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ABSTRACT

In arid southern Africa, many rivers are ephemeral, and surface flow occurs for less than 10%
of the year. Floods, which occur erratically, recharge groundwater resources on which
riverine vegetation depends. Trees and shrubs are the most common life forms along these
river systems, because surface flows are too erratic for aquatic organisms to flourish. There is
concern that alterations to the current water regime of ephemeral rivers will affect the
distribution of riparian vegetation as trees provide valuable fodder, shade, firewood and
construction material in otherwise inhospitable surroundings. Climate change, population
growth and development needs all place growing pressure on these water-limited ecosystems.
Careful catchment management is essential to meet human water needs without jeopardising
the ecosystems. This is easier said than done however, as ephemeral river ecology and
functioning are hardly understood. Their unpredictable hydrology, strong groundwater
association, often remote location and the presence of large terrestrial life forms make
ephemeral rivers difficult to understand and current ‘Environmental water allocation’
methods for wetter systems are unsuitable. Alternative methods are being developed, but to
date they still have a strong emphasis on aquatic life forms and riparian vegetation is still
insufficiently addressed. This study provides an ecophysiological perspective on the water
sources and drought tolerance levels of four key riparian tree species in Southern Africa. The
aim is to contribute to an improved understanding of the interrelationships between river

flow, groundwater and use of water by trees.

Stable Hydrogen and Oxygen isotope results show that the three key species along the Kuiseb
River (Acacia eriolobaFaidherbia albidaand Tamarix usneoidgsio not take up any water

from the regularly occurring fog events. Instead, they depend on a seasonally fluctuating mix
of shallow and deep soil moisture as well as groundwater. All these water sources rely on
regular recharge from floods. It suggests that reductions in flood frequency and especially in
magnitude and duration will reduce groundwater recharge and affect species productivity and

survival.

It was investigated why A. erioloba, growing in the presence of the &resopis
glandulosa, show high mortality rates. The study used stebf0 and*>C isotopes, xylem
pressure potentials and percentage canopy dieback to conclude that within the riparian zone,

the two species depend on the same water sources and that indigeneuslioba are



significantly more water stressed when growing alongBidglandulosa. Further inland.
erioloba is entirely groundwater dependent wiiileglandulosa seasonally switches between
water sources. This resource partitioning is advantageous for A. erioloba, which does not
display the same levels of water stress as in the riparian zone.

An investigation into the physiological structure, including wood density, xylem vessel
diameters and xylem vulnerability to cavitation for all four species showed\tteioloba

was structurally the most drought tolerant. This finding corresponded well with its high
survival rate in the 1980s Namib drought. In the Kalahari, however, it is still outcompeted by
P. glandulosa, suggesting that the invasive species has a competitive edde exeloba

that goes beyond xylem structuke. glandulosa and. usneoidesre similar in structurer.

albida is structurally the most vulnerable of the species, supporting the high mortality rates
observed in the 1980’s.

Water sourcing using stable Hydrogen and Oxygermjss, xylem structure and phenology
were compared for thre®. erioloba stands with access to different groundwater depths (4 m,
21 m and 56 m). The aim was to determine whetherrioloba physiology changed
proportionally to groundwater depth. Results show gatrioloba structure and phenology

do respond proportionally to groundwater depth, suggestinghthatioloba can reach deep
groundwater, but that this comes at a cost of increased water stress and reduced vitality.
Ttrees depending on deep groundwater may thus be closer to a water-induced survival
threshold than those growing with access to shallower groundwater. Catchment managers
should carefully weigh up the benefits of new water developments relative to potential losses
of this ecologically and economically important species.

As the final objective and synthesis this study aimed to evaluate if any of the studied species
could be used as a bioindicator for tree health in relation to water availabiligneoides

was previously observed to be less tolerant to drought conditionsFthalbida andA.
erioloba, while this study has shown albida to be structurally the most vulnerable. Hence

no bioindicator could be indentified and it is concluded that the determination of drought
tolerance and the identification of one or more bioindicator species for future monitoring is a
complex matter that needs to include more structural studies and field documentation during

drought.



Ultimately the use of indicator species and investigations into water sourcing as well as
drought tolerance studies should infoomtchment management and be included in future
assessments of environmental water requirements (EWR) methods and river health. This
study concludes that several of the methods applied in this study (shoot growth
measurements, percentage canopy dieback, wood deribity°0 ands™*C stable isotopes,

xylem pressure potentials and xylem vessel diameters) are worth applying in in a EWR in
conjunction with groundwater and flood (volume, duration and height) measurements. This
will require a shift from a traditionally aquatic outlook to one that is more inclusive of
terrestrial ecology. More interdisciplinary cooperation and lateral thinking between aquatic
and terrestrial ecologists is crucial, so that the frequency, magnitude, predictability and
duration of floods and associated groundwater recharge are assessed in terms of water needs
of woody riparian species as well as the associated terrestrial fauna.
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CHAPTER 1: INTRODUCTION

Future decreases in available water resources are anticipated in both the Namib and the
Kalahari Deserts in southern Africa. Climate change models predict a ten to twenty percent
drop in annual rainfall (de Wit and Stankiewi@006); Namibia’s uranium mining economy

is booming (Swiegers, 2008; Pallett, 2008) and iron ore mining in the Kalahari is ongoing
(Powell, 2005). Further abstractions of water from river systems are anticipated for
agricultural and urban water needs (Brown, 1990; Powell, 2005; Swiegers, 2008; Pallett,
2008). Introduced alien plant species invade river reaches and are believed to cause
competition for scarce water resources with indigenous species (lgorega 2008). The
present study examines water sourcing and drought tolerance of three indigkcacia (
erioloba, Faidherbia albida, Tamarix usneoidesand one invasivePfosopis glandulosa)
riparian tree species, commonly occurring along the Kuiseb River in the Namib and the
Kuruman River in the Kalahari Desert. The study focuses on the relationship between water
availability and growth of trees along ephemeral rivers. A better understanding of the water
use of riparian species is essential for sustainable catchment management of ephemeral rivers

in arid parts of Southern Africa.

DEFINING EPHEMERAL RIVERS

The aquatic and terrestrial community structure of river ecosystems is primarily shaped by
the flow regime (Jacobson, 1997; O’Keefe, 2000). Hence, rivers are frequently classified on a
scale of flood days per annum (Poff and Ward, 1990; Jacobson, 1997). There are some
discrepancies among the international classifications that have been applied in a Southern
African context (Rossouwt al 2005; Moser, 2006). Some classify rivers as perennial (100%
flow), semi-permanent (> 75% flow), intermittent streams (10 — 25% flow), and ephemeral (<
10% flow) (Hedman and Osterkamp, 1982; Jacobson, 1997; Bailadn 2000). The South
African classification differs in terms of flow days per annum and in terminology, so that
perennial rivers have 100% flow, semi-permanent rivers have no flow 1% — 25% per annum,
ephemeral river have no flow 26% - 75% of year and episodic rivers have no flow for more
than 76% of the year (Rossowet al. 2005).The Kuiseb and Kuruman Rivers investigated

for this study both flow for less than 10% of the year and are termed ‘ephemeral’, as
stipulated by Hedman and Osterkamp (1982), Jacobson (1997) and Betukbn(2000).

According to the South African classification both rivers would be termed ‘episodic’.



Ephemeral rivers typically have highly variable runoff that depends on sporadic, localised
and extremely variable precipitation in all or part of the catchment (Jacobson, 1997). As a
flood travels downstream after a storm event, the flood volume gradually decreases
(transmission losses) because of infiltration into the channel and floodplain sediments,
recharging groundwater (Jacobsatral.,1995; Lerner, 2003; Seady al., 2003; Dahaet al.,

2008). The amount of groundwater recharge depends particularly on flood duration, but also
on magnitude and frequency (Jacobson, 1997; Dahah, 2008). Recharge is also affected

by riverbed characteristics (Lerner, 2003). Uneven bedrock that underlies river channel
sediment forms depressions interspersed with outcrops along a river channel. During floods
these depressions fill with infiltrated water and the outcrops keep the groundwater in place in
the alluvium long after the flood has passed (Dahan, 2007; Todd and Hoffman, 2007). The
flood pulse is the principal driving force responsible for the existence, productivity and
interactions of major river biotas (Juek al., 1989). While some argue that typically short

and unpredictable flood pulses in arid river systems disturb the existing biotaetJahk

1989), others argue that disturbance of this kind promotes adaptability (Wakier1995).

In line with the latter argument the greatest disturbance to ephemeral river systems would be
the absence of flood pulses. Reduced flood pulses would reduce groundwater recharge
impacting directly on groundwater-dependent lifeforms, such as riparian vegetation
(Jacobson, 1997; Moser, 2006).

There are distinct differences in the biotas associated with perennial and ephemeral rivers.
The intermittent flow conditions of ephemeral rivers do not allow the same diversity of
aquatic and semi-aquatic plants and animals to establish, as are usually found in perennial
rivers (Davieset al., 1993; Kemper and Boucher, 2000; Darvedllal, 2009). Trees and
shrubs along riparian corridors are the most obvious and permanently established life forms
associated with ephemeral river systems (Jacolesaa., 1995; Kingsford, 2000). These
riparian corridors include the stream channel and that terrestrial portion from the high water
mark to the uplands where floods, elevated water tables and the soil’s ability to hold water all
influence vegetation (Naimaet al., 1993). Riparian corridors are considered the most
diverse, dynamic and complex biophysical habitats on the terrestrial part of the earth (Naiman
et al., 1993). Despite their small land cover, riparian zones are seasonally or permanently
inhabited by a large proportion of the vertebrates of an area, indicating their high habitat
value, especially in arid areas (Cohn, 2005). Not only wildlife, but also livestock and humans

value riparian plants along rivers for shade, food and resources such as wood and building

6



materials (Jacobsoet al., 1995; Moser and Henschel, 200@)e current crisis in Zimbabwe

has highlighted the importance of riparian corridors for human survival, as many citizens
have subsisted on goods and services along the Limpopo corridor since the collapse of the
country’s national service provision (Colvin, 20p6rs. comn). Such dependence on goods

and services provided by healthy river ecosystems has to be considered especially in arid and

developing countries (Kingsford, 2000; King and Brown, 2006).

Over 1 billion people subsist in arid areas that cover 47% of the Earth’s surface (Middleton
and Thomas21997), giving ephemeral rivers a higheer capita importance than their
volume of water would suggest (Sedi al., 2003). These rivers are often the only water
source in arid areas and the associated, reliable alluvial aquifers allow for permanent
settlement (Dahaat al., 2008). In Namibia, for example, 90% of the population depends on
water from ephemeral systems (Jacobsein al., 1995; Namibia Water Resources
Management Review [NWRMR], 2000; Moser, 2006). Ephemeral rivers support nature
reserves and tourism, livestock farming, irrigation, mining and whole industrial urban centers
(Jacobsoret al., 1995; Heynet al., 1998). Rivers in arid areas are frequently dammed or
diverted, or have water abstracted via boreholes (Hetyak, 1998; Kingsford, 2000). These
dams and diversions reduce flood volume and flood frequency, impacting directly on water
quality, alluvial aquifer recharge and all lifeforms dependant on alluvial groundwater (Brown
and King, 2002; Kingsford, 2000; O’Keefe, 2000). Careful management is essential to ensure
that both human and ecological water needs are met. Unfortunately, conventional water
resource management practices worldwide have typically fallen short in this regard and river
ecosystems continue to be degraded (MacKay and Moloi, 2003). A lack of protection, climate
change, rapid population growth, urbanization and development put increasing pressure on
ephemeral systems that could ultimately lead to land degradation and desertification
(Jacobson et al., 1995; Jacobson, 1997; Ssedy,, 2003; Moser, 2006; Basson, 2009).

THE ‘ECOLOGICAL RESERVE’ IN THE CONTEXT OF EPHEMERAL RIVERS

Dry countries such as Namibia and South Africa have recently taken progressive legislative
stances that advocate the necessity for the sustainable development of water resources (South
African National Water Act (36 of 1998); NWRMR, 2000). In line with the new Namibian
Water Resource Management Act (2004), three basin management committees have

established in ephemeral catchments, which allow for joint decision-making among
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stakeholders (such as commercial and communal farmers, mining companies and town
municipalities) with regards to basin resource management. South Africa’s Water Act (1998,
No 36) protects environmental water needs by recognising the ‘ecological reserve’, which is a
proportion of water of an acceptable quality that remains in every river to ensure ecological
functioning. Under the Act protection includes surface as well as groundwater, protecting
both aquatic ecosystems and aquifer dependent terrestrial ecosystems €€Caly;ir2007).
Accordingly, environmental water requirements (EWR) are used as an approach to determine
the reserve for each significant water body, taking into account the quantity and quality of
water needed for ecosystem conservation and resource protection (Ractliffe and King, 1997;
King et al., 2000; MacKay and Moloy, 2002; Tharme, 2003). South Africa has developed its
own EWR methods. Based on a growing understanding of aquatic ecology, hydrology,
hydraulics, geomorphology and recently also riparian plant inventories, South Africa has
designed the Building Block Methodology (BBM), the Downstream Response to Imposed
Flow Transformations (DRIFT) and the Flow-Stressor Response (FSR) €Kiab, 2000;

King, 2004; Kleynhans and Louw, 2008). All of these EWR methods are tailored to the drier
and unpredictable settings of South Africa and are used for South Africa’s perennial and

seasonal rivers.

These methods are not appropriate for ephemeral systems however (Ressby2005).

The importance of hydraulics in perennial systems plays a reduced role in ephemeral ones. In
ephemeral rivers hydrology is so variable that only good, long term data would enable
adequate interpretation (Davies al., 1993; Kinget al., 2000). Unfortunately such data is
rarely available due to the inaccessibility of most ephemeral rivers, too few and badly
equipped monitoring stations and regular equipment damage through siltation and jamming
debris (McMahon, 1979; Jacobson, 1997). Groundwater plays a major role in ephemeral
systems, but its quantity and recharge are notoriously difficult to assess. Hence, it has only
recently been incorporated into perennial EWR methods (Lerner, 2003). The strong focus on
macroinvertebrates and fish of the existing EWR methods is unsuitable for ephemeral
systems, which support very few aquatic organisms but have a prominent terrestrial riparian
vegetation insteadAssessments of riparian vegetation in existing EW&hwds consist of
inventories that include plant location, cover, phenology, structure, abundance and
plant/substrata relationship (Kireg al., 2000; Kemper, 2001; Kleynhaetsal, 2007). These

data provide a sound ecosystem perspective for riparian vegetation, but species-specific

knowledge about life cycles, functioning and water requirements is lacking @irad,
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2000). This knowledge gap is biggest along ephemeral rivers, because aquatic scientists have
largely ignored them and because terrestrial ecologists have examined the riparian vegetation
without consideration to the influence of fluvial processes or the requirements of individual

species (Jacobson, 1997).

The knowledge gap around ephemeral rivers currently make the determination of sustainable
water abstraction rates and the development of sustainable management strategies near
impossible. This shortcoming is now being addressed in South Africa, where research is
under way to formulate EWR methods for non-perennial rivers (Rossbual., 2005;
Seamaret al., 2009). The new methods still have an aquatic focus (on temporary pools) and
the processes determining riparian vegetation structure still needs to be included as a main
challenge and focus area.

OVERVIEW OF APPROACHES FOR DETERMINING SPECIES-SPECIFIC PLANT-
WATER RELATIONSHIPS IN RIPARIAN ZONES

There is a strong interconnection between a river’s natural flow regime and the composition
and traits of its riparian species (Merwt al., 2009). Riparian species disperse, reproduce
and survive in response to frequency, magnitude, duration, seasonality and predictability of
river flow (Mahoney and Rood 1998; Moser, 2006; Merdtt al., 2009). River flow
influences other environmental attributes important for riparian plant growth, such as
groundwater recharge, nutrient deposition, sediment transport and substrate deposition
(Merritt et al., 2009). This cause-and-effect relationship between a species in relation to its
most influential environmental attributes needs to be understood in order to successfully
specify environmental water requirements (Merett al., 2009). Attributes of water
availability, such as surface flow and groundwater level, need to be understood in relation to
plant water sourcing, water needs and drought tolerance thresholds (Tadtaaich2000;

Hou et al., 2007; Merritt et al., 2009). To date, however, this knowledge is limited.

Plant physiological responses to altered water availability can occur over short time spans,
but can have long-term effects for the morphology and health of the individual plant (Smith

et al., 1998; Merritiet al., 2009). Plants may undergo water stress in response to changes in
solar radiation, rising temperature and decreasing soil moisture in a time span of hours. This

can affect stomatal conductance, transpiration, leaf internal €@@centration, carbon



isotope discrimination (an index of water use efficiency and time integrated carbon

assimilation) and xylem pressure potentials (Pockman and Sperry, 2000; Merritt et al., 2009).

Other plant attributes have been identified to express longer term responses to reduced water
availability, including leaf abscission and leaf death (Megittal., 2009), increased leaf
thickness and reduced leaf size (Roed al., 2003), reduced shoot and stem growth
(Stromberg and Patten, 1996; Scett al., 1999; Roodet al., 2003), decreased vessel
diameters (February and Manders, 1999; Schatra., 2004) and increased wood density
(Jacobsermt al., 2007). Severe water stress may lead to xylem cavitation and branch dieback,
or the death of entire trees (Tyreteal., 1994; Scott et al., 1999; Merritt et al., 2009).

Complementary to all the measurement of all these responses, stable oxygen and hydrogen
isotope ratios have been used to determine the actual water source of plants, that may differ
among seasons, species and age groups (Dawson and Ehleringer, 1991; Ehleringer and
Dawson, 1992; Adaet al, 1995; Horton et al., 2003).

All these kinds of measurements have led to a thorough understanding of water relations in
some riparian genera indigenous to the U8Rogopis, Salixand Populug (Stromberg and

Patten, 1996; Snyder and Williams, 2000; Stromberg, 2001; Bbald, 2003; Strombergt

al., 2007) as well as invasive genefiaiariy) (Buschet al., 1992; Pockman and Sperry,
2000; Horton and Clark, 2001). The methods were used to develop thresholds of groundwater
depletion for riparian species through measuring the onset and consequences of chronic water
stress (Scotet al., 1999; Coopest al., 2003; Merritet al., 2009). Interspecific comparisons

of plant attributes among indigenous and invasive species have helped to better understand
competitive advantages under altered water regimes (Nilsson and Berggren, 2000eHorton
al., 2001a,b; 2003). Measurements have also informed catchment management and successful
rehabilitation of degraded riparian zones (Stromberg and Patten, 1996; \&ftillhs 1998;
Stromberg, 2001; Rood et al., 2003; Stromberg et al., 2007).

Studies in the United States have explored the concept of identifying indicator species that
represent key compositions and features within the riparian landscape (Strahlsrg

1996). The objective was to identify the water needs and responses to water availability of
key indicator species, to summarise and predict the water needs of entire groups and riverine

communities.This concept was expanded by Mersgttal. (2009), who propose to classify
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riparian species into different ‘riparian vegetation response guilds’, that address similarities in
‘life history’, ‘reproductive strategy’, ‘morphology, ‘fluvial disturbance’ and ‘water balance’.
Merritt et al. (2009) argue that the application of response guilds would help scientists and
managers to understand the possible changes in vegetation attributes in general, but practical
terms. Ultimately this classification could aid to successfully model and predict the likelihood

of plant changes in response to projected changes in flows (Merritt et al., 2009).

