calibration

techniques are required to account for the spatial varialilityese properties.

A3.4.2 Modelling Approach

Groundwater is water stored in the aquifer, where the volumgbject to change, reflected
by water-table fluctuations that result from the imbalancéwvéen the recharge to
groundwater (influx of the rainfall component making up the re&)aagd the efflux of the
discharge through the various surface features, mainly evapomatid surface discharge).
The recharge and discharge occurs at different rates throughs/arocesses involving the
different surface features. It is essential to identiiy important hydrological features that

will directly influence the change in groundwater storageefiected in the groundwater
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elevation measurements (water-table). While theserological features reflect the
geomorphic history of the region they are only imanottin developing the model in the way
they allow the flow of water into and out of theu#grs. According to Franke et al. (1987),
setting boundary conditions is the step in modeigtethat is most subject to serious error. In
many situations the recharge and evaporation fldeasinate the groundwater seepage rates.
Consequently, small errors in the derivation of teharge and evaporation rates may be
significantly larger than the groundwater seepages: In this study area, the average annual
precipitation is approximately 908mm for the last 1¢€ars (Consortium for Spatial
Information, 2013) while below average annual r@inéf 753 mm was measured over the
previous 23 years for the period January 1989 toeBer 2011 (Grundling et al., 2013a).

The mean annual potential evaporation rate is D®®(Mucina and Rutherford, 2006).

The difference between the rainfall and actual evatjon is often referred to as the effective
recharge and is a small percentage of the raif@athsequently, small errors in the spatial or
temporal measurement of rainfall can create lard@tive errors in the determination of
effective rainfall (or recharge). Hence, the setecof the appropriate conceptual model for
inclusion in the groundwater model is a crucialpsta the model development if the

hydrodynamics of the groundwater system is the rparpose of the model development.

Figure A3.0.2 A) The regional elevation profile (DEM) derived inoSRTM data (Jarvis et
al, 2008). B) The main geological units that aresidered important in regulating the
groundwater dynamics in a shallow primary aquifertfidoand Porat, 2007).Inset is the
inferred schematic geological transect (AB) from TentEephant Reserve to Kosi Bay
(Grundling and Grundling, 2010).
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A3.4.2.1 Rainfall and Leaf Area Index

It has been common practise in geohydrology studies in the regissumea the recharge in
shallow unconfined aquifers is a simple proportion of the rainfadl (Meyer and Godfrey,
1995; Dennis and Dennis, 2009). However, the soils in the study a&déghly permeable
and there is little evidence of overland flow with the exceptiosome wetland areas where
the water-table is very close to the surface. Therefoi® assumed that all the rainfall that is
not intercepted by vegetation will infiltrate into the sub-swefeyers. Interception losses are
a function of the rainfall rate and the land-cover as defimethe Leaf Area Index (LAI).
LAI defines an important structural property of a plant canopy lwigcthe one-sided leaf

area per unit ground area.

The infiltration (rainfall-interception) and percolation model adotettiis study is based on
the UZF1 package described by Niswonger et al. (2006) for use v&ibAFMOW-2005. In
this model the infiltration (rainfall-interception) rate limited by the unsaturated vertical
hydraulic conductivity and all excess flow is routed to surfac®ff. The infiltration in the
unsaturated rooting zone is further depleted by evapotranspirationevapetranspiration
losses are removed from the unsaturated zone before the evapaatimand is met by
groundwater evapotranspiration when the water-table is witlgirrdoting zone. The UZF1
routine uses a kinematic wave approximation to Richards' equatiemmidate vertical

unsaturated flow of the wetting front (Niswonger et al., 2006).

Leaf Area Index (LAI) values were derived from MODIS (ESDWIOD15A2) 8-day
Composite NASA MODIS Land Algorithm (Reed, 2002). The MOD15 LAd &raction of
Photosynthetically Active Radiation absorbed by vegetation products/ailable on a daily
and 8-day basis provided at 1 %pixel resolution. The following steps were used:

1) Monthly MODIS LAI images from March, 2000 to March, 2010 weraluSée winter
monthly LAI values for April to September were summed for yvaixel overlaying a
groundwater monitoring point and an average value was calcutatede winter months.
The same were done for the summer monthly LAI values for Octobddarch. Both images
(winter and summer) were then used in the creation of zoatdtsts from the National
Land-Cover 2000 data set (NLC2000 Management Committee, 2005). ForNadional
Land-Cover 200(olygon the summer and winter average values were calculatgdds
2000 to 2010.
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2) LAl monthly averages were calculated using imagagtured from March 2000 to
March 2010. Average LAl values were extracted fa groundwater monitoring points for
the 12 months.

The rainfall distribution for the study area haslexlining trend from east to west (Figure
2C). However, the temporal variability greatly exd¢eeéhe spatial variability across the study
area (Figure A3.3). The region is dominated by cotive storms and synoptic fronts that
migrate up the coast (Kelbe, 1988). These convedterms and frontal systems generally
produce rainfall events with high rates of preeifin which are less affected by interception
(canopy storage) losses. Everson et al. (2014¢atelithat under various commercial forestry
species the interception losses in the region atevden 10-35% of gross precipitation
depending on the LAI. The interception storageneoiporated in this study by reducing the
gross rainfall by a factor of 1% of LAl which indet an interception loss of between10 to
30% depending on the LAl Since the purpose of rtiael simulation is to define the

seasonal variation in the water-table defining wetland system, it was decided to use

monthly rainfall for this study.

Figure A3.0.3 Average, minimum and maximum (box-and-whisker plot&)fad over 23
years (Jan 1989 - March 2012) arranged accordingedydro-calendar (Sept-Aug) for the
study area. The box is the range from first todtlgjuartiles in which the rainfall values with
the median (line in box) and average (dot in bdx¢; whiskers are the minimum value and
maximum values recorded. (Grundling et al., 2014).