PAST RESEARCH ON EPHEMERAL RIPARIAN PLANT WATER RELATIONSHIPS
IN THE NAMIB AND KALAHARI DESERTS

In theory and in legal terms, South African riparian vegetation is one of the best-protected in
the world. In South Africa groundwater dependent ecosystems are protected by the Water Act
to have adequate water access (Cobktiral., 2002). This inherently includes the riparian
vegetation along ephemeral rivers that depends on groundwater and its recurrent recharge.
Scientists have made efforts to ‘mainstream’ the concept and importance of groundwater-tree
interactions in South Africa, resulting in the compilation of manuals for ecophysiological
methods and their application (Colvat al., 2002; 2007). In practice, however, there has
been very limited implementation. One study attempted to predict evapotranspiration rates by
riparian vegetation under different river flow and meteorological conditions for the Sabie
River (Birkheadet al., 1997). Their results confirmed the importance of maintained base
flows in this historically perennial river. They recommended the use of growth increment
measurements and leaf area indexes as useful early warning measurements to prevent riparian
mortality from drought stress. Another study looked at floodplain forests on the Luvhuvhu
River, determining water relations usisgH and 8'°C isotope ratios as well as xylem
pressure potentials (Botha, 2001). Trees along the Luvhuvhu River were found to have
sufficient access to water at the time of the study. Southern African rivers also face the rapid
establishment of alien invasive plants along riparian corridors (Bedval., 1985; Coates-
Palgrave, 1983; Brown and Gubb, 1986; Impsoral., 1999; le Maitre, 1999; Curtis and
Mannheimer, 2005). Invaded riparian strips show reduced biodiversity (Eealn 2002)

and the densely growing invasives are eradicated by the ‘Working for Water’ Programme in
South Africa in an effort to conserve biodiversity and water resources (le Maitre, 1999;
Reineckeet al., 2008). Alien trees, among them species of the géhvesppisandAcacia,

have been observed to outcompete indigenous species, leading to a die-off of the original
plant assemblages (Robertson and Woodborne, 2002; Reeteeke2008). Most commonly

competition for water is believed to be the cause, but nutrient competition in nutrient poor
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soils is another possible reason (le Maitre, 1999; Robertson and Woodborne, 2002eColvin

al. 2007). Research on individual species, interspecies competition for water and plant water
needs remain sparse in South Africa. Consequently, riparian plant water needs at the species-
level have not found integration into EWR methods.

Namibia and other SADC countries lack the exemplary legal structure and internally
developed EWR methods of South Africa, but nonetheless, arid countries like Namibia have
long observational records of riparian vegetation responses to water availability. The riparian
forests along the Namib Desert rivers are termed ‘linear oases’, reflecting intrinsic value of
these rivers to humans and animals (Jacoletoal., 1995). Trees, includingaidherbia

albida, Acacia erioloba and Tamarix usneoida® keystone species within these ecosystems
(Jacobson et al., 1995; Dean et al., 1999; Moser, 2006). The value of the trees was recognised
in Namibia when mining developments requested large groundwater abstractions from the
ephemeral Kuiseb River in the 1970s. Concern about the effects of reduced groundwater
availability on the riparian vegetation led to long-term monitoring in the Kuiseb River and
neighbouring systems, relating vegetation health (foliage cover and tree mortality rates) and
seedling recruitment to flood frequency and groundwater table fluctuations (Bate and, Walker
1980; Ward and Breen, 1983; Huntley, 1985; Rdssing, 2003; Moser, 2006). A transpiration
model was used for a one-kilometre stretch of Kuiseb woodland. It estimated that this stretch
would transpire 2.02 x £m* of water annually, which is 19% of the area’s total alluvial
aquifer volume (Bate and Walker, 1993). A floodless period from 1979 to 1984 in the lower
Kuiseb led to a three-metre groundwater table drop, resulting in an average 62% mortality for
F. albida, 29% forA. erioloba and 24% fof. usneoide¢Theronet al., 1985). Survival rates

were found to differ among age groups (Ward and Breen, 1983), showing that interspecific
and age group differences exist with regard to adaptability to flood frequency and
groundwater fluctuations. As a result, RGssing Uranium Mine conducts long term monitoring
of groundwater levels and foliage cover of riparian vegetation in currently pumped river
reaches of the Khan River (Réssing 2008published repojt In Namibia the research has

led to the adoption of management plans, but there is scope for more species-specific

research, explaining the physiological reasons behind the previously observed mortalities.

AIMS OF THIS STUDY
South Africa has very little research on water needs of riparian plant species, nor are they

readily integrated into catchment management plans. Comparatively, Namibia has done more
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extensive research in the Kuiseb and Swakop River catchments and has translated research
into the wise management of mine water use (Ward and Breen, 1983; Ehexlon1985;

Rdssing 2003unpublished reportMoser, 2006). Regionally however, research falls short of

a species specific understanding of riparian trees to drought, water table decline and water
sourcing. Hence the overarching aim of this thesis is to investigate water sourcing and
drought tolerance of some of the most common riparian tree species along ephemeral rivers
of the Namib and Kalahari Deserts. Four specific research questions are addressed as the
objectives.

The objective of Chapter 3 is to determine the water sources of three common Namib species
and three age groups (seedling, juvenile, adult). Stable oxygen and hydrogen isotope ratios
are used to determine the sources of plant water, as documented by Dawson and Ehleringer,
(1991), Ehleringer and Dawson, (1992), Adar al (1995), Hortonet al. (2003) and
Queretejaet al. (2007). The application of this method has been limited in Southern Africa to
date (Botha, 2001; Februaey al., 2007a,b; Obakeng, 2007) and its inclusion in this study

was essential to examine the sources of plant water.

Studies in the Kalahari have shown that the presence of alien species increases mortality rates
among indigenous species and a competition for water is suspected (Robertson and
Woodborne, 2002)npublished). The unpublished work of Robertson and Woodborne (2002)
used one methods'C testing from seasonal tree rings), to determine a long term water
availability history and to conclude that interspecific water competition occurs. Tree ring
research in Southern Africa is complicated by the absence of definite inaction periods of trees
and the validity of only using"C tree ring tests without other supporting methods can thus

be criticised. Hence the conclusion of Robertson and Woodborne (2002) is re-tested in
Chapter 4, using a selection of methods. The aim is to test whether the presence of the
densely spreading alien plamrfsopis glandulosa) leads to increased water stress among an
indigenous specie#\¢acia erioloba) in Southern Africa. StakléH and&'°0 isotope ratios

are used to determine plant water sources. &8&fisotope ratios are compared to determine
water use efficiency, similar to Robertson and Woodborne (2002). | also use xylem pressure
potentials to test for water stress, as this method has previously been useerioioba in

the Namib (Ward and Breen, 1983). | also quantify percentage canopy dieback, because
dieback it is the most obvious symptom observeA.ierioloba when growing in proximity

of Prosopisspp. pers. obs.).
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Records and observations prior to this thesis hdnmvis that species differ in drought
tolerance levels (Ward and Breen, 1983; Huntley, 1985; Thetrah, 1985). In Chapter 5 |
determine if anatomical differences explain differences in drought tolerance between species.
The hydraulic architecture of the three Namib and two Kalahari species is compared to
determine if structural differences can explain varying levels of observed drought tolerance.
Xylem cavitation resistance is a key measure for drought tolerance (ldacke 2000;
Pockman and Sperry, 2000; Maherati al., 2004). The method is work-intensive and
difficult to employ in remote areas, but it was chosen due to its limited application in riparian
vegetation of Southern Africa to date (Swéft al., 2008) and its potential for predictive
results. Xylem vessel diameters adapt to water availability (Febetaaly, 1995), rainfall
(February, 1994) and groundwater levels (Schwhal., 2004). They also differ among
species with varying levels of cavitation resistance (Haatkal., 2000). This measure has
been applied for riparian species in the USA (Schata., 2004), hence its inclusion in this
study. Wood density is a rapid measure that integrates many xylem traits related to water
stress tolerance and has been suggested to predict the impact of climate change on shrubs
(Jacobsermrt al., 2007) and of species vulnerability to drought (Haatkad., 2000; Schumet

al., 2004). The method has previously been used in fynbos in South Africa (Jaeblasen
2007), in a riparian setting in the USA (Schuetel., 2004) as well as in the Sonoran Desert
(Hackeet al., 2000). The simplicity and speed of this method make it potentially valuable as

a rapid tool in river health assessments and hence it was included in Chapter 5.

A particularly relevant relationship along ephemeral rivers is the dependence of riparian
vegetation on the groundwater table (Het al., 2007). Some vegetation/groundwater
monitoring is occurring in Namibia (Réssing, 200@published repojtas well as in South
Africa along the Shingwedzi River in the Kruger National Park (Colvin, 2p865. con).

Several studies in the USA have investigated this relationship for individual species
(Stromberget al., 1992; Hortoret al., 2001a). In Chapter 6 the physiological adaptations of
riparianAcacia erioloba to three different groundwater depths (4 m, 21 m, 56 m) are studied,
in an attempt to infer what responses to water stress can be anticipated with future
groundwater declines. As in previous chapters, xylem pressure potentials, canopy dieback,
vessel diameter, stab3éH, 5'°0 and °C isotope ratios are used and correlated against water
table depth. Shoot growth and specific leaf area are additional methods used in this Chapter.

Stem diameter growth in relation to water availability has previously been assessed in a South
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African study (Februaregt al., 2007b) and is included in a riparian setting here. Shoot growth
has successfully been assessed relative to river flow before (Vétlals 1998; Amlin and

Rood, 2003) and this study compares it to groundwater depth along the dry Kuiseb and
Kuruman Rivers. Specific leaf area was included because it was shown to decrease for
Prosopis velutina under conditions of groundwater decline (Stroméei., 1992) and

because it is a good indicator for longer term changes in available water (Rood et al., 2003).

The synthesis (Chapter 7) addresses the potentiing individual species as bioindicators,
as suggested by Strombergal. (1996) and Merritet al. (2009). Furthermore the usefulness
of the applied methods is evaluated in terms of their usefulness in arid Southern African

EWR initiatives and future application for catchment management practices.

CHAPTER SUMMARY

This introductory chapter introduced the questions that are addressed in this study. The first
section set the work within the context of ephemeral rivers, their functioning and catchment
management challenges. Thereafter the existing Environmental Water Requirement methods
were introduced and discussed in relation to Ephemeral River functioning. The third section
gave an overview of studies on riparian plant water requirements at the species level. The
fourth section provided an overview of research on riparian vegetation in the ephemeral
rivers of the Namib and Kalahari. The study aims were subsequently introduced and the
choice of methods validated. This study has been prompted by growing pressure on
ephemeral ecosystems, the inapplicability of existing EWR methods to determine their water
needs and the key role that terrestrial riparian vegetation plays in ephemeral ecosystem

functioning.

The thesis is divided into an introductory section (Chapters 1 and 2), setting the backdrop to
ephemeral systems, EWR’s in Southern African systems, site and species descriptions. The
data is presented in Chapters 3 to 6 and their details are summarised in Table 1.1. Chapter 3
focuses on the water sourcing patterns of three common Namib species and three age groups.
Chapter 4 covers competition for water between the indigedousrioloba and alien
Prosopis glandulosa in the Kalahari. In Chapter 5 the hydraulic architecture of four species is
compared to see if any significant structural differences can explain varying levels of drought
tolerance. In Chapter 6 the physiological adaptations of rip&aatia erioloba to three

different groundwater depths are studied, in an attempt to infer what responses to water stress
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can be anticipated with future groundwater level drops. Chapter 7 is a synthesis of the data
chapters, discussing the value of the methods used in relation to EWR initiatives in Southern

Africa and addressing the potential of using any of the studied species as a bioindicator.

Table 1.1: Summary of objectives, study sites, species and number of specimen for each of

the four data chapters

Chapter | Objective Sites Species # Specimer

3 To determine water sourcing of thre&obabeb A. erioloba, 6 samples of
common riparian species at three ages F. albida, each species
(seedling, juvenile, adult) T. usneoides

4 To test if the presence ofProsopis| Gannavlakte | A. erioloba, 6 samples of
glandulosaleads to increased water stress|for P. glandulosa | each species s
a key indigenous specie&dacia erioloba

5 To determine if any significant physiologicaGobabeb, A. erioloba, 6 samples of
differences among species can explai@annaviakte | F. albida, each species
varying levels of observed drought tolerangce T. usneoides

P. glandulosa

6 To investigate physiological adaptations|dbobabeb, A. erioloba 6 samples of
riparian Acacia eriolobato shallow (4 m), Swartbank, each species
medium (21 m) and deep (56 m)sannavlakte
groundwater
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CHAPTER 2: SITE DESCRIPTIONS

The South-westerly parts of Southern Africa are dry, with low and highly variable rainfall.
The two most prominent arid areas are the Namib and Kalahari deserts. The Namib is a
hyperarid desert with annual rainfall averaging between 15mm and 100mm (Seely, 1987).
The Kalahari, with annual rainfall of 150mm to 450mm is an arid savanna, although some
have classified it as a semi arid desert (van Rooyen and van Rooyen, 1998). Both areas lack
surface water, making them largely inhospitable (Verhagen, 1985). Rivers in both deserts are
mostly ephemeral, in that runoff events occur for no more than a few hours or days and flood
frequency varies between several times a year to once in a decade (Jatadsoh995;
Heynset al., 1998). Rare floods recharge groundwater stores in the river alluvium (Seely,
1987; Jacobson, 1997; Dahah al., 2008) and trees and shrubs are the most prominent
lifeforms along the rivers (Theroet al. 1980; Huntley, 1985; Jacobsen al., 1995; van
Rooyen and van Rooyen, 1998, Colé@nhal, 2002). The riverine vegetation offers fodder

and refuge for desert-dwelling animals and livestock farming. The easily accessible
groundwater resources are used for agricultural and industrial purposes, such as farming
along the Kuruman River in the Kalahari (Verhagen, 1985) and industries in towns like
Walvis Bay at the Kuiseb mouth in the Namib (Huntley, 1985; Seely, 1987; Jacetbabn

1995; Moser, 2006).

Research took place at three study sites, two of which were located along the Kuiseb River in
the Namib Desert (Gobabeb and Swartbank) and one along the Kuruman River (Farm
Gannavlakte) in the Kalahari (Fig. 2.1).
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Figure 2.1: Map of Southern Africa depicting the Kuiseb and Kuruman Rivers as well as the
location of the three study sites Gobabeb, Swartbank and Farm Gannavlakte

CENTRAL NAMIB AND KUISEB RIVER

The Namib Desert is a relatively narrow strip no more than 200 kilometres wide, stretching
from the Olifants River in South Africa north to San Nicolau in Angola (Seely, 1987).
Several westward flowing ephemeral rivers cross the Namib on their way to the Atlantic
Ocean. One such river is the Kuiseb in the Central Namib (Seely, 1987; Jaeblsgn
1995).

The ephemeral Kuiseb River in Namibia drains a catchment of approximately 15 500 km
rising in central Namibia and flowing west across the Namib Desert into an estuary south of
Walvis Bay (Bate and Walker 1993; Huntley, 1985). The Kuiseb exhibits an enormous
environmental gradient, in terms of both topography and rainfall (Moser, 2006). From the
headwaters near Windhoek at an elevation of 2081 metres, the Kuiseb River flows 560
kilometres to the coast (Jacobson, 1997). On its way it firstly traverses about 230 kilometres

of a bedrock highlands zone (Khomas Hochland) with mainly mica-schists and highland
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savanna vegetation. It then rapidly drops about 1000 metres in altitude at the western
escarpment where semi/desert — savanna transition vegetation begins. At the footslopes of the
escarpment the Kuiseb has incised through a calcrete fanglomerate into underlying bedrock
(Marker, 1977). This area is also known as the Kuiseb Canyon (~130 km) and the Gaub River
enters the Kuiseb in this area. Below the Canyon the Kuiseb divides the northern Namib
gravelplains from the southern wandering dune field. Large flood events hinder the mobile
sand dunes from wandering north (Huntley, 1985). From Gobabeb to Rooibank the river
crosses a shallow valley section with deep alluvial sands and some bedrock outcrops. These
~120 kilometres are characterised by prolific stands of riparian woodland, consisting of
Faidherbia albida, Acacia erioloba, Tamarix usneoidesEuclea pseudebenu$alvadora
persica, Ficus sycomorisand Acanthosicyos horridusOver the last ~30 kilometres to the
coast the river expands into a wide meandering delta with indistinct channels and low dunes.
Some shrublike trees occur as well as several species of halophyte, inclaohivagix

usneoidesSalsola spp. and Lycium spp. (Theebral., 1980; Huntley, 1985).

The river course follows a declining rainfall gradient averaging about 400mm per annum in
the headwaters and decreasing to less than 20 mm per annum along the coast (Huntley,
1985). Mean potential evaporation rates are extremely high throughout the catchment:
3200mm/a in the upper catchment and 2600 mm/a near the coast @ieyns1998). The
highlands receive summer rainfall from strong convective rainfall events from the Indian
Ocean (Logan, 1960). As the clouds travel over the African continent, they continually lose
moisture, resulting in decreased precipitation towards the west. In addition, winds from the
South Atlantic anticyclonal high-pressure system directly influence the cold Benguela current
in the Atlantic. They blow inland from the south-west, creating an inversion layer with cold,
moister air close to the ground while the air coming off the escarpment from the east warms
and rises above it. The inversion layer restricts turbulences necessary for cloud formation and
rainfall. This stable inversion is reversed on rare occasions in summer, resulting in individual
rainfall events (Seely, 1987). The southwesterly wind frequently carries cold and heavy fog,
formed over the Atlantic, inland for over 60 kilometres. This fog is an important moisture
source for a variety of life forms in the Namib (Seely, 1987). Up to fourteen litres of water
have been collected off a one-square metre net in a single fog event on the Swartbank
mountain, showing that fog is a considerable moisture source (Henschelp2885com

Precipitation falling in the upper catchment is the main source of floods in the Kuiseb River
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and surface flow contributions occur only rarely from the lower catchment (Stengel, 1964;

Moser, 2006). Floods typically occur between December and April.

The Kuiseb River has four operational gauging stations along its entire length, providing at
least fifteen years of flow records (Jacobson, 1997; Moser, 2006). Typical for the Namibian
westward flowing rivers, the Kuiseb shows a curvilinear relationship between flow
characteristics and distance downstream (Jacobson, 1997; Moser, 2006). From the
headwaters to the escarpment flow volume increases to a maximum of 13/8 srthe
Kuiseb/Gaub confluence. From there it declines steadily in the lower reaches to 1348 Mm
Gobabeb (Namibia Water Resources Management Review, 2000). Increasing aridity and
substrate differences are responsible for this phenomenon. The upper catchment is rocky with
shallow soils, where lots of runoff is generated. The Kuiseb aggrades in its lower reaches,
forming deep alluvial floors into which surface flows rapidly infiltrate (Huntley, 1985).
Floods rarely reach the Atlantic and only seventeen such occasions have been recorded since
1837 (Stengel, 1964; Moser, 2006). Flood duration also follows a curvilinear relationship.
Between 1962 and 2006 upper catchment floods occurred for an average 3.7 days, increasing
to 11.1 days at the Kuiseb/Gaub confluence and declining to 8.1 days at Gobabeb and 2.2
days at Rooibank. A linear decline occurs in the number of floods per annum, with an
average 7.9 upper catchment floods per year (Friedenau) and only 0.9 floods at Rooibank
(Jacobson, 1997; Moser, 2006).

120 ~
100 4 M
80 -
60 A
40 A

zz- HHHHH HHH Ilmmn HnﬂananﬂananﬂnnﬂH

Number of flood days

Figure 2.2: Gobabeb flood records, 1962-2006. Total number of days with surface flow
recorded per flood season (October-April) (Source: Gobabeb Training and Research Centre;
Moser, 2006)
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The Kuiseb catchment supports around 25 000 people, of which some live on the 109
commercial livestock farms in the upper catchment. Countless small farm dams are
constructed in this area in order to augment the farmers’ water resources (Jatoalspon
1995). The Kuiseb has one large state dam (the Friedenau Dam, capacity §.38Nm

upper reaches (Namibia Water Resources Management Review, 2000). The canyon and
woodland areas fall in the Namib Naukluft Park, where game dwells along the ‘linear oasis’
and the Topnaar community farms with livestock and harvests plants from the woodland area
(Jacobsoret al., 1995). The Gobabeb Training and Research Station is located 56 kilometres
from the coast. Here, research on the Namib and the Kuiseb River has been ongoing since
1962 (Lancasteet al., 1984). Water in this area is provided from boreholes and hand-dug
wells (Jacobsoret al.,, 1995). Within the last 30 kilometres from the coast wellfields at
Swartbank and Rooibank contain over 53 boreholes, supplying an average annual®.78Mm

of water to the towns of Walvisbay and Swakopmund (Christelis and Struckmeier, 2001).