127



A3.4.2.2 Evaporation

Evaporation is a major loss of water from the hydrological systernhas a big impact on
the water balance. It occurs from surface, unsaturated ednchted storage zones that are
difficult to measure at catchment scales. Consequentlyeptunel and numerical models of
the evaporation process are a pragmatic approach to estimatingpéet of evaporation
processes on the water balance, hence groundwater storagenotieé adopted for the
evaporation process in this study is based on the UZF1 packagbesy Niswonger et al.
(2006). The UZF1 routine extracts the evaporation component from theunatedt zone
above the extinction depth (rooting depth) of the vegetation. Evhporative losses are less
than the atmospheric demand then evaporation continues from the satorstedhenever
groundwater is within the rooting zone (extinction depth). This maztglires the spatial
distribution of land-cover type to define the rooting depth and evapodsiwand. The land-

cover types for the study area are shown in Figure A3.1C.

Evaporation measurement by Clulow et al. (2012) on the MaputalandaC&¥sn have
established some baseline rates for different vegetatmes tthat are typical of the study
area. Clulow et al. (2012) recorded daily total evaporation fateve common natural
vegetation groups (Table A3.1) south of the study area at St..  TUuégr studies indicated
that only the Swamp Forest average ET values came closee¢ting) the atmospheric
demand. In others studies, Clulow et al. (2011) measured evapofationcommercial
forests in the riparian zone (i.e. shallow water-table candi)i and determined that the
annual evaporation rate of 2.5 mm/day was 75% of the FAO 5@nefeevaporation (Allen
et al.,, 1998) and 94.5% of the annual rainfall. These vahs®& guided the initial

parametrisation of the evaporation model.

Table A3.1: Daily average total evaporation (mm) for St &ueidapted from Clulow et al.,
2011), including the crop reference evaporation using the FAO 8®ohéAllen et al. 1998).

Period Swamp Fen Sedge Dry Grass Dune Forest
Forest

August 2009 | 2.7 1.1 0.9 0.3

Novembel

2009 3.8 2.2 1.8 1.9 1.2

March 2011 | 4.5 2.C 2.8 2.C 1.2

Reference

ET 4.5 4.5 4.5 4.5 4.5

0,

é"Trefere”C‘ 81.5 39.3 40.7 31.1 27.8
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A3.4.2.3 Drainage lines (discharge boundaries)

There are two main types of drainage boundaries that need dons&lered. The vertical
processes driven by rainfall and evaporation that occur over tine smtface domain of the
region and those lateral fluxes that involve the flow of water dm¥wydraulic gradient to the
lowest energy source which is generally taken as mean seh(M$L) because of its

consistent water level.

The lateral boundaries are formed by groundwater seepage throligy wattoms into
streams and rivers. These are characterised by a ranlgavafates and residence time that
are generally one or more orders of magnitude greater, thagrabedwater flow rates. In
the model domain there are many different types of draihegedaries that need to be
identified and their physical features realistically detesdi An error in specifying the
elevation of a drainage boundary will be directly transferceth¢ derivation of the water-
table profile. Since the water-table profile is determinedthyy surrounding drainage
boundary features (such as stream bed elevation), it is esserdefine the external (outer)
drainage boundaries that will completely determine the groundwaiélepfior the area of
concern. Internal drainage boundaries will then influencedte hariation in the regional
groundwater profile. The main focus area of this study wasdbmn between the Kosi
Lakes and Tembe Elephant Reserve. The groundwater profilaignatea is strongly
influenced by the fluctuation of water levels in the Koakés and the Muzi river/swamp
drainage network. While one can assume with some confidenaeatke level in the Kosi
Lakes, it is not possible to do the same for the swamps. Consgguauith of these
boundaries were simulated as internal boundaries by extending the moaéh donmclude
distant boundaries that could be more accurately defined. This @sctbd Indian Ocean on
the east and the Pongola/Maputo Rivers in the west as theaxteundaries. The model
domain to the west of the Pongola River has no influence on thel ramadulations. The
northern and southern domain boundaries are assumed to be zerdldlumanntype)
boundaries, since the primary hydraulic gradients along thetgnal boundaries are
perpendicular to the coast.

Advanced studies of certain boundaries such as lakes will requick more complex
conceptual and numerical models that have to account for the lmatence involving all
sources and sinks. The lakes have been incorporated into the madethesLAK3 package
of Merritt and Konikow (2000). This model requires, amongst other $luttee stream flow
into and out of the lakes which was simulated using the SFRAgad Prudic et al. (2004).
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A3.4.2.4 Numerical modelling

The numerical model configuration was based on the conceptual destgibed above and
comprises mathematical functions with numerous parametersedolate the various
processes depicting the hydrodynamics of the groundwater. The spi@aification of all

these parameters was derived mostly from other studies ofo#sat environment in the
region (Kelbe, 2009, Kelbe and Germishuyse, 2010, Veeret,et al. Rl et al, 2013).
However the final estimates of important parameters wagsaved from calibration

techniques of the identified sensitive parameters.

The calibration process systematically changed the model paranetachieve the best
agreement between the measured and predicted values ofl wexigbles. For the
groundwater storage, the calibration was based on measurdnoretiits water levels in the
monitoring wells shown in Figure A3.2A and A3.2B. The hydraulic proggesere derived
using the Model-Independent Parameter Estimation (PEST) techuiguel®ped by Doherty
et al. (2010). However, before applying PEST an attempt toratdi the recharge rate to the
aquifer was conducted by systematically adjusting the rechatgs (interception and
infiltration) to achieve an acceptable balance with thehdisge rates and change in storage
of the groundwater (as measured by the water-table elevafibe).discharge from the
aquifer is through the land surface (evaporation) and seepage &lndrainage lines
forming the streams and lake shorelines. These dischargearatealculated by the model
and should be validated against measured flow rates where podsdwever, no runoff
measurements have been recorded for any of the streams in thearsgadso it was not
possible to calibrate the recharge using direct runoff measureniéexertheless, the lake
model requires the stream flow into and out of the lake to baldhtieeaother fluxes and
change in storage. There is no known abstraction from thesedakess assumed that the
change in storage is due to the natural fluxes comprising faief@poration, runoff and
groundwater seepage. The rainfall and evaporation rateakan from local station records.
Lake water level measurements (change in volume) have feeended by the national
Department of Water Affairs at sub-hourly rates for the satmh period. It is assumed that
good agreement between the simulated and measured lakestoasge (+£0.25m) signifies
reasonable rates of inflow and outflow from the stream andngiwater. These discharge
rates from the system must be in balance with the reehatg to the regional aquifer if the

change in water-table (groundwater storage) is closetm#asured water-table.
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The high correlation between the simulated and medslske water levels and the
groundwater profile (Figure A3.4) are consideregtovide the best estimates of the water
balance of the system and adequately representyit@dynamics of the aquifer for the
evaluation of the spatial and temporal changesendipth to the water-table for this study.
Consequently, these calibrated model predictions baen used to evaluate the effectiveness
of the model in defining the wetland type and duttion for the study area. The accuracy of

the evaluation rests on the reliability of the tgmphical surface (DEM).