Two study sites were chosen within the riverine woodland area of the Kuiseb River (Fig. 2.3).
Site 1 is at th&obabeb Training and Research Centre (GTRC) (23°33'726 S — 15°02'112 E),
and site 2 is at the Swartbank well-field (23°18'212 S — 14°45’'672 E).
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Figure 2.3: Map of the Kuiseb River catchments showing the location of the two study sites
Swartbank and Gobabeb
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Gobabeb

The average annual maximum and minimum temperatures for Gobabeb are 30.5°C and
13.2°C respectively. For the period of June 2004 to May 2006 the hottest month was
February and the coldest month was August. Average annual rainfall at Gobabeb is 21
millimetres. It falls in sporadic rainfall events, as depicted in Fig. 2.4. Rainfall in 2006 was
unusually good.
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Figure 2.4: Average minimum and maximum air temperatures (°C) and monthly rainfall
values (mm) at Gobabeb from June 2004 to May 2006 (data courtesy GTRC)

Fog from the Atlantic Ocean travels inland to Gobabeb on 38 to 60 days per annum,
providing a regular source of moisture and average annual fog precipitation of 31 millimetres
(Lancasteret al., 1984). Apart from fog, dew regularly occurs overnight, contributing to
raised humidity levels each morning (average 46% humidity) (Henschel, R&@5,con

That moisture dries out during the day to a mere average of 17%. Fig. 2.5 below shows
monthly dawn and midday relative humidity values as well as number of fog days per month.
The discrepancy between fog occurrence and humidity levels is attributed to dew, which

occurs separately from fog.
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Figure 2.5: Average relative humidity % at dawn and midday and number of fog days per
month at Gobabeb from June 2004 to May 2006.
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Around Gobabeb the groundwater table fluctuates between four and fourteen metres from the
surface of the Kuiseb River (Fig. 2.6). A ten-year overview of groundwater levels at a
Gobabeb borehole shows how recharge occurred mainly during the large floods of 1997 and
2000, which flowed for 33 and 23 days respectively (see Figure 2.2). Smaller floods did not

significantly recharge groundwater, and the water table steadily declined between major flood

events.
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Figure 2.6: Ten year overview of water levels (m) at Gobabeb (borehole # 35016, data
courtesy GTRC)

During the study period from June 2004 to March 20@5Kuiseb flowed past Gobabeb ten
times, sometimes several times in one month (February 2005, January 2006 and February
2006). Detailed groundwater levels from June 2004 to March 2006 are depicted in Chapters 3

(Fig. 3.1) and 6 (Fig. 6.2).

Around Gobabeb the well-develop&d albida population grows close to the main river
channel and some individuals occur in the main channel (Trraln, 1985; Jacobsaet al.,

1995; Jacobson, 1997). IndividualsAxfacia erioloba occur along the main channel and this
species dominates the broader floodplains. YoUagarix usneoidestands grow close to

the active river channel, while older large stands and individual trees occur across the
floodplain and on the dunes along the southern slopes. Individu&lsctéa pseudebenus
grow interspersed in the woodlands and thicketSal¥adora persica grow among and over

other tree species from the channel to the river edges. Few non-woody perennials occur,
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except for the alien herb and shrub spe@atura innoxia,Datura stramoniumNicotiana

glauca and Ricinus communis

Swartbank

At Swartbank the floodplain becomes a broad, braided channel. The Namib sand sea borders
the south bank of the river. Considerable volumes of floodwater seep south into the dunes
during flood events (Huntley, 1985). Within the river channel the sandy alluvium is underlain
by a bedrock compartment, into which water recharges during flood events. A wellfield was
established at Swartbank in 1974 to supply the growing water demand of Swakopmund and
Rossing Uranium Mine (Christelis and Struckmeier, 2001). Currently Swartbank’s
groundwater table lies at around 20 metres, steadily declining from the original water level at
around seven metres before pumping in 1974 (Moser, 2006) (Fig 2.7).
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Figure 2.7: Groundwater level at a Swartbank borehole, monthly abstraction figures,
recommended abstraction level and original groundwater level (m) from January 1986 to
September 2004 (data courtesy NamWater)
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The area around Swartbank is uninhabited and hdmecarmount of weather data is not as

well documented as at Gobabeb. An automatic weather station was erected at Swartbank in
1999 and was stolen in 2003 (Henschel, 2@@6s. com and data collection has not resumed
since. Below (Fig. 2.8) are the maximum, minimum temperatures and dawn and midday
relative humidity values from that automatic weather station. There are no counts of fog days

per month. Rain fell twice during the recording period, in September 1999 (0.2 mm) and in
March 2000 (18 mm).
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Figure 2.8: Maximum and minimum average monthly terafure (°C) and dawn and midday
relative humidity (%) for Swartbank from January 2000 to December 2002.

At Swartbank the vegetation thins out across theewidodplain. BothF. albida andA.
erioloba grow as individual trees and there is little recruitment. Only a few individu&s of
persica andE. pseudebenusccur andT. usneoidess absent gers. obs.). Non-woody
perennial vegetation, includingCladoraphis spinosa, Pechuel-loeschea leubnitziae,
Acanthosicyos horridusand alien herbaceous species lil#atura innoxia, Datura
stramonium Nicotiana glauca and Ricinus commurmigvers the wide floodplai(Seely et
al., 1987; Theron et al., 1985; Moser, 2006).

SOUTHERN KALAHARI AND KURUMAN RIVER

The Kalahari Basin (Fig. 2.9) extends from the main# in central Namibia and Angola in
the west to the highlands of Zimbabwe in the east. It covers the area between the Orange

River in South Africa and watersheds in the Democratic Republic of Congo in the north. The
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southern Kalahari in South Africa is covered by up to 100 metre deep, reddish-brown to
greyish-white aeolian Kalahari sand (Meydral., 1985). The area is classified mainly as
Gordonia Duneveld (Mucina and Rutherford, 2006), resembling a matrix consisting of
grassland, vegetated dunes and dry riverbeds. The ephemeral Kuruman and Molopo Rivers

traverse the area in an east-west direction. They are historical tributaries to the Orange River.
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Figure 2.9: Map of Kuruman River showing the location of the farm Gannavlakte in the
Kalahari where the study was conducted.

The headwaters of the Kuruman River lie at the town of Kuruman itself. It flows first into a
north-westerly direction for about 100 kilometres, after which it turns west past Van Zylsrus
for about 200 kilometres before joining the Molopo just west of Askham. The surface
elevation declines steadily from about 1050 metres above sea level to 850 metres in the west
(Verhagen, 1985). The area is covered with Aeolian sands that are underlain by superficial
silcretes and calcretes of the Cenozoic Kalahari Group (Mucina and Rutherford, 2006). The
river edges consist of pink to white compact sands and calcrete outcrops (van Eoalyen
2001). The riverbed typically consists of finer silt soils than those of the surrounding area, as
water carries organic material, minerals and other alluvial components into the lower lying

riverbeds (van der Walt and le Riche, 1999). The landscape is shaped by parallel dunes about
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3 to 8 metres high, which are vegetatedStipagrostis amabilisAcacia heamatoxylon and
Acacia mellifera(Mucina and Rutherford, 2006). The interdune plains are dominated by
Rhigozum trichotomumThe river fringes are lined with riverine woodland, consisting
primarily of Acacia erioloba and other species such Agsacia haematoxylonAcacia
mellifera, Boscia albitrunca,Ziziphus mucronataRhigozum trichotomurand the invasive

Prosopis (van Rooyeet al., 2001).

The area receives summer rainfall, 80% of which occurs between October and March (van
Rooyenet al., 2001). The Kuruman follows a decreasing rainfall gradient from about 500
mm per annum at Zeerust to less than 150 mm close to Upington (Tyson and Crimp, 1998).
Rainfall is highly variable from year to year with wet and dry spells each occurring for up to
nine years. It is in the wet spells that unusually high rainfall events may result in river flow
along the Kuruman. Four gauging stations have measured flow data in the headwaters around
the town of Kuruman since 1960. The data suggests that headwater tributaries flow almost
every year, but these flows rarely reach Van Zylsrus. Anecdotal evidence suggests that the
Kuruman River has flowed in all or parts of its middle and lower reaches about ten times in
the last 116 years (Meyet al., 1985; Ross-Gillespie, 200ders. conm Meyer, 2007 pers.

com). The evidence is scant and hard to interpret, because it is often unknown whether the
river flowed along its entire length or if a flood was a localised event (Table 2.1). No data are

available for flood volumes or duration.

Table 2.1: Flood records for the middle (Gannavlakte) and lower Kuruman River reaches
(confluence with Molopo). Flood events from 1970’s onwards coincide with exceptionally
good Kuiseb River floods (see Table 2.1)

Year Where observed
1891 Near Molopo confluence
1892 Near Molopo confluence
1896 Near Molopo confluence
1920 Near Molopo confluence
?
1973 Gannavlakte — no records downstream
1974 Near Molopo confluence
1975 Between Gannavlakte & confluence, also at Gannavlakte
1976 Near Molopo confluence — no flood record at Gannavlakte
1996 Gannavlake — no records downstream
2005 Between Gannavlakte & confluence — no flood record at Gannavlakte
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Groundwater levels along the river are higher than away from the river, suggesting that
occasional flood events recharge groundwater along the river (Meger 1985; Verhagen,
1985). Rainfall recharges groundwater away from the river, creating brackish waters as the
percolating water travels through unsaturated Kalahari Sand zones (Verhagen, 1985).

The Southern Kalahari is sparsely populated, with sheep and game farming as the main
activities. Farmers depend completely on groundwater resources, which are frequently
insufficient, or too brackish for livestock farming. Water is often piped from the Kuruman
River over kilometres, to provide watering posts with adequate fresh water (Verhagen, 1985).
The riverine woodlands along the river makes up a small percentage of the landscape, yet
provides essential grazing, shelter and shade for most animal life in the area, as they
seasonally move to and from the river (van Rooyen et al., 2001).

Farm Gannavlakte

Farm Gannavlakte (26°57'578 S- 21°50°'234 E) in the middle reaches of the Kuruman River
is located 17 km south of the South Africa-Botswana border and 30 km west of the small
settlement of Van Zylsrus in the Northern Cape. Gannavlakte and the neighbouring farm are
owned by Cambridge University and are used as a wildlife sanctuary and a base for research
on Meerkat. The average annual rainfall from 2003 to 2006 was 290 mm and average annual

minimum and maximum temperatures were 13.2 °C and 31.3 °C respectively (Fig 2.10).
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Figure 2.10: Average monthly rainfall as well as average minimum and maximum
temperatures at Farm Gannavlakte on the Kuruman River (April 2004 — April 2006).
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The three nearest boreholes (in a 5 kilometre radliage a known groundwater depth of 27,
40 and 80 metres respectively (Ross-Gillepie, 2p@4s. con) and the average depth of the
closest 32 boreholes is 56 metres (Department of Water Affairs records).

The riverbanks at Gannavlakte are vegetated primarilyAbgcia erioloba, Rhizogum
trichotomum and Acacia mellifera. Inside the river channel there are smaller stands of
Ziziphus mucronata. IndividualBoscia albitrunca, Acacia hebeclada andcacia
haematoxylomccur on the river fringes. Alien invasifReosopisspp. are common inside and
along the river channel. Between 2002 and 2006 the Department of Water Affairs (Working
for Water Programme) clear@tosopisspp. from parts of the river, but some seedlings have
re-established themselves since.

SPECIES INTRODUCTION
Four tree species were chosen for this study. They are the indigeamlierbia albida,
Acacia erioloba, Tamarix usneoidaad the invasive Prosopis glandulosa.

Faidherbia albida
Faidherbia albida (Del.) A. Chev. (1934) (Family Fabaceae, Subfamily Mimosoideae) is

widely distributed over dry areas of Africa, from Senegal to Egypt, from Somalia to the east
coast of South Africa and along the western catchments of Namibia. It is found in woodland,
wooded grassland and in riverine fringe forests (Coates Palgrave, 1983). In east and southern
Africa it is mainly found along watercourses on sandy alluvium. Its optimum growth occurs

in areas with annual rainfall of 500 to 800 mm (Centre Technique Forestier Tropical, 1989)
but along Namibian ephemeral riveFs albida depends successfully on groundwater
resources (Jacobson et al., 1995; Moser, 2006). The tree has a strong and fast growing taproot
to secure permanent water access (Bate and Walker, 1980) and it can root to 40 metres depth
(Centre Technique Forestier Tropical, 1989; Dupuy and Dreyfuss, 1992). Roots of young

seedlings grow between 0.9 and 1.3 centimetres a day (Moser, 2006).

F. albida occurs as a solitary tree or in dense stands along most westward flowing ephemeral
rivers of Namibia, including the Kuiseb River (Jacobsoral., 1995). Around Gobabeb,
albida predominates along the riverbanks immediately adjacent to the river channel and

occasional large trees occur inside the channel. At Swartbank large individual specimen
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occur on the floodplains, but at neither sites are any found on the outer, dune-covered river
fringes. It is speculated that it cannot survive on the river fringes due to reduced water
availability (Theron et al., 1980; Jacobson et al., 1995).

F. albida can reach heights of up to 31 metres and it has a lifespan of 70 to 90 years (Centre
Technique Forestier Tropical, 1989). Its bark is rough and dark brown when mature and but
white-green when young and branches are characteristically zigzag in shape. The thorns are
straight, paired and around two centimetres long (Coates-Palgrave, 1983). The flowers are
creamy-white spikes up to 14 centimetres long, occurring mainly in July and August. The
leaves are compound and bipinnate with three to ten pairs of pinnae, bearing six to 23 leaflets
each (ibid.). Leaflet size varies with agee(s. obg and water availability (Craven and
Marais, 1986) from 2.5 to 12mm long and 0.7 to 5mm wide (Centre Technique Forestier
Tropical, 1989). Contrary to other speckesalbida sheds its leaves at the onset of the rainy
season from December to March, and produces new ones from July to September (Curtis and
Mannheimer, 2005). This contraseasonal leafing pattern is believed to be a cause of anaerobic
soil conditions for roots in the wet season, which enforces a resting period for trees (Centre
Technique Forestier Tropical, 1989). Van Wegk al. (1985) found thaF. albida in the

Kuiseb only shed part of its leaves in the wet season, unlike trees in other regions. The tree is
known to shed its leaves in times of water stress, too (Centre Technique Forestier Tropical,
1989). The pod is large (25x5cm), orange brown, indehiscent and curled. Pod fall occurs
three months after flowering during the dry season (November to January), making it a
valuable food source in the dry season. The seeds are brown, 10 mm x 6 mm and can remain
viable for several years (Moser, 2006). The seeds germinate easily under favourable wet
conditions, but only seedlings, washed up high enough onto the sandbank after a larger peak
flood are likely to establish themselves (Barnes, 2001). Others are washed away with the next
flood (Jacobson, 1997; Moser, 2006).

In 1987 F. albida was rated as one of the five most important (then) acacias in Africa,
(Barneset al., 1997) and it is a protected species in South Africa (Coates Palgrave, 1983).
Farmers throughout Africa value the tree for its soil enhancing properties, and its presence in
agricultural fields improves crop yields (Dangastlal., 2001; Duput al., 1992). Nutrient
accumulation is not visible under trees along the Namibian rivers and it is believed that
regular flood events evenly distribute the nutrients along the riverbed (Aletaahs 1997).

F albida’s pods and foliage are nutritious livestock fodder, providing 6-7MJ/kg as compared
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to 2.8MJ/kg of dry grasses (Centre Technique Forestier Tropical, 1989). One large tree can
produce as much as 180-200kg of pods, equating to a value of N$585 in pod sales or N$599
in goat production (Moser, 2006). The gum, roots, pods, leaves and bark of the tree have
medicinal uses (Cravest al., 1986; van Wylet al., 1997) and the wood is used for building

and carving (Centre Technique Forestier Tropical, 1989; Jacobson et al., 1995).

Acacia erioloba

Acacia erioloba E. Mey., Comm. 1: 171 (1836) (Family Fabaceae, Subfamily Mimosoideae)

is another one of the five key African acacia species, protected in South Africa by the

National Forests Act of 1941 (Coates Palgrave, 1983; Powell, 2005). Despite this, their
numbers have been on a steady decline through commercial firewood and pod collection,
alien plant invasion, mining, dam construction and herbicide use all contribute to its decline
(Powell, 2005).

It occurs solely in southern Africa, over a wide rainfall gradient from 40 to 900mm/annum.
Its distribution is not determined by rainfall, but rather by the presence of wind-blown
Kalahari sands and in drier areas also by the availability of groundwater (Baaigsl997).

In arid areas, its seedlings germinate rapidly after rare rainfall or flood events, using the
temporary soil moisture to send a taproot down (1.2 to 1.5 cm/day) to a permanent water
source (Moser, 2006). After that it is independent of rainfall and can live for up to 300 years
(Barnes, 2001). It is known for its deep rooting ability with cited records of roots found at 60
and 70 metres in the Kalahari (Canadllal., 1996; Obakeng, 2007). Due to its deep root
system, it extends further into the deserts than any other tree (Baralesl997). It is frost
tolerant and can handle degrees of water salinity (van deraialt, 1999). It is found in

arid woodlands, stony or sandy areas, but it develops best on deep alluvial sands in valleys,
waterwashes and riverbeds (Milton, 1991). JustHikalbida, it is prominent throughout the

Kalahari and along Namibia’s ephemeral rivers (Theron et al., 1985).

Depending on its surroundings erioloba can vary in height from a straggly shrub of two
metres high, to a stately tree of sixteen metres with a wide, spreading crown. Old bark is very
furrowed and grey to blackish brown, while young bark is shiny and reddish brown. It has
pairs of strong, straight spines, up to six centimetres long. Flowers are bright golden-yellow
balls, occurring at different times, depending on location (Curtis and Mannheimer, 2005). In

the Kuiseb flowers occur on trees from June until April, but peak flowering time is from
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November to January (van Wk al., 1985). In the KalahaA. erioloba is one of the first

tree species to flower in spring (September) (van der \&alal., 1999). Leaves are
compound, with two to five pairs of pinnae, each bearing eight to fifteen pairs of leaflets (4 to
13mm long and 1 to 4 mm wide) (Coates-Palgrave, 1983). Leaflet size varies with water
availability (Barne<et al., 1997)A. eriolobais evergreen with a slight drop in leaves in dry
winter months (August) (Curtis and Mannheimer, 2005). The fruit is a large, grey, velvety,
thick and ear shaped pod (11 by 5cm). The indehiscent pod bears dark brown seeds (8 to 14
by 7 to 10mm) (Barnest al., 1997), which germinate readily once they have passed through
the gut of game and livestock. Trees start to flower after ten years of age (&eaahes997)

or once they have reached a height of three metres in the Kuiseb (vaet\Alyk1985). At

about twenty years of age, trees regularly produce large pod crops (Baahe4997).

Milton and Dean (1995) suggest that erioloba is an ecological keystone species in those
areas where no other large trees can grow. When mature, it acts as an island, providing scarce
services and resources in places like the Kalahari and the Namib, including shade, shelter,
nesting sites, lookout posts and specialized prey items. The éseenbloba trees by birds,

game and other animal species such as the tredhalildmy$ concentrate nutrients under

the trees, resulting in distinctive plant communities under the canopy (Miltah, 1995;

Barnes et al., 1997). More palatable species of grass and fleshy-fruited shrubs such as Searsia

and Grewia species are common (Barnes et al., 1997).

A. erioloba pods, shoots and leaves are readily eaten by game and livestock and pods are said
to increase milk yield in cows (Coates-Palgrave, 1983). A lArgeriolobatree yields on

average 200 kg of pods per annum, which is equivalent to a Namibian market value of ~ N$
200 from pod sales or about N$ 700 from goat production (Moser, ZB&@es et al. (1997)

have found published values for the high crude protein content of pods (10-16%) and foliage
(up to 17% protein). The gum is edible and its hard wood is used for firewood, building
material and fenceposts. The seeds can be used as a coffee substitute and the crushed pods

can be eaten as porridge. Its gum, bark and roots are used medicinally (Barnes et al., 1997).

Tamarix usneoides
The genusTamaricaceaéhas some 90 species that are found from Europe to North China.
Tamarix usneoide& Meyer ex Bunge (Family Tamaricacae) is common along the arid

western parts of South Africa and western and southern Namibia. Its occurrence extends into
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North Africa and Iran. It is a small to medium-sized tree, usually between three to seven
metres tall, reaching a maximum height of ten metres (Curtis and Mannheimer, 2005). It is
almost exclusively associated with dry riverbeds, brackish wetlands and shorelines (Coates-
Palgrave, 1983), where it typically grows in dense tree stands of mixed heights. It is an
indicator of shallow and often saline groundwater (Curtis and Mannheimer, 2005). Trees can
be buried by sand after flood events, resprouting from old stems and lateral roots (Craven and
Marais, 1986). Its leaves are very small, overlapping and scale-like (1x0.5mm) along
branchlets. Both branchlets and leaves are grey-green in colour and photosynthesising.
Flowers occur throughout the year in small, white, feathery sprays (ibid.). Wind-dispersed

seeds are produced in low numbers all year round.

Tamaricaceaare salt exuding halophytes (Waisel, 1972). Leaves get wet almost every night
from dew or fog and dry out over the course of the day, covered with salt crystals that help to
reduce transpiration rates. A considerable amount of dew and fog water drips onto the soil in
the mornings, where it is believed to be an additional water source for the trees (Waisel,
1960). Xuet al. (2007) however did not find any active root zone in the top 30 centimetres of
soil underT. ramosissima that might suggest surface water uptake. Tests on water absorption
by Tamarix aphilla leaves showed that the species does take up very limited amounts of
water through its leaves when it is very stressed and subjected to huge amounts of
atmospheric moisture. It is not clear how the process of leaf water uptake occurs. Waisel
(1960) proposes that such leaf water uptake has survival value under conditions of great
water stress, but it does not meet the overall plant water need. The primary water source for
Tamarix aphilla in Israel and. ramosissima in Asia remains soil and groundwater (&tar

al., 1995; Xuet al., 2007). They have been found to have dual root system with maximal
rooting depth of 16 metres (Adat al., 1995).

In the United StatesTamarix chinensis(saltcedar), originally from Asia, is the most
widespread alien invasive along riverbanks of western USA (Cohn, 200%hinensis
require less soil moisture than indigenous vegetation and continue growing thick stands in the
absence of large flood events (Cohn, 2005), thus altering the riverine ecosystems. There are

efforts to eradicate the species due to its high water consumption and invasive nature.

In Namibia, Tamarix usneoidess used as livestock browse, wind breaks and firewood

(Coates-Palgrave, 1983). In North Africa the exuded salt is harvested for table salt, but the
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Namibian salt is considered inedible (Curtis and Mannheimer, 2005). In TBaaghrix

aphilla is used for dune stabilisation and timber (Adaal., 1995). In the Middle East the
speciesTamarix mannifera is attacked by a small insect, causing a white powder to fall from
bored holes in the stem. This is the ‘manna’ eaten by Bedouins in the area and is said to be
the manna that fed the children of Israel (Coates-Palgrave, 1983; @taaken1986). Many
different insects are associated withusneoidesnd different galls are frequently visible on

the foliage (Craven et al1,986).

Prosopis glandulosa

The genusProsopis (Family Fabaceae, Subfamily Mimosoideae) consists of 44 species,
which mostly occur in the central and southern parts of America. At least six of these,
including Prosopis glandulosdorrey var.,P. chinensidMolina, P. velutina Wotoon ané.
pubescendiave been introduced to South Africa and Namibia around the 1800’s as shade,
fodder and fuel trees (Harding, 1987; Impsobral., 1999; le Maitre, 1999). The species have
since spread widely throughout the southern parts of Namibia (@uis, 2005), covering

at least 180 00Oha of North-western South Africa (Coates-Palgrave, 1985). Due to
hybridisation, species identification has become difficult (Impsbal., 1999). This study

took care to identify and uge glandulosa throughout the study, but accidental selection of
hybrids cannot be excluded®. glandulosas mostly found along rivers, well points, cattle
posts and homesteads. They establish particularly well in deep soils with alluvial aquifers.
Periodic flood events, livestock and game distribute its seeds. Seeds can also establish
successfully under their adult trees, forming dense, impenetrable, monospecific thickets
(Brown et al., 1985; Browret al., 1986; Curtis and Mannheimer, 2005). Le Maitre (1999)
calculated that the tree doubled its distribution area every five years, transforming open land

into a dense thicket in ten to twenty-four years.

In Namibia, Curtis and Mannheimer (2005) recorded most trees in the 3-8m heighPclass.
glandulosa is a multistemmed tree with a spreading canopy and pairs of very strong spines,
rather than thorns. Leaves have one pair of pinnae, with 7 to 18 leaflets per pinnae. Leaflets
are dark green and widely spaced (10-50mm by 20-40mm) (van Wyk et al., 1997). The tree is
drought - deciduous, dropping most of its leaves in the dry season. The flowers are golden-
yellow spikes, appearing mostly in October. The fruit is a flattened pod (100-250mm long)

with seeds embedded in floury tissue. One tree produces between 90 to 140 kilograms of
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pods from January to March (Harding, 1987; van Wtlal., 1997; Curtis and Mannheimer,
2005).

Biodiversity studies indicate that species richned3rosopisspp. woodlands is significantly

lower than in indigenous vegetation. A great reduction in bird species was observed between
indigenousAcacia karroo woodland and invasiverosopis spp. woodland (Dearet al.,

2002). TheProsopisspp.woodland had comparatively little herbaceous understorey cover. A
marked reduction in ant species was observed between an undisturbed ApaTtatoba

stand and a dense.glandulosastand along the Kuruman Rivepgfs. obg. A recent
observation ofA. erioloba mortality along parts of the Kuruman River wheresopisspp.

are invading, suggests that the indigenous vegetation is out competed for water (le Maitre,
1999; Robertsoret al., 2002). There is growing concern Bfosopis spp. impacting on
agricultural land productivity and on scarce groundwater resources (le Maitre, 1999). Le
Maitre’s (1999) literature review oRrosopisstates that the tree has high transpiration rates
when it has free access to water, either from surface water or groundwater. Catchment
management plans support the eradicatioRrosopisspp.species along rivers, as the trees

are considered inefficient water users, with an estimated annual water use Of (#97m
densely invaded hectare (le Maitre, 199B)e Working for Water Project in South Africa
employs people throughout South Africa to eradicate alien invasive plants along river
channels, in an effort to conserve water resources, protect natural biodiversity and create
much-needed jobs (Department of Water Affairs and Forestry, 1B8330pisspp. are the

main alien invasives being cleared out along ephemeral rivers in the Northern Cape. As a bio
control measure, three seed-feeding bruchid beetles from the south-western USA have been
released in South Africa in order to reduce the number of viable seeds produced every year
(Impsonet al., 1999).

Farmers have valued the tree for its shade and fodder and have actively spread it in Namibia
and South Africa in the past (Harding, 1987). The seeds are highly nutritious and have a
similar protein value as soybeans (Harding, 1987). The wood is very hard and workable, but
the multistemmed growth form limits the applications and its best uses in Southern Africa are

as firewood or charcoal (Harding, 1987).

In South Africa, the spread of alien trees suchPEssopisspp. is a well-recognised biotic

factor that can destabilise river ecosystems (O’Keefe, 20®0@sopisspp. are the main
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invaders of ephemeral rivers in Namibia and South Africa (Coates-Palgrave, 1983). Their
reputation as high water users and their overt outcompeting of indigenous riparian vegetation

make it interesting to include P. glandulosa in this study.
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CHAPTER 3: THE RELATIONSHIP BETWEEN FOG,
FLOODS, GROUNDWATER AND TREE GROWTH ALONG
THE LOWER KUISEB RIVER IN THE HYPERARID NAMIB

INTRODUCTION

In southern Africa studies have shown that increased flood intervals and receding
groundwater tables result in increased tree mortality with mortality rates differing between
species and age classes (Ward and Breen, 1983; O’Connor, 2001). With increasing
anthropogenic demand for the utilisation of the aquifer in the lower reaches of the Namibian
Kuiseb River there has been some concern for the potential effects this demand may have on
the lowering of the groundwater table and a potential consequence in a changed vegetation
structure (Huntley 1985).

At my study site near Gobabeb in the western half of the Namib Desert rainfall is extremely
low averaging between 0 and 12 mm a year (Henschel and Seely, 2008). Fog events are,
however, more frequent, occurring on average 60 — 200 days of the year (Shang¢afjana
2002). These fog events provide a predictable source of water for biota in the Namib (Seely,
1979; Louw and Seely, 1980). Throughout the world, research has demonstrated that where
there are frequent fog events, trees have adapted to intercept and utilise the moisture from
these events (Cavelier and Goldstein, 1989; Cavetial., 1996; Gabriel and Jauze, 2008;
Simonin et al., 2009). In the Namib Desert trees are confined to the banks of ephemeral rivers
such as the Kuiseb. In this chapter | determine the extent to which different age groups of
these trees are able to utilise the locally available water sources, including soil water,

groundwater as well as fog water.

A number of studies have shown that the stable Hydrogen and Oxygen isotope ratios of
xylem water may be used to demonstrate the water source of a plant @usch1992;

Evans and Ehleringer, 1994; Schwinning and Ehleringer, 2001; Felatualry 2007a,b). The
method is based on the assumption that water extracted from the non photosynthesising tissue
of plants will have the same isotope ratio as the source water (éflate 1985). | use the

stable isotope ratios of water extracted from plant xylem to estimate the water source for
seedling, juvenile and adult stages of three common tree spAcidd erioloba,Tamarix
usneoidesand Faidherbia albida), growing in the lower Kuiseb River near Gobabeb. The aim

is to improve the understanding of the relationship between fog, floods, groundwater and tree
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water uptake along river courses in hyperarid regions. Such an understanding is important for
the protection of riparian areas throughout the world as abstraction and dewatering continue

to threaten riparian systems (Strombet@l., 1996).

METHODS

Study site

The study was conducted at the Gobabeb Training and Research Centre (23°33'726 S —
15°02'112 E) in the area classified as riverine woodland of the lower Kuiseb River (Huntley
1985). The average minimum and maximum temperatures for Gobabeb during the two-year
study period were 13.2 °C and 30.5 °C respectively. The site falls within the hyperarid central
Namib zone with erratic, average annual rainfall of 27 mm (Lancestak, 1984). Fog is
generated over the cold up welled water of the Atlantic Benguela current and is the most
reliable and regular moisture source for the area, occurring on average for 38 days of the year
(Lancaster et al., 1984).

At Gobabeb the lower reaches of the Kuiseb River form a divide between gravel plains to the
north consisting of granites, gneisses, schist's and quartzite’s éBad., 2001) and a
wandering dune sea to the south. The active river channel is less than one hundred metres
wide at the study site with a depth of 4-5 m to the water table and at around 8 m on the
floodplain (Fig. 3.1). It is the alluvium on the floodplain that supports the riparian vegetation.
Dominant riparian species amkcacia erioloba, Faidherbia albida, Tamarix usneoides
Euclea pseudebenusSalvadora persica,Acanthosicyos horrida as well as invasive
herbaceous species suchNasotiana glaucaRhicinus communiandDatura spp.(Theronet

al., 1985). The riverbed consists of several granite bedrock compartments filled with sand
and alluvium. Flood events, generated in the higher rainfall upper catchment (400 mm/a) 400
km to the Northeast, move downstream as flash floods that wash away northward moving
dune sand while recharging the alluvial aquifers (Ward and von Brunn, 1985; Blaabn
2007). During the course of this study (June 2004 to March 2006) no flood events occurred in
the Kuiseb at Gobabeb.
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Figure 3.1: Monthly groundwater levels (below ground level) and number of flood days from
June 2004 to March 2006 at Gobabeb. The datalogger in borehole 1 (on the river bank) broke
in June 2005 and further data was obtained from a freshly drilled monitoring borehole in the
river channel where groundwater is closer to the surface (borehole 2, courtesy WADE
project).

Stable Hydrogen and Oxygen isotope analysis

| identified three age classes (adult, juvenile and seedling) of the three most common tree
species Acacia eriolobaFaidherbia albidaandTamarix usneoidesgt our study site. All of

the adults established after a flood in 1974 and were growing within 50 m of the active river
channel. All juveniles established after the 2000-2001 floods and were located within 30 m of
the active river channel. There were hhausnoideseedlings whiléA. erioloba andF. albida
seedlings emerged inside the active river channel after the February 2004 and April 2005
floods. Six trees of each species and age class were randomly selected for the study within a
500 m long and 100 m wide section of the riparian zone at Gobabeb.

Twig (c.a. 50 mm x 10 mm) samples from each of the six trees from each size class were
collected on six separate occasions for stable isotope analysis. These collections were made
six times, twice in the dry season (June 2004 & June 2005), the late dry season (Nov. 2004 &
Dec 2005) and the late flood season (Mar 2005 & Apr 2006). In the active river channel a soil
auger was used to extract soil samples every 50 cm to a depth of 4 m after flood events in
Nov 2004, April 2005 and March 2006 and in June 2004, June 2005 and Dec 2005. In Nov
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2004 two cores were also extracted from the elevated floodplain outside the active river

channel.

From June 2004 to March 2006 fog and groundwater were collected monthly. A fog collector
was constructed by mounting a 40 x 50 cm rectangle of 80% shade cloth vertically between
two upright poles. Fog condensed on the cloth ran into a gutter and was diverted into a 25
litre container. A layer of silicon oil inside the container prevented evaporation. Groundwater
was collected monthly directly from the borehole supplying Gobabeb with water (borehole 1,

Fig. 3.1) while rain and floodwater were sampled during rain and flood events.

Twig samples of non-suberized wood were collected for juvenile and adult trees. The roots of
seedlings were sampled in Nov 2004 and 2005 as there was insufficient above ground non-
photosynthesising material. An early flood in November 2004 washed half of the seedlings

away reducing the number of seedlings available for collection.

The twig and root samples were collected directly into borosilicate tubes (Kimax — Kimble,
New Jersey, USA) which were then directly inserted onto a cryogenic vacuum extraction line
to separate the water for isotope analysis. A ten gram sub sample of the soil was transferred
into borosilicate tubes for extraction. After extraction the water samples were analysed for
H/H ratios using a variation of the zinc closed tube reduction method (Coktraan1982),

while **0/*°0 were obtained using the G@quilibrium method of Socket al (1992).
Isotopic ratios of botAH/H in H, and*®0/*°0 in CO, were determined using a Thermo Delta

Plus XP Mass Spectrometer (Hamburg, Germany) at the University of Cape Town. Internal
UCT standards were run to calibrate my results relative to Standard Mean Ocean Water (V-
SMOW) and to correct for reference gas drift. The deviation from V-SMOW is denoted by

the term dand results are expressed as parts per mil (%)dghrthe equation:

§“E = (RsampléRstandara —1x 1000

Where§™E is the respective elemerft( *20), * is the mass of the heavier isotope in the
abundance ratio, andsRpeand Randarsare the ratios of the heavy to light isotope of sample

and standard respectively (Dawseinal., 2002). The analytical uncertainty is approximately
2 %o for8°H and 0.2 %o for 8°0.
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All statistical analyses were conducted using Statistica 8.0. Standard correlations were
performed between different isotopic source water values. One-way ANOVA's followed by

Tukey post hoc tests were done to detect any significant differences (p < 0.05) among tree
species and age groups. Kruskall Wallis nonparametric tests were used to determine
significant differences between trees and source waters. Student t-tests were performed to

compare soil profiles.

Water source modelling

The proportion of fog, shallow soil, deep soil and groundwater utilised by trees was modelled
using the IsoSource mixing model (Phillips and Gregg, 2003). | chose this model over all
others because | was only interested in modelling tree utilisation of three potential water
sources with only two isotopes (Hydrogen and Oxygen), and because it is user-friendly. |
applied the model to estimate the percentage contribution of each water source to the three
age classes of the different species. The IsoSource mixing model provides ranges of feasible
contributions for each individual source. These can often be quite broad, hence an additional
non-isotopic constraint was applied on the model to further reduce the range of feasible
contributions of each source (Phillips and Gregg, 2003; Phélis., 2005; Queretejat al,

2007). Fog was significantly different 51°0 and3H to tree water, and was hence not a
main water source to trees. Consequently, only numerically feasible solutions were included
in the modelling solutions in which the percentage of fog contribution was smaller than

contributions from groundwater, shallow and deep soil water.
RESULTS

Plant source water

Meteoric waters follow a Rayleigh distillation process that results in a linear relationship
between §'%0 and §°H for water samples worldwide (Craig, 1961; Gat, 199Bhis
relationship is termed the global meteoric water line (GMWL) (Craig 1961). | construct our
own local meteoric water line (LMWL) for the Gobabeb area using flood, local rain and fog
water §°H = 7.2 *3*%0 — 0.6 %o; Fig. 2). As the majority of our water samples are subject to
free evaporative processes, these plot below the global meteoric water line with a slope of
less than 8 (Gat, 1996; Februatyal., 2007b). The fog is separated in delta space on this plot
from groundwater, which is superimposed on the plot (Fig. 3.2). The early, smaller flood
waters show more evaporative enrichment than the larger, late season flood waters that are

high and long enough to recharge the aquifer (Fig. 3.1 and 3.2).
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The isotope ratios of soil water in the wet season are significantly correlated with floodwater
isotope ratios fr= 0.39; p = 0.01; n = 22). Also, the soil isotope profile in the flood season is
homogenous, with no significant differences in isotope ratios for soil water at different depths

(Fs22=0.37, p = 0.9; Fig. 3.3).

In the dry season however there is a wide range in soil water isotope ratios with significant
differences between shallow, enriched waters (0-1008¢f) = -2.9 + 1.8 SE) and deep,
more depleted waters (150-400 cif® = -7.3 + 0.4 SE) (p = 0.001; Fig. 3.3).
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Xylem water isotope ratios

All A. erioloba isotope ratios were at all times significantly different from fog water (p <
0.001). There are no significant seasonal (wet - dry) differences in stable isotope ratios for
xylem water ofAcacia erioloba. There are, however, significant age class differences in
isotope ratios of the xylem water of adult and juvenile trees (p = 0.02) in the wet season. The
isotope ratios of wet season adAlterioloba xylem water are very similar to deep soil water
80 values while the isotope ratios for juvenile plants are similar to that of shallow soil
water and groundwater but significantly differ from fog and deep soil water (p < 0.01)
(Fig.3.4).

The isotope ratios for xylem water of adilt erioloba in the dry season are intermediate
between groundwater and soil water. Dry season juvenile water isotope ratios are similar to
shallow soil water (0-100 cm) and significantly different from groundwater (p = 0.006) and
deep soil water (p < 0.001). | only collected seedlings for isotope analysis in the dry season.
These results show that the isotope ratios for seedlings are very similar to deep soil water
820 values and significantly different from that of fog water (p < 0.002).
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There are no significant seasonal (wet — dry) or age group differences in xylem water isotope
ratios forTamarix usneoideand all tree water ratios are significantly different from fog (p <
0.001). Isotope ratios of xylem water from adiilt usneoidediffer significantly from
shallow soil water (p = 0.04) and are intermediate between deep soil water and groundwater
in both seasons (Fig.3.4). The results for xylem water of juvé&nilssneoidess intermediate
between groundwater and shallow soil water, differing significantly from deep soil water for
both seasons (p&.01).