Figure A3.0.4 Model generated head predictions (2000-2012) mlotigainst measured
heads. The error bars represent 2m range for theurezhvalues. Least squares fit gives an
r2=0.99 and a gradient of 1.01.

A3.4.2.5 Topographic Elevation Profile (Digital ktion Model)

Wetlands will form when the water-table elevatiorwishin the rooting zone of the wetland
vegetation. Consequently it is necessary to estalitiose locations or sites where the depth
to the water-table is suitable for the developmérthe wetlands. To establish the depth to

the fluctuating water-table it is necessary to \derthe topographical surface elevation
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profiles. The model predictions of the water-table profile Haaen described above and are
considered to be accurate to within £2 m of the actualrv#i@lde. Topographical elevation
based on freely available SRTM data (Farr et al, 2007;etliel, 2010) for an area near St
Lucia (50 km to the south of Kosi Bay) was found to have vertigaks at pixel resolutions
(90 by 90 m) that can exceed 10 m for those areas with tall &mesés but generally within

2 m for areas with short vegetation or bare soil (Kelbe antbf,a3011). Consequently an
alternate source was located. Five meter elevation contegusred for the study area
excluding the section in Mozambique (NGI, 2013) were used to grtbeafigital Elevation
Model (DEM). It is assumed that these contours will provideedIDvith a vertical accuracy

of £1 m for the whole study area.

A3.5 RESULTS AND ANALYSIS

This study has adopted the concept that the depth to the wateistéie main criteria for the
development and sustainability of wetlands of various forms. Conseguémtl model

evaluation is based on an assessment of the correspondence libevegatial distribution
of the classified wetland types derived by (Grundling et al., 20E3a) the spatial
distribution of the proposed minimum water-table depth that will sighermain wetland

types in the coastal aquifer.

The mean depth to the water-table for the simulation period fromada 2000 to December
2010 is shown in Figure A3.5 for locations where the water-tablenewadeeper than 2 m
below ground surface, where permanent or semi-permanent wetlagds expected
(Grundling et al., 2013a). The model shows specific regions dittlty area along drainage
boundaries with shallow water-table that is likely to be suppodfwetland vegetation. The
distribution of these simulated wet areas compares favouralphany areas to the wetlands
classified by Grundling et al. (2013) in an assessment of duelfs predictive capabilities.
Generally the 2 m contours of the depth to the water-table showexpected close
correspondence with the wetlands in the low lying river coursd®iMuzi system along the
Tembe Elephant Park boundary and to the south of Lake KuHlange (FA@UB®. As
expected, the water-table fluctuation are very small (stdndaviation <0.1 m) near the
streams and lakes due to the static nature of these dischangelaries (Figure A3.6).
However, there are large fluctuations of >1 m standard tievie the aquifer between these
drainage boundaries that imply changing water levels of >2 m diméngjrulation period. If
the type and form of the wetlands is controlled by the flucinamn the water-table then these

areas are likely to have different types of wetlands fnere transient). The zones of high

132



variability are associated with the areas for whHmlv hydraulic conductivity values were
derived in the model calibration. While many of thes@es are close to monitoring points
the localised zone of high fluctuation directly we$ Lake KuHlange may be an artifact of
the calibration process where there are no monggoints.

Figure A3.0.5: The 11-year mean simulated deptheaeigional water-table for areas when
it was <2 m. Contours units are meters below surface

Figure A3.0.6: The Standard Deviation of the sinedatlepth to the Water-table (mBGL).
The standard deviation is closely aligned to thevdd hydraulic properties of the regional
aquifer.
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The minimum and maximum water-table profile for the simulatiomogef2000-2010) was
extracted from the simulation series and used to compare trendelistribution under dry
and wet conditions (Figure A3.7 and A3.8). Figure A3.7 shows thegbeddareas where the
water-table is shallower than 2 m below ground surface fordilyigperiod. This minimum
water-table profile is assumed to represent the spatialbditsbn of suitable hydrological
conditions for the continued existence of wetlands of various types unaenged dry
hydrological conditions. During these periods temporary wetlandsmeeayy and some
permanent wetlands become reduced in size (Grundling et al., 20h@ajnodel indicates
greatly reduced areas favourable for wetlands along the Mdei\aid in the vicinity of the
Kosi Bay Lakes. In the upland plateau between the Muzi and KosiLBkgs drainage
systems the model shows very few areas where the regioteattable is higher than 2 m
below the surface, implying the area is generally unfavoufablgermanent wetlands linked

directly to the regional groundwater.

The simulated depth to the water-table for the wet period (F®8r8) shows the area with
shallow groundwater (<2 m depth) has greatly expanded and coversitags of the upland
between the Muzi and Kosi Bay lake systems. These reprasssg more favourable for

wetlands, thus are likely locations for the developmentropteary wetlands.

To evaluate these model predictions of the areas favourabMeflands, as defined by the 2
m contour of the depth to the water-table, comparisons were withidthe classified wetland
areas for the two periods identified as wet and dry by Grundlirad, (2013). The simulated
2 m contour of the depth to the water-table was overlaid on #ssittéd wetland types
(Grundling et al., 2013a) for 2008 (Figure A3.7) and 2000 (Figure A3.83. mbdel
identified most of the wetlands within the river valleys bat 2yrm contour did not extend to
the extensive area between Tembe Elephant Park and the Kosi Bhyneats where a
predominance of temporary wetland had been classified. Thetiselef a 3 m depth may
have included these regions. The simulated and mapped wetlanddryosesason are shown
in Figure A3.7. The model does capture the general outlitieeofvetlands in the vicinity of
the Muzi and Kosi Bay systems but shows no indication of suitablelogiral conditions

for the formation of wetlands in the upland between these twoadya systems.
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Figure A3.0.7 The classified wetland distribution during a dryripd for 2008.
Superimposed on these images is the predicted 2 nin dephe water-table contour for
corresponding dry conditions (i.e. the maximum deptthe regional water-table during the

11-year simulation period from 2000 to 2010).