There are no significant differences in xylem water isotope ratios betWweaibida
seedlings, juveniles and adults. All are, however, significantly different from fog (p < 0.001)
and deep soil water (§ 0.01). Dry season juvenile and seedligalbida plot within the
range of shallow soil water isotope ratios (Fig. 3.4) and they are both significantly different

from the isotope ratios of groundwater (9082).

Linear modelling

| use the IsoSource linear mixing model (Phillips and Greg, 2003) to further quantify
proportional source water contributions for the three species used in this study. No results
could be obtained for wet season adultusneoide®r the seedlings oA. erioloba andr.

albida through the model, because they all lay outside the polygon that is formedsHothe
andd®H values of the four source waters. The model can only calculate possible water use for
tree values that fall within the polygon (Phillips and Greg, 2003). Values outside the polygon

are assumed to have other contributions.
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Table 3.1: Proportions of feasible water sources (%) for the different tree species and ages.
Average source proportions are shown in bold, as well as the range (1 and 99%) of minimum
and maximum source proportions.

Groundwater (4m) Shallow soil (0 —1m) Deep soil (1.5—-3 m) Fog water

3% = -5.9 %o 3%0 = -3.8 %o 3% = -7.3 %o %0 = -1.5 %o
8°H = -48.6 %o 8°H = -51.9 %o 3°H = -65.9 %o 8°H = -9.5 %o

A. erioloba 2% (0 — 6%) 7% (4 -11%) 90 % (88 — 93%) 1% (0 —3%)
adult wet

A. erioloba 30 % (24 — 36%) 6 % (3 — 10%) 62 % (58 — 65%) 2 % (0 — 4%)
adult dry

A. erioloba 19 % (10 — 29%) 28 % (22 — 33%) 49 % (42 — 58%) 4 % (0 — 9%)
juvenile wet

A. erioloba 42 % (29 — 54%) 34 % (28 — 40%) 20 % (11 — 28%) 5% (0 — 10%)
juvenile dry

A. erioloba Not possible to calculate, lies outside of the source water polygon
seedling

T. usneoides  Not possible to calculate, lies outside of the source water polygon
adult wet

T. usneoides 19 % (16 — 22%) 17 % (15 — 19%) 63 % (61 — 66%) 1% (0 —3%)
adult dry

T. usneoides 22 % (11 — 34%) 27 % (21 — 33%) 45 % (37 — 56%) 5% (0-11%)
juvenile wet

T. usneoides 74 % (65 — 82%) 14 % (9 — 18%) 5% (0 — 12%) 7% (4 -11%)
juvenile dry

F. albida 12 % (6 — 18%) 41 % (37 — 46%) 45 % (41 — 50%) 2 % (0 — 5%)
adult wet

F. albida 52 % (42 — 62%) 13 % (9 — 19%) 30 % (23 — 38%) 4% (0 — 9%)
adult dry

F. albida 9% 5 —15%) 36 % (33 — 40%) 52 % (49 — 56%) 2% (0 — 4%)
juvenile wet

F. albida 73 % (65 — 80%) 15 % (14 — 17%) 8 % (4 — 14%) 3 % (0 — 6%)
juvenile dry

F. albida Not possible to calculate, lies outside of the source water polygon
seedling

Water source proportions were calculated with the IsoSource nimttel/(vwww.epa.gov/wed/pages/models.hehillips and Gregg, 2003).
Only numerically feasible solutions were chosen in which source waters, found to be significantly dif@fenaimdd?H to the respective
tree age and species, were smaller than the contribution from the other three water sources.

The results of our model show that none of the tree species in this study use fog water (Table
3.1). Rather, all of the trees are reliant on a seasonally fluctuating combination of
groundwater, shallow soil and deep soil water. All these three sources directly depend on
Kuiseb aquifer recharge through regular large floods. AdultsneoideandA. erioloba rely

largely on deep soil water year - round. JuveAileerioloba andl. usneoidesise the three
source waters in very similar proportions over time, with juvehilasneoide®eing mostly
groundwater dependent (65 — 82%, mean 74%) in the dry season. Juvenile and adult F. albida
behave similarly, being more shallow and deep soil water dependent in the wet season,

becoming predominantly groundwater dependent in the dry season.
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DISCUSSION

The results of our model (Table 3.1) show that all of the trees are reliant on a seasonally
fluctuating combination of groundwater, shallow soil water and deep soil water. None of the
tree species in this study use fog water regardless of age class even though fog events may
contain considerable (0.1 — 1.0I°rday") amounts of water (Henschel and Seely, 2008).
hyperarid areas such as at our study site the occurrence of fog plays an important role in the
water economy of many organismihis is indeed the case for many species in the Nami

(Henschel and Seely, 2008xcept for the riparian trees.

Adult T. usneoidesindA. erioloba rely largely on deep soil water. Juverileeriolobaand

T. usneoidesise the three source waters in very similar proportions over time, being mostly
groundwater dependent in the dry season and largely deep soil water dependent in the wet
season. Juvenile and adHlt albida depend on both shallow and deep soil water in the wet
season, becoming predominantly groundwater dependent in the dry season. These shifts in
water uptake are also supported in other research, suggesting that riparian trees have much
more flexible water uptake patterns than previously expected (Sedets 1997, Glen and

Nagler 2005).

The soil and groundwater sources directly depend on Kuiseb aquifer recharge that occurs
during floods in the wet season (November to April), as indicated in Figure 3.2 and by other
recent studies (Dahaat al., 2008). These flood events have flowed past Gobabeb on average
33 days per year from 1963 to 1976 and 10 days per year from 1977 to 2006 (Mizuno, 2010).
The regularity of the floods are such that none of the tree species in this study have adapted
physiologically to utilise fog water. Over a ten year period recharge of the groundwater was
primarily due to the large floods of 1997 and 2000, which flowed for 33 and 23 days
respectively (data from 1995-2005, borehole # 35016, courtesy Gobabeb Training and
Research Centre). Smaller floods did not significantly recharge groundwater, with the water
table steadily declining between large flood events.

As a result of a drought in the upper reaches of the catchment from 1980 to 1984 there was
no recharge of the aquifer in the Kuiseb and water levels dropped by between 2 and 6 metres
(Hattle, 1985). My study trees are so reliant on this regular recharge that drought related
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deaths accounted for 24% of thie usneoides29% of theA. erioloba and 62% of the.

albida (Theronet al., 1985). Previous vegetation studies in the Kuiseb speculated that the
observed mortality patterns among species and age groups were related to differences in
rooting structure and depth of water uptake (Ward and Breen, 1983). The isotope results
suggest that the observed mortality rates are not directly related to rooting depth, as all three
species use the same water sources, even if in slightly different proportions (Tabke 3.1).
erioloba is the only species showing significant differences in water use between age groups
(Fig. 3.4). During the 1980’s drought, higher mortality rates were observedl fenoloba
specimen with a circumference of less than 50 cm (Thetrah, 1985). It is the only case in

which historic drought mortality records coincide with isotopic evidence for differences in
water uptake. However, it is not concluded that this is an indication for different rooting
depths forA. erioloba age groups, as there may also be other physiological explanations that
are not part of this Chapter's research focus. There has been very little research on the
physiological traits associated with drought forerioloba and-. albida with no studies on

T. usneoidesWhat little there has been are in agreement with these figures showing that
Tamarix ramosissima is drought tolerant (Glen and Nagler, 2085)rioloba avoids
droughts through deep rooting (Obakeng, 2007; Lubczynski, 2009) Wwiilkida cannot
survive beyond the river fringes due to reduced water availability (Thetraal., 1980;
Jacobsoret al., 1995) and they are drought sensitive (Ward and Br&@&3; O’Connor,

2001). The physiological traits of the species will be examined in greater detail in Chapter 5.

Future predictions point towards increased water abstraction (Swiegers, 2008; Pallett, 2008)
and global climate change (de Wit and Stankiewicz, 2006) in the Namib and most arid parts
of Southern Africa. To maintain the structural integrity of this landscape for future
generations it is vitally important that conservation efforts are directed toward maintaining
regular and especially large flood events in the ephemeral rivers. Without such recharge
events and with aquifer declines beyond any natural fluctuations, the vegetation structure
along ephemeral rivers such as the Kuiseb will be seriously threatened, as all of the trees and
all age classes in this study demonstrate a reliance on regular flood recharge of either the

aquifer or soil moisture.
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CHAPTER 4: DOES THE ALIEN INVASIVE PROSOPIS
OUTCOMPETE THE INDIGENOUS ACACIAERIOLOBA FOR
WATER ACCESS ALONG EPHEMERAL RIVERBANKS?

INTRODUCTION

Prosopis glandulosa&ar. torreyanas one of the main invaders of drainage lines in semi-arid
and arid areas of Namibia and South Africa, where it forms dense, impenetrable thickets
(Coates-Palgrave, 1983; Impseh al., 1999).Prosopisspecies were introduced to South
Africa and Namibia around the turn of the 20th century as a source of fodder for cattle and
sheep, as well as shade and firewood (Brown and Gubb, 1986; Irapabn 1999). Since

then, at least four specied.( glandulosavar. glandulosa, Prosopis glandulosa var.
torreyana,Prosopis velutinaProsopis chilensijshave hybridised and naturalised, spreading

in semi-arid and arid regions of the subcontinent (Coates-Palgrave, 1983; lstpabn
1999). Prolific seed production and high germination rates result in its rapid spread along
riparian corridors (Shiferawt al., 2004) Prosopisspecies in South Africare estimated to

use 1000 rhof water annually per densely overgrown hectare (le Maitre, 1999). In an effort
to conserve water resources, catchment management plans support the eradication of
Prosopis spp. along rivers. A government initiated ‘Working for Water’ Programme is
actively engaged in removirigrosopisspp. from drainage lines in the Northern Cape region

of South Africa.

The need to eradicatérosopis spp. from riparian corridors in arid systems is not only
determined by water conservation. In the Namib and Kalahari Deseetsoloba is one of

the main tree species occurring in and beyond riparian woodlands (Ward and Breen, 1983;
Jacobsoret al., 1995; van Rooyen and van Rooyen, 1998; [@¢ah., 1999; van Rooyeet

al., 2001; Seymour and Huyser, 2008). When mature, it acts as an island, providing shade,
shelter, nesting sites and lookout posts for animals (Milton and Dean, 1995;eDaan

1999; Powell, 2005; Eccamet al., 2006). The use & . erioloba by birds, game and rodents
concentrates nutrients under the canopy of these trees, resulting in distinctive and more
palatable plant communities (Milton and Dean, 1995; Baeted., 1997; Deaset al., 1999;
Eccardet al., 2006). It is considered a keystone species, as it persists in arid areas where no
other large trees can grow (Milton and Dean, 1995; Basteal., 1997). It has been
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suggested thaA. eriolobaneeds to be recognized and protected for its keystone function in

ephemeral river corridors (Colvin et al., 2007).

A. erioloba mortality increases a$rosopis speciesdensities increase (Robertson and
Woodborne, 2002yers. obg. A number of studies have suggested thatRhasopisspecies
outcompetéA. erioloba for water (le Maitre, 1999; Robertson and Woodborne, 2002; Colvin
et al, 2007). It has also been suggested thatRhasopisspecies are able to withstand high
levels of water stress, (Nilsest al., 1983; Nilseret al., 1984; Hultineet al., 2005), have
extremely fast root growth as well as a dual root system. The dual roots allow for a very deep
tap root (maximum 53 metres) (Strombergal., 1992), as well as extensive lateral root
development (Nilseret al., 1983; Strombergt al., 1992; le Maitre, 1999; Robertson and
Woodborne, 2000). This dual root system alld®vesopisspecies to rapidly switch between
groundwater in the dry season and shallow soil water in wet season (®hyaler1998),
optimising the use of available water and nutrient uptake. The opportunistic water uptake
with the dual root system is believed to gRmosopis spa water sourcing advantage over
erioloba (le Maitre, 1999; Robertson and Woodborne, 2002; Celved., 2007). A similar

dual root system, root growth and water sourcing strategy has been observed for Tamarix spp.
invading river corridors in the USA (Buseéh al., 1992; Dawson and Pate, 1996; Satial.,

1996; Horton and Clark, 2001).

In this chapter | test the hypothesis that indigendparian species experiences increased
water stress in areas densely overgrown Prosopis sp. | conduct a case-study of this hypothesis
by examining plant tree density measurements, percentage canopy dieback, plant water
source and moisture stress. | do this along the ephemeral Kuruman River in the Northern

Cape Province of South Africa.

METHODS

Site description

The study was conducted in the southern Kalahari on the farm Gannavlakte (26°57'578 S-
21950234 E). The farm is a fieldstation for the Cambridge University Meerkat Project,

located 17 kilometres south of the South Africa-Botswana border and 30 kilometres west of
van Zylsrus in the Northern Cape Province. Gannavlakte lies along the middle reaches of the
ephemeral Kuruman River, a historic tributary to the Orange river. The climate of the area is

characterised by hot, wet summers and cold, dry winters. Mean annual rainfall for the last
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decade is 280 millimetres, with an average of 80% of the rain falling between October and
March (van Rooyeret al., 2001). The average minimum and maximum temperatures are
13.2°C and 31.3°C respectively. The area is largely covered with Aeolian sand underlain by
superficial silcretes and calcretes of the Cenozoic Kalahari Group (Mucina and Rutherford,
2006). The river edges consist of pink to white compact sands and calcrete outcrops (van
Rooyenet al.,2001). The riverbed typically consists of finer silt soils in comparison to the
surrounding area, as rare flood and annual rainwater carries organic material, minerals and
other alluvial components into the lower lying riverbeds (van der Walt and le Riche, 1999).
The average groundwater depth along the Kuruman River is 65 metres (DWAF borehole
records) and in the only unused borehole available near Van Zylsrus the water table was
measured with a piezometer (Diver: Eijkelkamp/van Essen, Netherlands), fluctuating
between 54.2 and 57.8 metres from March 2005 until January 2007 (Figure 4.1).
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Figure 4.1: Groundwater level (metres) at Van Zylsrus from March 2005 to January 2007.

The area is arid savanna, classified by Mucina and Rutherford (2006) as Gordonia duneveld.
The river fringes are lined with riparian woodland, consisting primarilazcia erioloba,
Acacia haematoxylorcacia mellifera,Boscia albitrunca,Ziziphus mucronataRhigozum
trichotomumand the invasiveProsopis glandulosgvan Rooyen and van Rooyen, 1998;
Mucina and Rutherford, 2006).

Data collection

Before 2002 the river along half of the farm was cleare®.ajlandulosa, while the other

half remained overgrown. The clearing was done as part of the Working for Water
Programme, an initiative of the national Department of Water Affairs that aims to control
alien plants through a combination of manual clearing, chemical control and biological

control (River Health Programme, 2001). Four plots were layed out for the study. Each plot
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was 20 metres wide and 100 metres long. The invaded plots were densely overgrown with
Prosopisspp. while there were nerosopisspp. in the cleared plots. One of each was layed
out along the riverbank while the other two cleared and invaded ones were layed out 300m
inland from the river (Figure 4.2). In each plot six mature specimems efioloba were
identified and clearly labelled and in each of the invaded quadrants an additional six mature
specimen of. glandulosa were identified and marked. The labelled trees were sampled to
determine significant differences among sites (riparian vs inland, invaded vs cleared) in water

source, water stress, mortality and water use efficiency.

Samples were collected from April 2004 to April 2007 on six separate occasions during the

hot and dry (November/December), hot and wet (March/April) and cold and dry (June/July)
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Figure 4.2: Diagrammatic representation of the four plots used in this study, all with stands of
A. erioloba (dark green). Two were overgrown while two had been cleafedgbndulosa

(olive green).
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Vegetation structure and vitality

Tree density

Tree density was determined for cleared as well as invaded areas on the farm. The objective

was to show differences in tree density between cleared and invaded areas. For this purpose
Six transects were established, three transects in cleared and three in invaded areas. Each
transect was 5 metres wide and 300 metres long, moving inland diagonally from the river. All

along each transect mature trees were identified and recorded.

Percentage canopy dieback

Recent canopy dieback is an integrative measure of plant physiological condition (étorton

al., 2001b). Canopy dieback is frequently reported as a physiological response to water stress
(Stromberget al., 1992; Hortoret al., 2001b; Rooét al., 2003). In April 2007 two observers
scored canopy dieback on All erioloba trees at each site, estimating the percentage of dead
material on each tree in comparison to foliage. Scores were made in 10% increments, with
0% dieback being very healthy and 100% dieback equating to a dead tree. The score average

was recorded as the percentage canopy dieback for each tree.

Water source

Stable Oxygen and Hydrogen isotope ratios
The method has been described in detail in Chapter 3. In this chapter | use stable hydrogen
and oxygen isotope ratios to determine the source waté&seasfoloba and®. glandulosan

all four plots.

On all six fieldtrips from April 2004 until November 2005 non-photosynthesising twigs (0.5

— 1 cm wide and 6 — 7 cm long) were collected at dawn from A. erioloba and P. glandulosa in
each plot. Twigs were cut and immediately placed into a sealed borosilicate tube (Kimax —
Kimble, New Jersey, USA), placed into a cooler box and frozen as soon as possible.
Groundwater was collected every fieldtrip from three boreholes, located within a five-
kilometre radius of the site. Depth to groundwater in each borehole was 27, 40 and 80 metres
depth respectively (Ross-Gillepie, 20@&rs. com). Soil samples at 50 cm were taken in

April 2004, when rain had wetted the surface sufficiently to make augering possible. The
samples were placed in double plastic bags, wrapped with masking tape and frozen as soon as
possible. All rainwater was collected opportunistically from the rain gauge on the farm

immediately after every rainfall event. All water was collected in 7ml vacutainers, the airtight
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lid was wrapped with Parafilm for extra protection from evaporation and samples were stored

in a refrigerator.

All twig, soil, ground and rainwater samples were processed at the University of Cape Town
(UCT) as described in Chapter 3. All isotopic values were expressed in standard delta
notation relative to the V-SMOW (Vienna Standard Mean Ocean Water) standard (Bdwson
al., 2002).

Plant moisture stress

Leaf stable carbon isotope ratios

Measurements o8°C values may usefully contribute to determine water use efficiency,
which is the amount of carbon biomass produced per unit of water transpired by the crop
(Farquharet al., 1989). LeaB**C isotope ratios are an indicator of long-term intercellular
carbon dioxide concentrations and thus of water use efficiency (WUE);implahts
(Ehleringer and Coopefl988).5'%C values are closely related to stomatal aperture, as carbon
isotope ratios are partially determined by the ratio of @Che leaf intercellular air spaces
relative to atmospheric GQatios (Ehleringer, 1993b). As stomata close when less water is
available to the plant, the ratio between intercellular and atmosphesim@®ases and more

of the heavier isotope from the intercellular 86 used in carbon assimilation, resulting in
more enriched*C values (Farquhaet al., 1989; Ehleringer, 1993b; Dawsenal., 2002).

Here | use thé*C values of bott. glandulosa and. erioloba in all four plots to determine

differences in plant available water with the clearing of the invasive P. glandulosa.

In April 2007 a total of twenty fully expanded, mature leaves were collected from each tree,
picking from each cardinal direction. All samples were oven dried at 70°C for 24 hours,
ground to Imm mesh with a hammer mill and subsampled to two milligrams. Samples were
analysed for'*C/*°C ratios on a Thermo Delta Plus XP Mass Spectrometer (Hamburg,
Germany), coupled to a Thermo Finnigan Flash Elemental analy38f:“C isotope ratios

are expressed relative to the Pee Dee Belemnite marine limestone standard (Craig, 1957).