Figure A3.0.8 The classified wetland distribution during a wetipd (2000). Superimposed
on these images are the predicted 2 m depth to akersable contour for corresponding wet
conditions (i.e. the minimum depth to the regionatemdable during the 11-year simulation

period from 2000 to 2010).
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Further examination of the wetlands located in thelys area show clear relation to the
topographic features and clay content (Figure A3l clay occurrence map (Van den Berg
et al., 2009) is shown in Figure A3.9.A and indésathe weathered clay-enriched soil found
in soil profiles, which corresponds well with thetlands mapped in Figure A3.1B (Figure
A3.9B). Grundling et al., (2014) compared the aagurrence with wetland distribution and
indicates that ~49 % of permanent wetlands in thdysarea are associated with areas >16%
clay content. In contrast, ~63% of wetlands occusail with <5% clay, and correspond with

the distribution of temporary wetlands (Grundlingak, 2014).

It is concluded that most temporary wetlands (thbaefall within the 2 m water-table depth
during the wet period; Figure A3.8) are linked e tregional water-table, generally being
associated with low % clay occurrence. At some teamyowetlands, notably those that
occur in the central upland plateau outside theZater-table depth contour), it is likely that
lower hydraulic conductivity caused by higher clzontent, buried ferricrete or paleo-peat
layers contribute to a prolonged hydroperiod (Glimgdet al., 2014). In wet years with
prolonged wet periods these wetlands could alscobeected to the regional water-table. As
the regional water-table subsides, perched watearaptly persists on lenses of fine-grained

sediments in the soil profile. More hydrologicatalkis needed to substantiate this.

Figure A3.0.9 Clay occurrence (A) and the wetland distribution {& the area between the
Muzi and Kosi Bay drainage systems (Grundling, 2014)
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A3.6 DISCUSSION AND CONCLUSIONS

This study examines the use of a numerical groundwater model tetpiieeliwater-table
conditions in the north-eastern Maputaland Coastal Plain, undermdedra conditions, to
improve our understanding of the relation between water-table angdatial slistribution of
wetlands and their temporal behaviour. The simulated wdibr-farofile is considered
alongside previously identified temporary and permanent wetland amdvegter areas to

provide a more comprehensive understanding of the groundwater-depesuigstem.

Water-table conditions under dry climatic conditions (2008) showemmagstorrespondence
between areas with water-table shallower than 2 m below grsuridce and permanent
wetlands (Figure A3.7) previously identified (Grundling et 2D13a). These areas were
strongly associated with Muzi River and Kosi Bay Lakes flusydtems, where a high and
steady regional water-table dominates (Grundling et al., 2014keTivetlands typically
contain peat, which indicates they remain in a state ofisadgtagaturation (Grundling et al.,
2013b; Grundling et al., 2014). The model was also used to predict abkerdepth less
than or equal to 2 m below the surface during a wet period (2000aréaeencompassed by
the 2 m water-table depth contour was considerably larger t@rsimulated for the dry
period, extending into the upland zone that primarily supports tempawatiands
(Grundling, et al. 2013a). However, the zone of temporary wetlaxsided well beyond
the 2 m water-table depth contour, in an area where the audaposits are from the lower
permeability sediments of the Kosi Formation, and previously shovibe an area of gently
undulating landforms with extensive flat-bottomed features on thendieeas, many of
which have soils with a high clay content (Grundling et al., 20149.deeper regional water-
table associated with these areas suggest that wetland sgeae$y on transient perched
conditions that occur during wet seasons and especially duringeaet (Grundling, et al.
2013). To capture the zone of temporary, perched wetlands, asophisticated saturated-
unsaturated modelling approach would be required, along with represemtfthe layered
heterogeneity of soils associated with the different formatioms soil types that occur.
Nevertheless, the groundwater simulations done here highlighérti@otary wetlands that
are most likely disconnected to the regional water-table, hod more susceptible to

climatic, and perhaps anthropogenic stressors.
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Hydrological model contain inherent uncertainties and weakneSshsltz (2013) considers
that the projections of hydrological models, as numerical abisinamf the complex systems
they seek to represent, suffer from epistemic uncertaintytala@proximation errors in the
model, incomplete knowledge of the system, and in more extrases,cflawed underlying
theories. Faulty data (e.g. biases water-table data dnaleceuracies of the DEM) used for
calibration or validation can also be problematic. However, wtiezemodel is used as a
simple tool for defining the water-table profile of an area wreifficient hydrological and
geological information is incorporated, the level of uncertavaty be acceptably low. While
the model in this study has been used solely to predict ther-tedie profile it is well
recognised that the model parameter set is not unique, aedgteehigh likelihood that other
sets of parameters will provide equally good representatiorhefwiater-table profile.
Therefore, no attempt has been made to validate the modeldypamics, which would
require a priori knowledge of transient processes. Consequentlgaimeconcern with the
model is the accuracy of the water-table prediction comptredeasured values (Figure
A3.4) and the suitability of extrapolation to areas with littleno monitoring. Here, kriging
functions were used to extrapolate hydraulic properties so thatl ietkctions of water-
table could be made in areas where no measurement arabdailhe relative vertical
accuracy of the elevation data is up to 1 m, which adds uncgriairthe evaluation of
shallow water-table depths below the surface. However, thatalevat each of thi situ
water-table monitoring sites was measured with a Diffeaier@ieographical Positioning
System with accuracy 3-6 mm (Grundling et al., 2014), and waitég-measurements within
+/- 1 cm. We believe the numerical methods used to estitmatedter-table profile in this
shallow unconfined aquifer had acceptable accuracy for the pugbasdelineating zones

where the permanence of wetlands can be explained.
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A4. APPENDIX 4: HYDROGEOMORPHIC UNIT ACCURACY ASSES SMENT

Hydrogeomorphic comparison results between verified giigsthe semi-automated hydrogeomorphic classification sghidy and the

automated NFEPA Wetland Ecosystem type classes also babgdrogeomorphic approach.

No Name ;AEwISN%APE VERIFIED HGM SITES HGM UNIT MAP (Figure 4.5)  \FEPA W?;';gg Ecosystem 'ET""a(] ':A(i';' N,\';EEA
1 Z003 Valley Floor Unchannelled VB Unchannelleallgy-bottom Channelled Valley-bottom 43 1 0
2 Z004 Valley Floor Depression Unchannelled Valt®tom Unchannelled Valley-bottom 53 0 0
3 2007 Valley Floor Unchannelled VB Unchannelleallgy-bottom Not Mapped 56 1 0
4 Z008 Valley Floor Unchannelled VB Unchannelleallgy-bottom Valleyhead Seep 55 1 0
5 Z009 Slope Seep Seep Not Mapped 62 1 0
6 Z011 Plain Upland Depression Not Mapped Unchdedélalley-bottom 61 0 0
7 Z017B  Plain Upland Depression Depression Seep 74 1 0
8 Z018B  Plain Upland Depression Depressions Flat 5 7 1 1
9 7020 Plain Upland Depression Depression Seep 75 1 0
10 2022 Plain Upland Depression Depression Seep 73 1 0
11 2023 Plain Upland Depression Depression Seep 74 1 0
12 7024 Plain Upland Depression Depression Flat 75 1 1
13 7025 Plain Upland Depression Depression Seep 74 1 0
14 2026 Plain Upland Depression Depression Not Mdpp 74 1 0
15 2027 Plain Upland Depression Depression Seep 70 1 0
16 7032 Plain Upland Depression Depression Depassi 73 1 1
17  Z034A  Plain Upland Depression Depression Seep 2 7 1 0
18 Z035 Slope Depression Depression Depression 63 1 1
19 Z036B  Slope Depression Depression Seep 49 1 1
20 7037 Valley Floor Unchannelled Valley-bottom dbannelled Valley-bottom Unchannelled Valley-botto 37 1 1
21 Z038 Valley Floor Channelled Valley-bottom Chalted Valley-bottom Channelled Valley-bottom 33 1 1
22 Z039 Valley Floor Channelled Valley-bottom Chalted Valley-Bottom Channelled Valley-bottom 38 1 1
23 Z040 Valley Floor Channelled Valley-bottom Uaahelled Valley-bottom Not Mapped 45 0 0
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24 7042 Plain Lowland Depression Depression Flat 25 1 1
25 2043 Valley Floor Channelled Valley-bottom Chalted Valley-bottom Channelled Valley-bottom 21 1 1
26 2044 Valley Floor Channelled Valley-bottom Chalted Valley-bottom Channelled Valley-bottom 25 1 1
27 7045 Valley Floor Unchannelled Valley-bottom dbannelled Valley-bottom Unchannelled Valley-botto 13 1 1
28 7046 Plain Lowland Depression Depression Uncéebeh VValley-bottom 39 1 0
29 2047 Valley Floor Unchannelled Valley-bottom dbannelled Valley-bottom Channelled Valley-bottom 40 1 0
30 2048 Plain Lowland Depression Unchannelled \Waliettom Unchannelled Valley-bottom 28 0 0
31 7049 Plain Lowland Depression Depression Flat 7 2 1 1
32 Z051 Slope Seep Not Mapped Not Mapped 19 0 0
33 Z053 Slope Seep Channelled Valley-bottom Noppéal 2 0 0
34 Z054 Valley Floor Channelled Valley-bottom Chalted Valley-bottom Not Mapped 1 1 0
35 Z056 Plain Upland Depression Not Mapped Not péap 62 0 0
36 Z057 Plain Upland Depression Depression Flat 5 6 1 1
37 Z058 Valley Floor Unchannelled Valley-bottom dbannelled Valley-bottom Flat 53 1 0
38 2062 Plain Lowland Depression Unchannelled \Waliettom Not Mapped 45 0 0
39 Z063 Valley Floor Floodplain Floodplain Floodipla 10 1 1
40 2064 Valley Floor Channelled Valley-bottom Chalted Valley-bottom Channelled Valley-bottom 15 1 1
41 Z065 Plain Upland Depression Depression Seep 82 1 0
42 Z067 Valley Floor Channelled Valley-bottom Chalted Valley-bottom Channelled Valley-bottom 50 1 1
3 Not Mapped 9 Not Mapped 34 17

81% 40%
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A5. APPENDIX 5: SOIL ORGANIC CARBON AND HYDROPERIOD

Paper to be submitted as
Grundling, A.T., Pretorius, M.Land Grundling P. Association between Soil Organic Carbon

and Hydroperiod in wetlands, Lake St. Lucia’s Eastern ShomeaZKlu-Natal, South Africa.

A5.1 INTRODUCTION

The delineation of wetlands on sandy coastal aquifers is probtedwsito the undetectable
morphological signs of wetness in the sandy soil profile to a déf@8 om (DWAF, 2005).
DWAF (2005) recommends the use of soil organic carbon (SOC) contenpadological
criterion in the identification of permanent, seasonal and teanpaones of wetness, e.g. for
the temporary zone of wetness in in mineral soil: >4% SOC apéermanent and/or seasonal

zone of wetness typically peaty character >10% in topsoilegat 200 mm thick).