Xylem Pressure Potentials
Xylem pressure potential (XPP) is a measure of a plants’ water status or level of water stress.
XPP indicates plant water demand by determining the tension that the water column is under

in the plants’ xylem tissue. Water is transported in xylem vessels along a negative pressure
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gradient (tension), from the water absorbing roots to the transpiring leaves of a plant (Tyree
and Zimmermann, 2001; Koddt al., 2004). The less water available to the plant, the greater
the tension on the water column. XPP is an integrative measure of water availability and the
environmental pressures placed on a plant including humidity levels, rainfall and temperature
(Scholander, 1965). XPP measured before dawn indicates the water demand when the plant is
in equilibrium with its environment, excluding photosynthetic or transpirational demand.
XPP’s are used here to show differences in water stress befeglandulosaand A.

erioloba in the four plots.

Predawn and midday XPP’s were determined for two late wet seasons (April 2004, March
2005) and two early dry seasons (June 2004 and June 2005) and two late dry seasons
(November 2004, November 2005). Predawn and midday XPP’s were determined for all
labelled trees using distal, healthy twigs in a Scholander pressure chamber (PMS Instrument

Company, Corvallis, Oregon, USA).

Data analyses

All data are presented as means, unless otherwise stated. A p-value of p < 0.05 was required
for significance in all tests. Differences ®/fO, §°H, §'°C isotopes and canopy dieback were
assessed for statistical significance in Statistica 8.0, using Student T-tests and one-way
ANOVA'’s with Tukey post hoc tests. The data was log transformed when assumptions of
heterogeneity of variance and normality were not met. When transformations were
unsuccessful, a non-parametric Kruskall-Wallis test was used. A level of significance of p =
0.05 was observed for all calculations. Repeated-measures ANOVA were used for predawn
and midday XPP in SPSS, version 15.0. and as described in ACITS (1997). Time was used as
the within-subjects factor and tree groups as the between-subject factors. The multivariate

hypothesis testing approach (Wilks’ Lambda test) was used throughout.

RESULTS

Vegetation structure and vitality

Tree density

P. glandulosa density was highest close to the riverbed (Fig 4.3), decreasing markedly with
distance from the rivelA. erioloba density in the cleared and invaded transects are highest
immediately adjacent to the river. Cleared transects have another incrgaseriolobaat

300 metres from the river.
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Figure 4.3: Number of mature specimens of A. erioloba and P. glandulosa trees observed in
the (a) invaded and (b) cleared transects

Percentage canopy dieback

There was a significant difference in the amount of dead material erioloba (R 20= 5.3,

p = 0.008 One way ANOVA) between plots (Table 4&)erioloba from the invaded river
plot had almost twice as much dieback (66.7%A.asrioloba in the other three plots (31.7%

to 41.7%).

Table 4.2: Average percentage dead materiaAomriolobain the four plots (n = 6 per
guadrant), standard error in brackets

Site [Mean % dieback (+1 SE)
A. eriolobacleared river 31.7 (7.0)
A. eriolobacleared inland 41.7 (7.7)
A. eriolobainvaded river 66.7 (8.7)
A. eriolobainvaded inland 31.7 (4.6)

Water source

Stable Oxygen and Hydrogen isotope ratios

Meteoric waters follow a Rayleigh distillation process that results in a linear relationship
between §'%0 and 8°H for water samples worldwide (Craig, 1961; Gat, 199B)is
relationship is termed the global meteoric water line (GMWL) at a global scale and a local
meteoric water line at the local scale (LMWL) (Craig 1961). The Gannavlakte local meteoric
water line (LMWL: 8°H = 6.1 * 30 + 2.6 %) plots below the global meteoric water line
(GMWL), expressed ag’H = 8 * %0 + 10 %o (Fig. 4.4). Rainfall isotope values vary
considerably §°0 = -6.9 to 10.02 %0) with values inversely correlated to rainfall amount

(680 rP= 0.54, p = 0.0002). Heavier rainfall events plot closest to groundwater.
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Figure 4.4: The relationship fé°0 ands®H for all rainfall samples (n=32) from the study
showing both the LMWL and GMW.L. Soil core results (n=3) and groundwater isotope
values (n=12) are superimposed.

The groundwater isotope values are consistent over time and across the three sampling
boreholes (Fig 4.4). The three soil core values (0.5 metre depth) show isotopic enrichment,

relative to rainfall isotope ratios. These values plot below the LMWL (Fig 4.4).
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Figure 4.5: Averagé'®0 ands’H values (+ 1 SE) for source waters and tree waters at each
plot. A. erioloba are depicted for the dry seasan ( ), start of the wet sea3and end of

the wet season () in all four plots.Prosopisare depicted in both invaded plots for the dry
seasongd ), start of the wet seasehgnd end of the wet seasc:).(Graphs include the local
meteoric water line-{) as well as average soH)( rain ¢K) and groundwater (+).
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All isotope ratios for tree xylem water in the cleared river plot are located below the LMWL
and intermediate between rainfall and groundwater (Fig 4.5). At the end of the wetAeason
erioloba xylem water isotope ratios differ significantly from groundwater (Kruskall-Wallis

nonparametrié'®0; p < 0.001). No significant differences in xylem water isotope ratios were

found with season.

A. erioloba isotope ratios for water at the cleared inland plot (Fig. 4.5) are similar to dry
season groundwater values. There are no significant differences in xylem isotope ratios with

season.

Both P. glandulosa and. erioloba xylem water isotope ratios in the invaded river plot (Fig.
4.5) differ significantly from groundwater in the wet season (Kruskall Wallis nonparametric

§'80; p <0.02), but are not significantly different in theydeason.

In the invaded inland ploA. erioloba and P. glandulosaisotope ratios are similar to
groundwater values (Fig. 4.5), except Rorglandulosaat the end of the wet season (Kruskall
Wallis nonparametrié*®0; p < 0.012).P. glandulosawater isotope ratios at the end of the
wet season are significantly different from groundwater and not significantly different from

the rain.

Plant moisture stress

Leaf stable carbon isotope ratios

There were significant differences #°C values between plots (One-way ANOVA; p <
0.001; Table 1 AppendixP. glandulosa'3C isotope ratios are significantly more depleted
thanA. erioloba except in the invaded river plot (-24.99%0). The resulté ferioloba show
significant differences i'°C values between cleared (-26.25%o), invaded (-24.99%o) river
plots. There are however no significant differences between cleared and invaded inland plots
for A. erioloba. There are also no significant differences’fic values forP. glandulosa

invaded river and inland plots.
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Table 4.3: Averagé'C values with standard error (+ 1 SE) in brackets and number (N) of
specimen sampled for all four plots

Quadrant and species & °C (%o) N

A. erioloba cleared river -26.09 (0.26) 6
A. erioloba cleared inland -26.25 (0.18) 6
A. erioloba invaded river -24.99 (0.24) 6
A. erioloba invaded inland -26.09 (0.29) 6
P. glandulosa invaded river | -24.17 (0.18) 6
P. glandulosa invaded inland -24.86 (0.33) 6

Xylem pressure potentials

The predawn XPP values for all inland plots are stable across seasons, compared to the river
plots (Figure 4.6). The minimum-maximum ranges for inland plétsefioloba cleared

inland -0.88MPapP. glandulosa -0.75 MPa arAl erioloba invaded inland — 0.43 MPa) are

all smaller than for the river ploté\( erioloba clearediver - 0.89 MPaP. glandulosa — 1.52

MPa and A. erioloba invaded river — 1.25 MPa).

m A. eriolobe cleared rive A. elioloba cleared inland
-4.0 1 m A, eriolob¢ invaded river m P, glandulos invaded rive
A. eriolob¢ invaded inland u P. glandulos invaded inland

-3.5 -

MPa

Apr '04 Jul '04 Nov '04 Apr '05 Jul '05 Nov '0t

Figure 4.6: Average (n=6) predawn xylem pressure potential (MPa) for cleared river and
inland A. erioloba, invaded riveA. erioloba andP. glandulosa and for invaded inlaid
erioloba andP. glandulosa. Predawn values from April 2004 late wet season to November
2005 early wet season.
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The between-subject test (Repeated measures ANOVA) shows significant differences
between tree standss# 10.1, p < 0.001; Tables 2 and 3 Appendix). Betlylandulosa and

A. erioloba of the invaded river plot have significantly more negative predawn XPP than all
other tree groups (Tukey post hoc; p < 0.001).

DISCUSSION

My results show thaA. erioloba is significantly more water stressed in the riparian zone
whenP. glandulosa is present, but not in the invaded areas further inland. The two species
use the same water source when growing together in the riparian zone, but water sourcing
differs between the two species further inland Witlglandulosa using a more shallow water
source than A. erioloba.

Verhagen (1983) and Meyett al. (1985) both describe how pans and depressions in the
riverbed collect water and act as recharge zones. They discussed this in the context of flood
events, but my personal observation is that rainwater runoff also accumulates along
depressions in the riverbed. Rainwater stands in these depressions for several days, allowing
isotopic enrichment through evaporation before infiltration. This is directly reflected in the
river plot water isotope results (Figs 4.4, 4.5) and in the isotope ratios of soil water and the
xylem water of bothA. erioloba andP. glandulosa in the invaded and cleared river plots.
Both species use this shallow water while it is available and increase groundwater use
towards the end of the dry season as the shallow soil water supply is defleteidloba

and P. glandulosathus have the same water use strategy at the invaded river plét. and
erioloba has the same water use strategy at both river plots. Much greater groundwater
dependence is observed fr erioloba at both inland plots. The consistent deep rooting and
groundwater dependence of inlaAderioloba is in agreement with the literature (Obakeng,
2007), while the flexible water uptake of riparidn erioloba is similar to the results in
Chapter 3P. glandulosaat the invaded inland plot does consistently make use of directly
infiltrating rainwater in the wet season (Fig. 4.5), switching to groundwater at the end of the
dry season. This dual water uptake has also been reportedvelutina in the USA (Snyder

and Williams, 2003) and is in agreement with the dual root system descriptions of previous
studies (Snydeet al., 1998). As a resuR. glandulosaandA. erioloba in the invaded inland

plot only share groundwater resources at the end of the dry season. The water source findings

are summarised and illustrated in Figure 4.7.
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Figure 4.7: Conceptual diagram to summarise and illustrate the research findings and our
current assumptions of seasonal water uptake

Desert plants are generally characterised8g values of around -20 to -25%. (Ehleringer,
1993a; Rundell and Sharifi, 1993). TAeeriolobad**C values for both cleared as well as the
invaded inland plots fall just outside the published desert pfa@tvalue range with -26.09

to -26.25%.. Two unpublished. erioloba§'*C isotope studies reported values between -
25.3%0 and -28.2%0 in the Namib and -22%. to -27%. in the Kalahari (Robertson and
Woodborne, 2000; Woodborne, 200dpublished repo)t The significant differences in leaf
83C values found between invaded rivererioloba (-24.99%0) and the remaining three plots

of this study (Table 4.3) show that erioloba in that particular plot is under more water
stress than any of the other study plots. This directly complemeni&@eandsH findings

of the invaded river plot th&. glandulosaandA. erioloba use the same water sources. In
Woodborne’s unpublished Kalahari study (2000) mortalftyA. erioloba occurred at around
—22.5%0, whileP. glandulosastill survived at values up to —20.5%.. Based on these earlier
resultsA. erioloba in the invaded river plot are approaching a lethal water stress level, which
is mirrored by the high canopy dieback (Table 4.2) as well as the significantly higher XPP
levels (Fig. 4.6). Hence all measuremer@®SC, canopy dieback and XPP support my
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hypothesis at the invaded river plot that erioloba is significantly more stressed. The
hypothesis is not correct however for the invaded inland ploi*®8s canopy dieback and

XPP measurements are similar to the results of A. erioloba at the two cleared plots.

The same water uptake, observedAoerioloba in the invaded plots, is also occurringAor
erioloba at both control plots (cleared river and inland plot). The results sugget. that
erioloba has a natural shift in water source uptake with increasing distance to the river. This
uptake pattern does not change in the presenée glandulosa and it leads to a distinctly
similar water uptake at the invaded river plot and a distinctly different one at the invaded
inland plot. Similar findings of niche partitioning among species and locations occurred for
exclusively riparian species along floodbanktelaleuca argentea) versus top-bank species
(Corymbia bella) in Australia (O’Gradgt al., 2005). In my studyp. glandulosause the

same water resources as the indigemdusriolobain the riparian corridor of the Kuruman
River, while 3**C values, XPP results and canopy dieback show that this creates significant
water stress foA. erioloba. It suggests that there is competition for water between the two
species within the riparian zone. However, increased water streas éooloba in invaded

areas does not extend beyond the river fridgearioloba switches from dual water uptake in

the riparian zone to deep groundwater use inland, whilglandulosa continues its dual
water uptake inland, using shallow water when available and switching to groundwater in the
dry season. It suggests that the two species coexist at the inland plot by taking up water from
different sources. The conclusion of this chapter is that it is very likelyAthatiolobadies

from water competition withP. glandulosa along riparian zones of ephemeral rivers in
Southern Africa, but that resource partitioning occurs between the two species further away

from the active river channel.
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CHAPTER 5: COMPARING HYDRAULIC ARCHITECTURE —
DO RIPARIAN SPECIES IN SOUTHERN AFRICAN DESERTS
DIFFER IN THEIR TOLERANCE TO REDUCED WATER
AVAILABILITY?

INTRODUCTION

At Gobabeb in the Namib, the groundwater table dropped by three metres during a natural
drought period from 1979 to 1984. Mortality rates of about 62% falbida, of 29% forA.
erioloba and 24% foil. usneoidesvere recorded (Theroet al., 1985). In the KalahaA.
erioloba dies off in the presence Bfosopisspp., due to increased water stress (Chapter 4).
The common observation in both areas is that all riparian tree species are not equally affected
by drought. Similarly, reduced water access along rivers in the USA resulted in a shift of
species abundance and distribution (Nilseral., 1984; Strombergt al., 1996), suggesting

that species do not have the same levels of drought tolerance. Plant adaptation and tolerance
to drought is a complex phenomenon that differs among desert phreatophytes (Nilsen et al.,
1984) and has been widely investigated among woody species (Fratkéh, 1987;
Mencuccini and Comstock, 1997; Hacke al., 2000; Hackeet al., 2001; Hortonet al.,

2001b; Sperryet al., 2002; Xuet al., 2007; McDowellet al., 2008). Great rooting depth
(Nilsen et al., 1984) and rapid root growth are typical survival methods observed among
groundwater-dependent species (Haekal., 2000) and these were addressed for Namib and
Kalahari trees in Chapters three and four of this thesis. But trees also cope with drought
through a number of physiological traits and responses including narrowed vessel diameter,
increased wood density and protection from xylem cavitation through stomatal control
(Hackeet al., 2000; Sperrgt al., 2002; Jacobsest al, 2007; Liet al, 2009). This chapter
contains a comparative study of such hydraulic traits to add insight into levels of drought
tolerance among species. | compare some xylem physiolo8yeioloba,F. albida andT.
usneoidesin the Namib, as well a#. erioloba andP. glandulosain the Kalahari, to
determine whether there are structural explanations to observed differences in drought

tolerance.

Xylem consists of an assemblage of vessels embedded in structurally supporting fibres.
Adjacent vessels are connected by pit membranes and pit pores, through which water flows
between vessels, thus forming a network of interconnected water transporting conduits

(Bailey, 1916; van der Willigen, 1996; Tyree and Zimmermann, 2001). Pits have a bordered
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structure for support and a large, porous membrane area that allows water movement, but that
is impermeable to air when functional (Tyree and Zimmermann, 2001). For a plant, water
transport through xylem is necessary to replace water lost during transpiration, preventing
desiccation and allowing photosynthesis €Lial., 2009). The cohesion-tension theory of sap
ascent postulates that water is pulled up through xylem vessels along a negative pressure
gradient (tension), with transpiration, surface tension and water adhesion to cell walls
providing the necessary force to lift water from the soil to the leaves of a plant (Schetander

al., 1961). Tension in the water column, also termed xylem water potetiadr (XPP),
increases with transpiration and with decreasing soil water availability (Tyree and
Zimmermann, 2001; Koclket al, 2004). Drought conditions are associated with long-term
increases inY (Lopezet al., 2005). There is strong evidence to suggest that incréased
causes cavitation in the xylem conduits by the replacement of functional conduit water with
air (Zimmermann, 1983; Sperry and Tyree, 1990; Cochard and Tyree, 1990; dtoplez

2005). Such cavitation interrupts water flow, inhibiting the plants ability to transpire and
photosynthesise (Let al., 2009). How much tension xylem vessels can take before they
cavitate depends primarily on the pore sizes of the intervessel pit membranes, as claimed by
Zimmermann’s (1983) air-seeding hypothesis. Numbers of intervessel pits and associated
cavitation risks reduce proportionally with vessel size, thus enabling smaller vessels to
withstand greateW in dry conditions (Tyree and Sperry, 1989; Hargraval., 1994; Tyree

and Zimmermann, 2001; Sperey al., 2006). Vessel diameter does correlate positively with
rainfall and has frequently been used to infer levels of drought tolerance (Baas, 1976;
Carlquist, 1977; Februamt al., 1995; Lo Gullcet al., 1995; Hargravet al., 1994; Hacket

al., 2000; Martinez-Vilaltaet al., 2002; Schumet al., 2004). Another factor significantly
correlated to drought tolerance is xylem density, which increases with reduced vessel

diameter and increased vessel wall thickness (Hacke et al., 2001; Jacobsen et al., 2007).

Along with structural adaptations, plants exhibit varying degrees of stomatal control to avoid
damaging levels o (Sperryet al., 2002). Isohydric plants shut their stomata at thresHold

thus controlling transpiration and inhibiting photosynthesis. Anisohydric plants, on the other
hand, keep stomata open and continue to transpire and photosynthesise at the risk of incurring

xylem cavitation (Tardieu and Simonneau, 1998).

In this chapter | test the hypothesis that riparian trees exhibit differences in xylem structure

and drought tolerance levels. | use commonly occurring riparian trees growing along
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ephemeral rivers in the arid Southern African areas for that purpose. | determine the
vulnerability to cavitation of xylem tissue, average xylem vessel diameter and wood density.
Xylem pressure potentials and diurnal depression rates as described in Gonzalez Reidriguez
al. (2000)are applied to determine water stress and to infer levels of stomatal control.

MATERIALS AND METHODS

Study area

The study was conducted at Gobabeb (23°33'726 S — 15°02’'112 E) in the Namib Naukluft
Park in Namibia and on the farm Gannavlakte (26°57'578 S - 21°50°'234 E) just south of the
Botswana border in South Africa. Gobabeb is located in the hyperarid parts (average 21
mm/annum) of the Namib, along the lower reaches of the Kuiseb River. An average of 1.45
Mm? flows past Gobabeb in one or two annual flood events (Namibian Water Resources
Management Review, 2000; Moser, 2006). Gobabeb has an average groundwater depth of
four metres and key riparian species around Gobabdkaatberbia albida, Acacia erioloba,
Tamarix usneoides, Euclea pseudebermmsl Salvadora persica (Theromt al., 1985;
Jacobsoret al., 1995; Jacobson, 1997). The average maximum and minimum temperatures
for Gobabeb are 30.5°C and 13.2°C respectively. Average annual rainfall and fog

precipitation at Gobabeb are 27 mm and 31 mm respectively (Lanehaterl984).

Gannavlakte is located along the Kuruman River in the semi-arid Kalahari, classified as
Gordonia Duneveld (Mucina and Rutherford, 2006). The river fringes are lined with woody
species, consisting primarily d&cacia erioloba,Acacia haematoxylonAcacia mellifera,
Boscia albitruncaZiziphus mucronata an@higozum trichotomurand the invasiv®rosopis
glandulosa(Deanet al., 1999; van Rooyeet al., 2001). Gannavlakte receives an average
summer rainfall of 290 mm (van Rooyen al., 2001). Average minimum and maximum
temperatures are 13.2°C and 31.3°C respectively. The Kuruman River last flowed past
Gannavlakte in 1996 (Ross-Gillesby, 20@&rs. com.) and groundwater levels lie at 56

metres depth. A full description and depiction of the study sites is given in Chapter 2.