Anaerobic conditions (not having molecular oxygen)(Present) are typically found in
wetlands with an extended hydroperiod (Kotze, 2000) favouring the decoropoaitd
accumulation of organic matter in the soil profile. The decorntipasirate is strongly
influenced by water-table depth (Hilbert et al., 2000) and wat#e- fluctuation (Belyea and
Clymo, 2001), and therefore SOC will increase with an ineréassoil water (Brady and
Weil, 2007). Carbon pools are consequently expected to be gre#terparmanent wetland
zones than in the seasonal/temporary zones (Bernal and Mitsch, Jd0@8gfore, the
accumulation of organic matter in the soil serves as a carbbnnsaking wetlands one of
the most effective ecosystems for storing soil carbon (Rislar and Vepraskas, 2001;
Adhikari et al, 2009). During dry periods a considerable portion of the carbon that woul
have been retained in the saturated soil is oxidised. Carbossflxd pools also vary in
different wetlands types (Adhikari et al., 2009). For, example, Bastern Shores in the
iSimangaliso Wetland Park, South Africa, hosts a variety ofawes including estuaries,
tidal flats, lakes , fens, marshes and swamp forest, butoniththe groundwater dependant
wetlands (fens and peat swamp forests) hosting significabortgrools (Grundling, 2011).

Clearly not all wetland types accumulate peat.

Hydroperiod (the degree, duration and level/extent of inundation arad{mason) results in
specific structural and functional attributes for differentlared types. Generally, it is not

valid to equate the measurement of groundwater levels émh do water-table) with the
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hydroperiod. Such a relation may hold true for wetlands that are known tmiter
dependent ecosystems but the hydroperiod is not only influenced by gatendwd the
position of the water-table. Some wetlands are only fed by Haarfd surface water flow,
with their hydroperiod determined by the nature of these inflamd outflow by
evapotranspiration with (Clulow et al., 2012; Ollis et &013). For example, ‘perched’
systems are not connected to the underlying aquifer but they doahaeger-table (albeit
perhaps transient). They may not be part of the regional aqusfiemsyet are still a product
of the system. The hydroperiod of a wetland may vary from @ity a coastal marsh where
tides rise and fall) to seasonal or even longer (e.g. ephepera). Most inland wetland
hydroperiods are seasonal, with high water-tables occurring dilnengainy season. SOC
associated with hydroperiod can help with the delineation of amekif the wetland has a
clear boundary on predominantly deep sandy soils that have specieslusivexo the type
of wetland. However, except for two other WRC projects includiveg Mfabeni mire and
seasonal inundated grassland no monitoring has been done in ternterefabie levels in
different wetlands types on the Eastern Shores and the effiaet pfolong dry period (2002-

2013) are unknown.

The main aim of the WRC project K5/1923 funded project was to unddr#t@ regional
environmental factors that control the distribution, charesttesi and function of different
wetland types on the Maputaland Coastal Plain in north-easterZfuvdlatal, including
interactions with the underlying Maputaland Coastal Aquifer (Gragddit al., 2014). The
primary focus of the study was based on the three main thermeappiing, classifying and
characterising the different wetland types (Grundling et al., 20h& relation between SOC
and hydroperiod complement the main objectives to map the distributiwatiainds in wet
and dry years classify wetlands using the hydrogeomorphic clasisificto characterise the
relation between rainfall, topography and water-table depth. T¢gsureh project formed the
basis of this PhD thesis and included an MSc study (Pretorius,, 204d contributing to an
in-depth PhD investigation of SOC and hydroperiod interaction on the okldpetaland
Coastal Plain (Pretoriusn progres3. The aim of this paper was to define the relation
between SOC and hydroperiod in different wetness zones of wetlande &adtern Shores
of Lake St. Lucia.
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A5.2 STUDY AREA

The study area is located on the Eastern Shorésika St. Lucia within the iSimangaliso
Wetland Park. The 2.15 km transect stretch acrassdith-western point of the Mfabeni
mire system (Figure A5.1) (WRC project K5/1857), glementing hydrological studies of
the Mfabeni Mire system. The transect includes wedathat occur on an undulating plain
with a central drainage line and a swamp forest.v@&iands were selected that vary from
permanently, seasonally and temporarily wet wetlanbts each wetland, different

hydrological zones were selected on a west-facatgna (except for wetland no. 6 which is
east-facing) with the use of descriptive vegetaiommunities. The following datasets were
acquired for each site: elevation, groundwateretdélel, soil form, % SOC and vegetation
description.

Figure A5.0.1: Groundwater monitoring sites in gigtlands on the Eastern Shores (green
points).

A5.3 METHODOLOGY

A5.3.1 Elevation
A land surveyor measured a total of 29 elevatiomfgoalong the 2.15 km transect in June
2010 (accuracy 3-6 mm) (Figure A5.1). Of the 29 atmn sites, four sites were merely

height points in the landscape while two includevation points positioned at the dune crest

147



(e.g. on the dune crest of wetland next to tar road (7/DD) arideodune crest of wetland
next to swamp forest (18/1l)). Therefore, 23 sites along the ecariacluded midslope,
footslope and valley-bottom and two sites were spread in bettheemnansect (17/HH and
24/3]).

A5.3.2 Groundwater Monitoring Sites

At each of the six wetland sites on the southern transect, PM@gied pipes (wells) were
installed vertically in the soil profile to a depth of 1.53-5.19imorder to measure
groundwater-table fluctuation. Each well was protected wisteal pipe against veld fires,
and marked with a numbered plate. Bi-weekly readings were taddgreen the period June
2010 to February 2011 and January to March 2012. The Solinst water-kteelwas used to

take the groundwater measurements.

A5.3.3 Soil Investigations and Percentage Soil Organic Carbon

Soil samples were collected in at each site where soil@mfs was dug to a depth of 1.2 m
in each vegetation zone of the six wetlands to classify tHefaon (Soil Classification
Working Group, 1991) and to collect soil samples for SOC analysilsaisd environmental
data were collected using the Minimum Dataset for DescriBmigForm supplied by ARC-
ISCW. Photos were taken of each soil profile. Soil and peatraugere used to take
samples. Soil samples were air-dried, large pieces ait glebris were removed, and a
porcelain mortar and pestle was used to grind sub-samples ta pasm sieve. The % SOC
was determined using the dry combustion (Total C) method (The Ndma#d Soil
Analysis Work Committee, 1990). The Total C and Walkley-Blaokthods have been
shown to have a 1:1 relation (Grundling et al., 2010). Statistiadyses for the SOC data

were done using MS Excel 2007.

A5.3.4 Vegetation Descriptions

Vegetation surveys were conducted by Dr. Erwin Sieben on 1-5 NmereR®10 using the
South African Wetland Vegetation Survey - Field Data fornel§&n, 2010). The vegetation
and environmental data from the survey datasheets was impodetumitoveg (Hennekens
and Schaminée (2001) to classify the plant communities wherefaifteer classification
analysis was done using PC-ord (McCune and Mefford, 2011) and (uale/, 2002).
These data sets were also imported into the National Wetlagdt&tion Database for South
Africa (Sieben, 2014).
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A5.4 RESULTS

Table A5.1 list the result summary % SOC, Averageewttble depth, hydroperiod (months
of the year the wetland were saturated) and soi fietailed list in Table 2 at the end). For
example zone 1 of wetland 3 is inundated for 3 moatlygar from 4 January to 2 March
2011 during the ten months (June 2010 - Februanl)20tat the groundwater-table levels
were monitored (Figure A5.2). During dry months thater-table drops at least 1 m. The
SOC profiles for this wetland indicate that it ip@at wetland, with a very high SOC content
in zone 1 (25.41% in the top 50 mm of the profild)e high SOC is probably due to the high
and stable water-table for most of the year (TalelAand Figure A5.3), which also explains
the dominant wetland vegetation in zone 1 (15/I)b{@aA5.2). However, animal trampling,
oxidazes the peat, resulting in a decline of SOQ@sd in September 2013 at the same
wetland 3 site.

Zone 4, site 16/GG
Zone 1, site 15/I

Zone 2, sitel14/H

Photo A: 21 May 2008 Zone 3, sitel3/G

Photo B: 8 December 2009

Photo C: 2 November 2010 Photo D: 22 February 2011 — water-table 0.13 m
above surface

Figure A5.0.2: Wetland 8egetation and surface water during different merthd years
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Table A5.1: Soil Organic Carbon (SOC), average water-wdih, hydroperiod (months the
wetlands were saturated) and soil form.

No SOC (%) Average Water-table Depth Soil Form Hydoperiod months
2/BB 0.06 3.78 Clovelly 0
0.89 254 Fernwood 0
1.07 1.82 Fernwood 0
1.29 1.19 Fernwood 0.5
6/C 2.75 0.47 Kroonstad 8
8/D 1.67 2.02 Clovelly 0
1.3 1.47 Constantia 0.5
5.75 0.92 Katspruit 4
12/FF 0.32 225 Clovelly 0
152 1.53 Fernwood 0
3.07 0.88 Fernwood 3
16.05 0.15 Champagne 13
19/J 134 0.83 Kroonstad 0
20/K 2.58 0.53 Kroonstad 0
4.97 0.22 Champagne 3
5.45 0.15 Champagne 13
28.79 0.00 Champagne/Peat 20
25/0 4.56 0.28 Kroonstad 7
7.97 0.37 Champagne 13
2.25 1.04 Fernwood 0
1.1 1.72 Fernwood 0
o . . . o .

Figure A5.0.3: Relation between Soil Organic Carbon and Hydgeri
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A5.5 DISCUSSION

The primary accumulation of SOC was correlated with the hydeabgegime: higher
organic production took place in lower-lying landscape positions (Fi§br4). The % SOC
content is directly linked to the period of inundation (hydroperiod) (TABl4 and Figure
A5.3). In South Africa soil with 10% or more organic carbon isrreteto as Champagne soil
(Soil Classification Working Group, 1991) , while peat comprisdsaast 30% (dry mass) of
dead organic matter (Joosten and Clark, 2010). The SOC contentreee@-50 mm from the
soil surface in wetlands that were saturated for 3 monthiseofe¢ar had >10% SOC, while
wetlands saturated for 10 months of the year_had >25% SOGCe(A&bl). However, soils
classified infield as Champagne soil had only 4.97% and 7.97% StB@ Wwydroperiod that
varied from 3-13 months saturated during the full monitoring period of 2o@ to February
2011 and January to March 2012 respectively (Tables A5.1 and A5.2)SOGeprofiles
indicated no significant difference between the seasonallyteangorarily saturated zones
(Table A5.3), especially on the wetlands occurring on the higkgations because of the
large groundwater fluctuation (0-2 m) (Figure A5.4). In ladl vetlands, average % SOC (O-
200 mm soil depth) in the terrestrial zone is low (0.32-1.67%) itoghe0il (Tables A5.1 and
A5.2).

A5.6 CONCLUSIONS

The delineation of wetland wetness zones as defined by the pericduondation
(hydroperiod) is of importance in wetland management. Resultssirstudy found that soil
organic carbon (SOC) is a good indicator of hydroperiod and can be useihaaehnd
classify permanent, seasonal and temporal wetlands on santhl egasfers. The vegetation
indicators in combination with the SOC content provide the best opiodsfine different

wetland systems and individual wetness zones.
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Figure A5.0.4: Groundwater profile and soil formerag the southern transect. Fw = Fernwood; Ch = Chgmgy Kr = Kroonstad; Cl = Clovelly;
Co = Constantia; Ka = Katspruit.

152



Table A5.2: Environmental factors for the five wetland systemthe southern study area