The study was conducted from June 2004 to August 2007. Measurements were taken on six
adultA. erioloba,F. albida andT. usneoidespecimens along a one-kilometre stretch of the
Kuiseb River at Gobabeb and six adlteriolobaandP. glandulosaspecimens along a 100-

metre stretch of the Kuruman River that has been densely overgrowR.glgimdulosa.
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Xylem pressure potential

Xylem Pressure Potentials (XPP) were determined for two flood seasons (April 2005, March
2006), two dry and early dry seasons (June 2004 and June 2005) and two late dry seasons
(November 2004, December 2005) using a Scholander pressure chamber (PMS Instrument
Company, Corvallis, Oregon, USA). PredawXpf) and midday XPP’s ¥up) were
determined for six specimens per species at each location. Distal, healthy twigs were sampled

before dawn and again at midday.

The XPP data is first plotted a8 against¥yp and then again a¥yp against diurnal
depression¥yp - Wpp) as set out in Ritchie and Hinckley (1975). Predawn XPP is a reliable
indicator of the maximum soil water potential to which the roots of the plant are exposed, as
it reflects the equilibrium between soil and plant water potentials in the absence of water flux
(Tardieu and Simonneau, 1998; Brodribb and Holbrook, 2005). Plants growing in soil with
decreasing water have increasingly negative predawn XPP. Midday XPP reflects soil water
potential as well as daily fluctuations following evaporative demand and stomatal opening
(Tardieu and Simonneau, 1998). Diurnal depress¥in (- Wep) IS @ good measure for
maximal diurnal stress plants experience and it can be used to identify isohydric or
anisohydric plants and it can be used to show a plant’s ability to recover from daily water
stress. A combination of very negati\tgp and a small diurnal depression indicate severe

plant water stress (Gonzalez Rodriguez t24100).

Vulnerability to cavitation

Understanding the dynamics of the onset of water conduction failure is of crucial importance
for determining drought resistance strategies by plants (Lo Gullo and Salleo, 1991).
Vulnerability to drought- induced xylem cavitation can be defined as the relationship between
XPP @) and xylem embolism. This can be expressed as la€kability curve’, which is
percentage loss of hydraulic conductance (PLC) plotted against the XPP that induced that
loss of conductivity ¥) (Tyree and Sperry, 1989; Sperry and Hacke, 2082plant
vulnerable to water stress reaches complete cavitation at much lower XPP than a resistant
one. On the vulnerability curve this will plot as a steeper curve for a sensitive than a more
tolerant plant (Pammenter and Vander Willigen, 1998). Vulnerability curves provide graphic
information about species’ sensitivity to drought, thus allowing easy interspecific
comparisons and predictions of how plants will fare in drier conditions (Hetcik, 2000;
Pockman and Sperry, 2000; Martinez-Viladtaal., 2002). Hacket al. (2000) showed that
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co-occurring desert species differed in cavitation resistance based on their rooting depth and
vegetative phenology. The co-occurring species of this study are all phreatophytes, but they
do differ in phenology and their maximum rooting depth. Hence vulnerability curves were
drawn up for each species, to show significant differences in cavitation.

The vulnerability curves were constructed from hydraulic measurements, using six to nine
samples per species. Straight stems 0.6 to 1.2cm wide were located in the field, and cut off as
long as possible (ideally > 100cm) on either side as possible. In very branched and thorny
speciesappropriate branches were rare, thus sampling could not be restricted to tagged
specimens. Cut ends of samples were immediately moistened with wet tissue paper and tied
up with plastic bags. The whole sample was then wrapped in black plastic bags and
clingwrapped as tightly as structure allowed, placed into a coolbox and transported to the
laboratory within 24 hours. Here, xylem conductivity was measured using a modification of
the protocol described by Sperey al. (1988). Branch sections were cut back with a razor
blade under water to 14.2cm. Cutting under water ensured no further embolisms were
introduced. To get maximum conductivityd, stems were connected to a tubing system and
flushed for an hour with deionised, degassed, filtered (d)2water (pH 2 HCI) at 150 kPa

to remove all embolisms. Hydraulic conductivity,{l was then measured gravimetrically

on each stem segment (Speetyal., 1988) using a four-point analytical balance (Sartorius).
Stems were connected to the system and hydraulic conductivity was calculated as the mass
flow rate of water (g'$) through the segment divided by the pressure gradient (<1 kPa). Mass
increments (read off every ten seconds) were converted into a volumetric measis®) (cm

taking temperature into account.

After Kmax 0SS in conductivity was determined using the centifuge technique (&ddar,

1997). Stems were loaded into a custom-fitted centrifuge and spun for four minutes at speeds
corresponding to specific XPP’s. Between spins stems were placed back into solution for
several minutes before measuring Btems were spun at increasingly higher speeds and

remeasured, untillequaled zero.

In order to validate the results of the centrifuge method, the flow meter was transported to
Gobabeb and branchesBf usneoide$n = 4) were bench-dried, using a modification of the
protocol as described in Cochard and Tyree (1990). Long branches (~200cm) were cut

predawn, wrapped in black plastic bags, the cut stem end was tied into a wet plastic bag and
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everything was brought back to the field laboratory immediately. Field XPP of the branch
was determined with a Scholander pressure chamber and a segment was cut from the branch
under water. Both the segment length (~14cm) and width (0.6 — 1.5 cm) remained
comparable to the stem dimensions in the centrifuge methggdwlas determined and the
segment was flushed and re-measured to obtaip Keanwhile the branch dried on the
bench, permanently covered in black plastic bags to avoid rapid desiccation in the low
atmospheric humidity (< 10%). The cut end of the stem was kept wet at all times and excess
plant material (> 10 cm) between segment cuts reduced the risk of artificial air embolisms.
As soon as branch XPP increased by about —1 Mpa, another segment was cut, measured,

flushed and remeasured fogl until branch k equaled zero.

PLC was calculated from 100(14k ), where Kk is the maximum conductivity determined
after initial flushing and kis the respective conductivity at increasing XPP (Tyree and

Zimmermann, 2001). Subsequently, a Weibull function was fitted to the data to describe the

relationship of percent loss of conductivity and XPP. The function is given as:

PLC =100 — 100 / exp¥yiem/ b)’

Whereb andc are parameters representing the shape and slope of the curve. Pabameter
indicates XPPY) at which 63% loss of conductivity is incurred andetermines the curve
slope at poinb (Lopezet al., 2005; Liet al., 2009). Xylem pressure potential at 50%y)(P

and 95% (k%) loss was calculated, based on the Weibull fit (Table 5.3).

Vessel diameters

Vessel diameter has the largest effect of all on hydraulic conductiyjtyTyree and Ewers,
1991). According to Poiseuille’s equation, hydraulic conductivity is proportional to the fourth
power of the vessel radius (Tyree and Zimmermann, 2001). The contribution of one large
vessel, four times the relative size (4) of another (1), will contribt#256 times the amount

of water (Tyree and Ewers, 1991; February, 1994; Tyree and Zimmermann, 2001).

Xylem dimensions have been suggested as being positively related to the vulnerability of
xylem to cavitation (Zimmermann, 1983; Tyree and Sperry, 1989; Lo @ulal., 1995;
Hargraveet al., 1994; Hackest al., 2000; Tyree and Zimmermann, 2001). Some studies
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could not confirm this positive relation between species, but they have stated it to be true for
vessels within species (Tyree and Dixon, 1986). A general trend in diameter of plant conduits
is that of wide conduits occur in wet and moist climates and small ones occur in cold and/or
dry environments (Februargt al., 1995; Gillespieet al., 1998). Measurement of vessel
diameter is thus a useful and widely applied method for estimating drought tolerance (Lo
Gullo et al., 1995; Hargrave et al., 1994; Hacke et al., 2000; Martinez-Vilalta et al., 2002).

Following hydraulic conductivity measurements, six twigs per species were used to
determine the conduit diameter of xylem vessels. Sections (20-30 microns thick) of each twig
were cut using a Reichert-Jung base sledge microtome. The sections were stained for ten
minutes in safranin red, cleaned with a glycerine/glycerol solution and mounted on glass
slides. Wedge-shaped sections, large enough to count 100 vessels (JataiseR007)

were photographed (3.2 Megapixel Sony X1R) under a microscope at 40x magnification
(Leitz Laborlux K, Germany). Vessel lumen diameter was determined for one hundred

vessels per stem, using the computer software Sigma Scan Pro 5.0.

Wood density

Wood density is an indicator of xylem traits that relate to water stress tolerance, sugh as P
vessel area and percentage fibre wall (Jacobsah, 2007). Wood density has been used to
predict the impact of climate change on plants (ibid) and to compare water stress tolerance
among desert plants (Hackeal.,2000). Seven twigs per species were cut in the field (10cm
long and 0.7 cm diameter) and transported back to the laboratory frozen. There, they were
saturated in degassed water for 24 hours, in order to obtain maximum weight (Jat@bsen
2007). Twigs were cut to a length of 2.5 cm and the pith and bark were removed with a razor
blade. Wood volume was determined by displacement in a graduated cylinder (Jatobsen
al., 2007). The wood was then oven dried for 24 hours at 75 °C and the dry weight was

determined. Wood density is expressed as §.cm

Data Analysis

Differences for xylem pressure potentials, vulnerability curves, vessel diameter and vessel
density were assessed for statistical significance using paired t-tests in the case of two
samples and one-way ANOVA with Tukey post-hoc tests in the case of multiple samples.

The data were log transformed when assumptions of heterogeneity of variance and normality

were not met. When transformations were unsuccessful, a non-parametric Kruskall-Wallis
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test was used. Simple correlations were run between datasets. All data is presented as mean
(= 1 SE), unless otherwise noted. A p-value of p < 0.05 was required for significance in all

tests. Tests were performed in Statistica 8.0.
RESULTS

Xylem Pressure Potentials

Predawn xylem pressure potentidi4f) are all similar for GobabeA. erioloba,F. albida
and T. usneoidesSimilarly, the Gannavlakt®pp for P. glandulosa andA. erioloba are
similar (Fig. 5.1a). All three Gobabeb trees are significantly less stressegbftra# the two

Gannavlakte trees (Kruskall-Wallis Nonparametric test; p < 0.001; Table 4a in Appendix).

The trees growing at Gobabeb plot out separately f@r &hd diurnal depressio¥(ip - Yep)
from Gannavlakte trees (Fig. 5.1b). Both Gannavlakteerioloba andP. glandulosaare
significantly more stressed over midday th&n erioloba, F. albida andT. usneoidesat
Gobabeb (One way ANOVA; p < 0.001; Table 4b in Appendix). Gob#begrioloba,F.
albida andT. usneoidesll differed significantly from each other Wyp (Tukey post hoc
test; p < 0.001), witl. albida having the least negati\tgp. In terms of diurnal depression,
GannavlakteP. glandulosaand A. erioloba as well as Gobabéb albida had similar low
values (-1.15 to -1.34 Mpa).. usneoideg-1.83 Mpa) had a significantly higher diurnal
depression than all other trees (Kruskall Wallis nonparametris; @02; Table 4c in

Appendix) except Gobabeb A. erioloba.

a 04 AA. eriolobaGannavlakte b °7
m P. glandulosa Gannavlakte

o T. usneoidesobabeb

14 x F. albidaGobabeb 14

A A. eriolobaGobabeb
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Figure 5.1: Plot of total (a) average predawn xylem pressure poteHgigl for each tree
group against midday xylem pressure potenttal) and (b) plot of midday xylem pressure
potential ¥yip) for each tree group against diurnal depresstamn ( Wep)
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Vulnerability to cavitation

All vulnerability curves are steep, suggesting very high vulnerability to cavitation. As a

comparison with the centrifuge method, an additional laursneoidesamples were bench

dried (Fig. 5.2). The two methods produce equally steep curves.
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Figure 5.2: Vulnerability of xylem to cavitation far. usneoide¢n = 4 centrifuge and n = 4
bench drying) P. glandulosan=6), F. albida (n=7),A. erioloba Gannavlakte (n=6) amd
erioloba Gobabeb (n=7), presented as % loss of conductivity with decreasing XPP.

71



The curve shape (Fig. 5.2) angh Ralues (Table 5.1) show that erioloba from Gobabeb is
marginally more cavitation resistant than the other trees, having the least steep curve and the
lowest Ry value. This is followed byA. erioloba at Gannavlakte, makifg erioloba the

most cavitation resistant species. The slope steepness and rapid loss of conductivity creates
high variation in the § values, particularly evident between the tivousneoidegurves,

despite their similar appearance (Table 5.1).

Table 5.1: Xylem pressure potential at 50% and 95% hydraulic conductivity as defined by the
Weibull function as well as minimum midday XPRy(P

Species n Pso Pqys b C Midday P in
T. usneoides centrifuge | 4 -0.08 -1.9 0.18 0.47 -3.5
T. usneoidebench dried | 4 -0.01 -6.12 0.02 0.19 35
F. albida 7 -0.03 -3.8 0.12 0.32 24
A. eriolobaGobabeb 7 -0.3 -3.7 0.6 0.6 33
P. glandulosa 6 -0.07 -4.6 0.195 0.35 40
A. eriolobaGannavlakte | 6 -0.13 -2.5 0.28 0.5 39

Vessel diameter

Average vessel diameters differ significantly between species (One way ANOVA analysis
Fa25= 24.4, p < 0.001: Table 5.2). Gannavlakteerioloba has the smallest xylem vessels,
their diameters differing significantly from those f glandulosa, Gobabeh. eriolobaand

F. albida (p < 0.02).F. albida has the largest xylem vessels and their diameters differ
significantly from Gannavlakté. erioloba,P. glandulosaandT. usneoide¢p < 0.001: Table

5.2).

Table 5.2: Average vessel diameten (+ 1 SE) of (n = 6) stem cross- sections per gseci
Post-hoc results in Table 5 of Appendix

Species Vessel diameter gm)
T. usneoides 32.81 (0.39)

F. albida 51.75 (0.85)

A. eriolobaGobabeb 46.05 (0.79)

P. glandulosa 38.08 (0.66)

A. eriolobaGannavlakte 29.00 (0.52)

72



Mounted stem cross-sections for each of the species (Fig. 5.3) show that all Bxcept
glandulosaare diffuse porous, meaning that vessels are spread randomly across th&xylem.
glandulosais drought-deciduous over dry winters (June/July), going dormant by late April
and sprouting around September, putting down a new layer of xylem. As a result, it is the
only one of the study species with a ring-porous xylem structure (Fig. 5.3b). Tha.two
erioloba cross-sections (a, c) differ significantly in vessel diameter (Table 5.2). Gannavlakte

A. erioloba (a) has conspicuous bands of lignified cells surrounding its xylem vessels, which

the Gobabeb specimen (c) does not display to the same degree (see arrows).

Figure 5.3: Photographs of stained
and mounted stem cross-sections
for (a) A. erioloba Gannavlakte,
(b) P. glandulosaGannavlakte (c)
A. erioloba Gobabeb, (dj. albida
Gobabeb and (e)T. usneoides
Gobabeb. The scalebar in the top
left corner of each photo = 500
pm.
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Wood density

One way ANOVA results show significant differences in density between spegigsXF

8.04, p < 0.001)F. albida wood is significantly less dense thareriolobawood at Gobabeb
(Tukey post-hoc test; p < 0.001; details Table 6 Appendix), at Gannavlakte (p < 0.001) and P.
glandulosa (p = 0.03). A. erioloba has the densest wood of the species. Average wood density
for the five species is shown in Table 5.3.

Table 5.3: Average wood density (g €rand standard error (+ 1 SE); (n = 7) per species.

Species lAvg Density gcm®

F. albide 0.54 (0.03)
A. eriolob¢ Gobabeb 0.74 (0.03)
T. usneoides 0.64 (0.03)
P. glandulos 0.68 (0.04)
A. eriolob¢ Gannavlakte 0.77 (0.03)
DISCUSSION

The results of this chapter support the hypothesis, suggesting that trees differ in structure and
drought tolerance, supporting the previously observed mortality patterns in both the Namib
and Kalahari. During the 1980s drought period in the Namib, the mortality rate for riparian
usneoideswvas 24%, followed byA. erioloba (29%) and-. albida (62%) (Theronet al.,

1985). At Gannavlakte in the Kalahari, the riparfarerioloba shows increased water stress

and mortality in the presence of P. glandulosa (Chapter 4).

Vulnerability curves suggest that all four species have a highly vulnerable xylem structure
and that they all require a constant supply of water. The trees studied in this thesis show
cavitation rates similar to riparian species in the Sonoran D&gtius fremontjiFraxinus
velutina, Prosopis velutina) described by Pockman and Sperry (2000usneoides
vulnerability curves however are far steeper than curves for rip&aiararix ramosissima in

the USA (Pockman and Sperry, 2000; Hulteteal., 2005). Within Southern Africa, they are
more vulnerable than wetland fynbos species measured in the Cape floristic kingdom (Aston,
2007unpublished thesjsThe vulnerability curves show that the xylemPoferioloba at both

sites is marginally more cavitation resistant than xylem of the other tree species. Apart from

T. usneoidesthese findings reflect the drought mortality rates recorded in the Namib almost
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thirty years ago (Theroet al., 1985), but do not explain wh. erioloba has increased

mortalities in the presence of P. glandulosa in riparian zones.

Apart from the vulnerability curves, xylem densigsults also suggest thAt erioloba is
structurally best equipped to tolerate drouddespite variations in vessel diameter between
locations,A. erioloba wood density was consistently the highest among the investigated
species. Barnest al. (1997) described. erioloba wood to be very dense with large vessels.
This description fits well with the Gobabeb wood structure, where the large xylem vessels are
surrounded by bands of lignified cells (Fig. 5.3c). This lignified cell arrangement strongly
suggests that it acts as protection from embolism, resulting in the increased resistance to
cavitation observed in the vulnerability curves. Greater wood density, smaller vessel
diameters, more pronounced lignified cell bands (Fig. 5.3a) and Mweand¥yp for A.
erioloba at Gannavlakte suggest that the species adapts its physiology to drier surroundings.

This aspect is discussed in more detail in Chapter 6.

The low ¥yp for GannavlakteA. erioloba and especiallly. glandulosa (Fig. 5.1apaired

with the low diurnal depression rates, show that Gannavlakte trees grow in drier conditions
than the Namib trees. They are under more water stress during the day than Gobabeb trees
with limited overnight recovery from low XPIProsopis glandulos# deciduous (Nilseet

al., 1983) and leaf abscission at the end of the wet season allows the species to survive the
driest months in dormancy (Fig. 5.3b). Seasonal dormancy is likely to be an important
advantage foProsopisover A. erioloba, because structurally, glandulosas consistently

more vulnerable thaA. erioloba and shows the highest predawn and midday water stress
(Fig 5.1a) of all the specietn terms of wood density, vessel diameter and vulnerability to
cavitation, P. glandulosais similar to T. usneoidesin the U.S.A.Tamarix and Prosopis

species are considered equally drought resistant (Glen and Nagler, 2005).

The results for Xylem pressure potentials show Thatsneoidefiad the most negativEyp

values at Gobabeb as well as the overall highest diurnal depression rates (Fig. 5.1b). These
results also suggest that the species has limited or no stomatal control to inhibit transpiration

during the day. The species is a salt-exuding halophyte (Mace, 1971; Glen and Nagler, 2005).
It exudes salt onto the evaporative surface of its stomatal cavities (Mace, 1971), resulting in

salt crystal accumulation in and around the cavity. These crystalline accumulations have been

linked to reduction in transpiration rate at very high vapour pressure deficits (Mace, 1971),

75



suggesting that the species relies on the clogging of stomata under extreme conditions, rather
than actual control of stomatal aperture. The vulnerability curves are exceptionally steep for
T. usneoidesnd are in direct opposition with the low (24%) mortality rates in the 1980’s.
Structurally, T. usneoideshas small vessel diameters, relatively high wood density and
experiences negativenR values.T. usneoidess thus structurally adjusted to regularly
experience low XPP. The vulnerability curves are the only results that counter the rest of the
findings and | speculate that the higher salt concentration§. insneoidesmay have
influenced the hydraulic conductivity measurements, leading to skewed vulnerability curve

results for the species.