Zone

Hydroperiod

0 .
and Elevation  (no. of weeks Avggg(:e "’ Soil Form vegetatn '
Site (m.a.s.l) or months) (0-200 mm) Plant Species
No. 0 = no hydroperiod Classification Composition
Wetland 1
Zone 5: Helichrysum krauss
2/BB 10.55 0 0.06 Clovelly Non-wetland Schizachyrium
Zone 4: plants sanguineum,
3/A 931 0 0.89 Fernwood Themeda triandra
Trachypogon spicati,
Zone 3: Facultative Sporobolus subtilis,
4/CC 8.75 0 1.07 Fernwood Obligate Ischaemum
fasciculatum
Zone 2: . L
5B 8.10 2 weeks 1.29 Fernwood Facultative  Centella asiatica
Stenotaphrum
secundatu,
Centella asiatica,
zone 1. 7.45 8 months 2.75 Kroonstad Facultative Cyperus
6/C sphaerospermus,
Hemarthria altissima,
Cyperus
sphaerospermus
Wetland 2
Avristida sp.,
Non-wetland Fimbristylis sp.,
Zone 4. plants with Helichrysum kraussii,
7/DD 9.73 0 Clovelly one Stylosanthes fruticosa
Obligate Ischaemum
fasciculatum
Zone 3: Sporobolus subtilis,
8/D ' 8.85 0 1.67 Clovelly Facultative Schizachyrium
sanguineum
Zone 2: . Facultative Sporobolus subtilis,
9/E 839 2 weeks 1.30 Constantia Obligate Restio zuluensis
Zone 1: . . Centella asiatice
10/F 7.82 4 months 5.75 Katspruit Obligate Paspalum vaginatum
Wetland 3
Zone 4. Nor-wetland . "
12/FE 9.57 0 0.32 Clovelly plants Helichrysum kraussii
Imperata cylindrica,
zone 3: 8.81 0 1.52 Fernwood Facultative Hemarthng altissima
13/G Panicum
glandulopaniculatum
Paspalum vaginatum,
Zone 2: . Centella asiatica,
14/H 8.07 3 months 3.07 Fernwood Obligate Hydrocotyle
bonariensis
Zone 1: . -
15/1 7.40 13 months 16.05 Champagne Obligate  Eleocharis limosa
Zone 4: Non-wetland . .
6/GG 8.87 0 Fernwood plants Helichrysum kraussii
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Wetland 4

Alloteropsis semialate

Kroonstad Sporobolus subtilis,
) Non-wetland .
Zone 4: form Setaria sphacelata,
7.96 0 1.34 plants :
19/J Morgendal Facultative Lobelia sp.,
family Trachypogon spicatus,
Gerbera sp
Kroonstad Ischaemum
zone 3: 7.63 0 2.58 Morge_ndal Obligate fasciculatum,
20/K family Themeda triandra
(1000)
Zone 2: Looked
' 7.27 3 months 4.97 like Obligate Ischaemum
21/L )
Champagne fasciculatum,
Zone 1- Looked Centella asiatica,
29/M ) 7.14 13 months 5.45 like Obligate Rhynchospora rubra
Champagne
Wetland 5
Barringtonia
Zone 1: . racemosa,
23/N 3.45 20 months 28.79 Peat Obligate Nephrolepis biserrata,
Stenochlaena tenuifolia
Wetland 6
Zone 2: 9.77 7 months 4.56 Kroonstad Facultative Ischaemum
25/0 fasciculatum
Zone 1: Looked Panicum
’ 9.53 13 months 7.97 like Obligate )
26/P glandulopaniculatum
Champagne
Centella asiatice
Zone 3: Facultative Restio zuluensis,
271Q 10.48 0 225 Fernwood Obligate Eragrostis sarmentosa,
Themeda triandra
Eugenia albanens,
Elephantorrhiza
Zone 4: Non-wetland elephantine
28/R 11.22 0 1.10 Fernwood plants Helichrysum kraussii,

Imperata cylindrical,
Eragrostis sarmentosa
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Table A5.3: The phytosociological classification using the TurbpweC-ord and Juice

methods.

2/bb-
Relevés number:13 3l/a

Species 8

4cc

5b

IN

Stenotaphrum
secundatum

Scleria poiformis
Pentodon pentandrus
Pycreus polystachyos
Fimbristylis bivalvis
Senecio species
Paspalum species
Alectra species
Setaria sphacelata

Lobelia anceps r

+ o+ A

+ =

Eragrostis sclerantha
Pycreus nitidus
Leersia hexandra
Cyperus fastigiatus
Eleocharis limosa
Cynodon hirsutus
Cyperus sensilis

Cyperus sphaerospermus .
Paspalum vaginatum 2

+ (NN W N

10f

Rhus species
Senecio erubescens
Senecio inornatus
Linum thunbergii
Commelina benghalensis .
Avristida junciformis
Aspalathus chortophila
Abrus laevigatus
Syzygium cordatum
Eriosema species
Hydrocotyle bonariensis

B+ o+ e

Panicum
glandulopaniculatu +

12ff

13g

Eriosema cordatum
Litogyne gariepina
Wahlenbergia species
Restio zuluensis

Xyris natalensis
Trachypogon spicatus
Sporobolus subtilis

Hemarthria altissima
Centella asiatica

14h

15(1) (28l

Themeda triandra
Parinari capensis
Justicia protracta

Stylosanthes fruticosa
Rhynchospora
barrosiana
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Helichrysum kraussii
Aeschynomene species
Garcinia livingstonei
Rhynchospora species
Justicia anagalloides
Tinospora species
Ehrharta erecta
Tephrosia longipes
Achyranthes aspera
Acalypha villicaulis

Asparagus spinescens
Diospyros austro-
africana

Cymbopogon plurinodis
Vernonia oligocephala
Mystroxylon aethiopicum
Urelytrum agropyroides
Achyranthes species
Aspidoglossum species
Acalypha caperonioides
Avristida species
Gazania krebsiana
Diospyros lycioides
Senecio coronatus
Pavonia burchellii
Ledebouria species
Protasparagus species
Justicia species
Agathisanthemum bojeri
Tristachya leucothrix

Thesium species
Phyllanthus
maderaspatensi

Tephrosia capensis
Cyperus obtusiflorus
Pentanisia angustifolia

Helichrysum setosum
Schizachyrium
sanguineum

Fimbristylis species
Ischaemum fasciculatum
Eugenia natalitia
Kyllinga erecta

Imperata cylindrica
Cyperus natalensis

I I I I 2
I I I I 1
I I I I +
I I I I 1
I I I I +
I I I I +
I I I I 1
I I I I 1
I I I I +
I I I I 1
I I I I +
I I I I

I I I I 1
I I I I

I I I [ 1

I I I [

I I I [

I I I [

I I I [

I I I I 2

I I I 1

I I I 1

I I I 1

I I I [

I I I I r

I I I I 1

I I I I +

I I I I

I I I I 1

I I I 2 | 1

I I I r [+

I I I +

I I I O

I I I + 1

I I I + +

I I I 2|

I I I r I +

I 1 I ]

I I I I 1

I [+ I | + 1

I [ 2 I I 1

I | 2 I | r t
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