The high¥pp and¥yp values off. albida suggest that the species is isohydric, closing down
transpiration to remain abov,, = -2.4 MPa. It is likely to avoid cavitation by keeping its
xylem pressure potentials high and stable. The XPP valudés fdbida do correspond with
results from previous studies (Ward and Breen, 1983; Roupsat, 1999; Botha, 2001)

and isohydric behaviour was previously noted Foralbida along the Levhuvhu River in
South Africa (Botha, 2001). albida also has the largest vessel diameter as well as the
lowest wood density, suggesting that it has the most vulnerable xylem structure of the

species. Hence stomatal closure is likely its main drought protection mechanism.

| conclude that previously observed mortality paisem both the Namib (Theroet al.,

1985) and Kalahari (Robertson and Woodborne, 2002) can partially be explained by looking
at tree xylem structureA. erioloba xylem structure is the most resistant, providing an
explanation for its comparatively low mortality rate in the 1980’s Namib drought. However,

it is still affected by the presence Bf glandulosa, which has a seeming competitive edge
over A. erioloba due to its seasonal dormancy and its flexible water uptake, as discussed in
Chapter 4P. glandulosaalso has bigger vessels with greater tension on the water column
thanA. erioloba, suggesting that it is taking up more water thaarioloba.T. usneoides’
relatively resistant xylem structure complements the relatively low mortality rates observed
in the 1980’s drought-. albida has the most vulnerable xylem structure of the species and

this directly complements the observed mortality levels in the 1980’s.
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CHAPTER 6: ACACIAERIOLOBA (MEYER) AND OPTIMAL
ROOTING DEPTH: PHYSIOLOGICAL ADAPTATIONS
OCCUR WITH DEEPER WATER TABLES

INTRODUCTION

This chapter pays particular attention to the spge&ieerioloba. Some of the data here are a
repetition of data presented for the species at Gobabeb and Gannavlakte in Chapters 3 to 5,
but an additional study site is added here and the data is looked at in relation to groundwater

depth. It is the change in focus, not the data that provides a novel angle to this chapter.

Acacia erioloba is one of the major tree species of the Namib and Kalahari Desert regions,
occurring throughout northern South Africa and most of Namibia and Botswana (Coates-
Palgrave, 1983). It is particularly prominent in riparian woodlands along ephemeral riverbeds
in both the Kalahari and Namib deserts (Jacoketoa., 1995, Milton and Dean, 1993.
erioloba survives in arid areas due to its deep rooting ability, enabling it to source
groundwater and remain unaffected by low rainfall conditions (Ward and Breen, 1983; Bate
and Walker, 1993; Canadadt al., 1996; Barnest al., 1997; van der Walt and le Riche,
1999; Barnes, 2001a; Seymour and Huyser, 2008). The ability to take up water from 70
metres depth has been shown for this species in the Kalahari (Obakeng 2007). Often it is the
only species occurring in arid areas and the ecosystem services it provides are
disproportionate to its relative abundance (Bawetesl, 1997; Eccarckt al, 2006). Its pods

and leaves are a valuable fodder crop for game and livestock (Ja@itaori995; Moser,
2006). It is considered a keystone species that is instrumental in maintaining biodiversity

patterns and processes (Dean et al., 1999).

There is widespread concern about the conservation of this valuable endemic tree of southern
Africa (Ward and Breen, 1983; Therat al., 1985; Bate and Walker, 1993; Milton and
Dean, 1995; Barnest al., 1997; Deaet al., 1999; Anderson and Anderson, 2001; Barnes,
2001a; Barnes, 2001b; Dean al., 2002; Powell, 2005; Eccaed al., 2006; Moser, 2006;
Seymour, 2007). The species is coming under increased pressure through firewood harvesting
(Anderson and Anderson, 2001) and competition for water with both humans and alien
vegetation (Rssing, 2004inpublished reportPowell, 2005; Moustakast al., 2006). Ninety

77



percent of Namibians depend on ephemeral water sources for their daily water use (Jacobson
et al., 1995) and Kalahari livestock farmers rely solely on groundwater resources (Verhagen,
1985). Human groundwater needs in both the Namib and Kalahari thus directly compete with
the water requirements @&. erioloba. Iron ore mining in the Kalahari (Powell, 2005) and
expanding uranium mining in the Namib are additional water intensive practices that may
deplete groundwater resources, further reducing available wateX. ferioloba (Huntley,

1985; Brown, 1990). The rapid and prolific expansion of the dlmsopisspecies in the

Namib and Kalahari is believed to have resulted in more competition (Robertson and
Woodborne, 2002; Colvin et.ak007).

A number of studies have demonstrated the abilitydéep rooting foA. erioloba (Canadell

et al.,, 1996; Obakeng, 2007), but there has been little research on the physiological
adaptations to rooting depth fér. erioloba. In the USA a number of studies have been
conducted on a variety of species, mainly within the fai8dyicaceae These studies have

have shown the relationship between available water and physiological attributes, such as
xylem pressure potential, leaf size, xylem vessel diameter, tree height and canopy volume
(Stromberget al., 1992; Salat al., 1996; Scottt al.,1999; Hortoret al, 2001a,b; Coopesat

al., 2003; Rood et al., 2003; Shrestha et al., 2003; Schume et al., 2004; Coope2Gaa)l

In this chapter | test the hypothesis that trees adapt their physiology with depth to
groundwater. For this purpose | look at physiological adaptations of ripacearia erioloba
growing at three different groundwater depths in the Kalahari and the Namib deserts. The
study sites are Gobabeb (4 m) and Swartbank (21 m) in the Namib Desert and Gannavlakte
(56 m) in the Kalahari. Groundwater was considered the primary difference between these
sites.

Apart from groundwater depth, Gobabeb and Swartbank are very similar in rainfall (0 - 12
mm/a) (Henschel and Seely, 2008), fog occurrence (60 — 200 days/a) (Shanysngigna
2002) and coarse, sandy alluvium. Gannavlakte along the Kuruman receives no fog, but more
rainfall (average 290 mm/a). Coarse soils and the presence of dunes in the landscape are
similar to the Namib sites. The biggest difference between sites is the annual amount of
rainfall, but the Kalahari isotope work (Chapter 4) shows #aterioloba is largely
groundwater dependent.
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Stables*®0 ands®H isotopes were used to determine the water sources used by trees at each
site. 3*°C isotope values and xylem pressure potentials were used to determine water use
efficiency and water stress respectively. Xylem vessel diameters, specific leaf area, shoot
length, monthly stem growth and canopy dieback were compared between sites. All measured
physiological traits were correlated to depth of the water table to ascertain if significant

relationships exist.

Tree productivity and health is proportional to &afale water. The consequence of lost
productivity and tree health due to long term drops in water tables need to be considered by
catchment managersA¥. erioloba is to be protected as an ecological and economic keystone

species.

MATERIALS AND METHODS

Study area

The study was conducted at Gobabeb (23°33'726 S — 15°02'112 E) and Swartbank
(23.18.161 S, 14.45.693 E) in the Namib Naukluft Park in Namibia and on the farm

Gannavlakte (26°57'578 S - 21°50°234 E) just south of the Botswana border in South Africa.
The first two sites are located in the hyperarid parts (0 — 12 mm/annum) of the Namib
(Henschel and Seely, 2008), along the lower reaches of the Kuiseb River. Fog is a major
moisture contributor in this area, with fog events occurring on average 60 — 200 days of the
year (Shanyengaret al, 2002). Gobabeb has an average groundwater depth of four metres,
Swartbank 21 metres and Gannavlakte 56 metres. A full description and depiction of the
study sites is given in chapter 2 (Fig. 2.1).

Data collection

Six adultA. eriolobawere randomly selected along the active river channel at all three study
sites. Fieldwork was conducted between April 2004 and April 2007 during the late dry
(November/December), late wet (March/April) and early dry (June/July) seasons, collecting
samples for stable hydrogen and oxygen isotopes, plant moisture stress, xylem pressure
potentials, vessel diameters and plant phenology.

Water table depth

The borehole at Gobabeb was approximately 150 metres from the study site, on a two-metre

raised embankment which is equivalent of tree elevation above the riverbed. At Gobabeb, the
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depth to the water table was measured at a borehole supplying water to the Gobabeb
Research Station from June 2004 until June 2005, after which the piezometer became
dysfunctional. In June 2005 a different project (WADE) drilled a monitoring borehole and
their water level data was used from June 2005 until September 2006. At Swartbank the
borehole was approximately 200 metres from the study trees inside the active river channel,
again roughly at similar height with the study trees. An unused borehole was used to measure
depth to the water table at Swartbank from November 2004 until March 2006. Gannavlakte
was problematic, as all boreholes in a 5 km radius were in use, making it impossible to
measure water depth as a timeseries. The only unused and water-containing borehole for
datalogging was found in van Zylsrus, 30 kilometres upstream of the study site, with an
average depth of 56 metres. Data from the surrounding boreholes were plotted (Fig 6.1 and
Table 6.1) to show that average depth to the water table from the 32 closest boreholes is also
at 56 metres (Department of Water Affairs records). The measured water depth at van Zylsrus
was therefore considered representative of average groundwater depth in the area. The
Gannavlakte piezometer and Barometer (Diver and Baro Diver: Eijkelkamp/van Essen,
Netherlands) were fitted into the van Zylsrus borehole in April 2005 until April 2006.

® Towns

© Study sites

@ Boreholes
— Rivers
D South African border
Geology
Kalahari Group
Dwyka Formation

Figure 6.1: Map with the 32 closest boreholes in the vicinity of Gannavlakte and van Zylsrus
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Table 6.1: Average, minimum and maximum borehole depth (m) and number of
measurements for the closest boreholes between the study site and van Zylsrus

Borehole # of times measured Avgwaterlevel (m) Max waterlevel Min water level

1 1 57.3 57.3 57.3
2 1 59.13 59.13 59.13
3 1 32 32 32
4 1 56.08 56.08 56.08
5 1 42.67 42.67 42.67
6 1 82.29 82.29 82.29
7 1 54.86 54.86 54.86
8 1 60.96 60.96 60.96
9 1 51.81 51.81 51.81
10 1 71.32 71.32 7132
11 1 82.29 82.29 82.29
12 1 53.94 53.94 53.94
13 1 47.24 47.24 47.24
14 2 43.695 45.7 41.69
15 1 57.9 57.9 57.9
16 1 30 30 30
17 1 42.18 42.18 42.18
18 1 50 50 50
19 1 45.29 45.29 45.29
20 1 35.2 35.2 35.2
21 1 57.91 57.91 57.91
22 3 44.28 51.82 29.22
23 3 49.97 55.17 41.54
24 1 60.96 60.96 60.96
25 1 54.86 54.86 54.86
26 1 87.78 87.78 87.78
27 1 57.3 57.3 57.3
28 2 105.45 106 104.9
29 1 72.1 72.1 72.1
30 2 41.655 49.13 34.18
31 1 57 57 57
32 2 59.915 59.96 59.87
56.11375 106 29.22

At all three sites water table depth was determined with the help of piezometers (Diver:
Eijkelkamp/van Essen, Netherlands). Piezometers are submerged to a known water depth
inside a borehole to determine groundwater variation over time. The internal dataloggers of
each piezometer were set to record the sum pressure of air and water exerted on the
equipment every hour. Upon retrieval, an associated software programme (Logger Data
Manager 3.0.4, van Essen) was used to download the data. The software was also used to
calculate actual water depth by subtracting known air pressure (obtained either from a local
weather station (Gobabeb and Swartbank) or a Barometer (Baro Diver: Eijkelkamp/van Essen
at Gannavlakte) from the recorded sum pressure. The water level data was expressed as

average monthly water depth.

Stable 80 and &°H isotopes

Stable oxygen isotopes were used to determine the source wakergrajloba at all three

sites. Oxygen isotope ratios for tree xylem water are more closely related to source water
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isotope values than hydrogen (Ellsworth and Williams, 2007). Especially in halophytic and
xerophytic plants the passage of water from the root endodermis to the root xylem causes
fractionation, leading to a decrease 4 of root xylem water relative to that in the
surrounding soil medium (Ellsworth and Williams, 2007). Hence only oxygen isotope results
are discussed in this chapter. The stabl® dsotope method is described in detail in Chapter

3.

In the field suberised twigs (0.5 — 1 cm diameter and 6 — 7 cm long) were collected from six
A. erioloba trees per site. Groundwater was collected monthly at one Gobabeb borehole and
two Swartbank boreholes from June 2004 until March 2006. Gannavlakte groundwater was
collected from three boreholes, located within a five-kilometre radius of the site from April
2004 until November 2005. Fog water samples were obtained monthly from fog collectors at
both Gobabeb and Swartbank. Both collectors consisted of a 30 x 40 cm meshed shade
netting screen on which water collected during fog events and drained through a hose into 25
litre containers. A one-centimetre layer of silicon oil inside the container prevented
evaporation. One rainwater and six floodwater samples were collected in the Namib and 31

rainfall events were sampled at Gannavlakte.

Plant moisture stress
Stable 4°C isotopes
In April 2007 twenty fully mature leaves were collected from each tree and prepared as

described in Chapter 4.

Xylem Pressure Potential

Xylem pressure potentials (XPP’s) have been described in detail in Chapters 4 and 5. Each
fieldtrip, predawn and midday XPPs were determined for each of the six trees at each study
site using a Scholander Pressure Chamber (PMS Instrument Company, Corvallis, Oregon,
USA).

Xylem hydraulic characteristics

Vessel diameters
Xylem vessel diameter is governed by water availability (Schetred., 2004). Diameters
decrease with reduced water availability and increased path length resistancest(l&b¢ch

2004). Average vessel diameters were obtainedAfoerioloba at all three study sites to
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determine whether they changed in relation to depth of the water table. In April 2005 one
twig from each of the six trees per site were used to determine average xylem vessel
diameter. The twigs were brought back to the laboratory and processed as described in
Chapter 5.

Plant phenology

Specific Leaf Area

Specific leaf area (SLA) is the ratio of wet leaf area to dry leaf mass (Beaih 1999). In

June 2005 thirty mature and fully exposed leaves were randomly selected per tree at each site.
The leaves were sealed in plastic, cooled and transported back to the laboratory where all
leaflets were separated from the rachis and pinnae, spread out next to a ruler on a white
background and photographed within 48 hours. Average leaf area per specimen was
determined by analysing the photographs using Sigma Scan Pro 5. These leaves were then
oven-dried at 70°C for 48 hours, after which they were weighed to determine dry mass. SLA
was then determined from the equation:

SLA = leaf area (cf) / dry weight (g)

Canopy dieback

Recent canopy dieback is an integrative measure of plant physiological condition (étorton

al., 2001b) and was already used in Chapter 4. Canopy dieback was determided for
erioloba at all three sites to see if there was a relationship between the dieback rate and depth
to the water table. In April 2007 two observers scored canopy dieback on all trees at each
site, where 0 % = no dieback and 100 % = dead. Every tree was carefully observed from all
angles and each observer estimated a dieback score, using 10% increments. The score

average from the two observers was recorded as the percentage canopy dieback for each tree.

Shoot growth

Shoot growth measurements are a non-destructive and a fast way of determining
environmental favourability for growth, especially water availability (Willetsal., 1998;
Gebaueret al., 2002). Fresh branch growth 6f erioloba is bright red and clearly
distinguishable from older wood. In April 2005 the latest growth increments of ten randomly

selected branchlets from around the canopy were recorded per tree at each site.
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Stem diameter growth

Dendrometer bands provide an accurate measurement of plant stem diameter growth over
time (Bormann and Kozlowski, 1962). As plant growth is closely regulated by available
water such measures are useful in showing the different growth rat&s esfolobain

relation to water table depth. In March 2005 dendrometer bands (Agricultural Electronics
Corporation, Tucson, AZ, USA) were fitted to thrée erioloba tree stems per site.
Dendrometer bands are thin metal bands (3 mm xndpthat are fitted around the main

trunk of a tree and held in place with a spring-loaded vernier gauge (February et al., 2007a,b).
Readings were taken each month for one year with the assistance of staff at Gobabeb and
Gannavlakte. Gannavlakte dendrobands could not be read for December 2005 and January
2006 due to a lack of staff at the farm.

Data Analysis

Differences for3*C isotopes, vessel diameter, SLA, shoot length, stem growth and canopy
dieback were assessed for statistical significance using One-way ANOVA and Tukey post
hoc tests, generated with Statistica 7.0. The data was log transformed when assumptions of
heterogeneity of variance and normality were not met. When transformations were
unsuccessful, a non-parametric Kruskall-Wallis test was used. Repeated measures ANOVA
tests were used for xylem pressure potentials between sites. They were done in SPSS, version
15.0. Standard correlations were performed between depth to water table and all other
measurements, using Statistica 7.0. All data is presented as means, unless otherwise noted. A

p < 0.05 was required for significance in all tests.
RESULTS

Water sources

Borehole depth

The ground water levels at Gobabeb showed the greatest variation (1.5 to 6.0 metres) over
time (Fig. 6.2). A three-metre-high flood in March 2006 temporarily pushed the water table
to one metre below the surface. Between floods, the water table dropped by an average of 17
centimetres per month. Over the same period water levels at the Swartbank borehole
fluctuated between 18.5 and 21.5 metres with a 2.1 metre increase in the water table after the
March 2006 flood. Between floods the water table at Swartbank declined at an average of
three centimetres per month. The water table on the Kuruman River near Gannavlakte
fluctuated between 54.2 and 57.8 metres. From March 2005 to March 2006 the water table
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dropped on average 27 cm per month. As of January 2006 the water level rose an average 30
cm per month, with a notable increase of 1.5 metres in June 2006. Recharge could not have
been local, as there were no floods prior to the groundwater level increase and the local
average annual rainfall was merely 357.5 mm until April 2006. The raise in water level is
thus a likely reflection of groundwater movement from the upper catchment. It is also
possible that the groundwater level increase was linked to the cessation of abstraction from

another borehole in the close vicinity, thus leading to a local recovery of the water level.
Sadly none of the assumptions could be validated.
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Figure 6.2: Groundwater levels from November 2004 to January 2007 for Gobabeb
Swartbanko and Gannavlakta. The graph highlights all months in which floodsweed at

Gobabeb and Swartbank. It also illustrates the differences between the three sites in depth to
the water table.
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Stable 4%0 Isotopes

Gobabeb tree water isotope averages (-6.56 %o) are significantly different from fog water (-
1.45 %o; Kruskall-Wallis nonparametric p < 0.001), but overlap with groundwater (-5.87 %o)

and flood water (-4.9 %o). At Swartbank tree isotope values (-6.02 %o) are similar to

groundwater (-6.78 %o0). Fog isotope values (-0.8 %o) are significantly different to tree water
(p < 0.001)A. erioloba isotope values at Gannavlakte (-4.91 %o) overlap with groundwater (-

6 %o).
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Figure 6.3: Overall average Gobabeb, Swartbank and Gannawd&kevalues for A.
erioloba, groundwater, rain, fog and floodwater. Standard error values are indicated by box
values and standard deviations by whiskers.

Plant moisture stress

Carbon isotopes

The samples for Gobabeb have the most deptetevalues (-27.4 %o, + 0.78), while those

for Swartbank and Gannavlakte are very similar (-25.7 %o, = 0.42; —26.09 %o, + 0.29
respectively). There are however no significant differences insféaf values between the
three sites (One-way ANOVA).
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Xylem pressure potentials

There is a significant correlation between depth to water table and xylem pressure potentials
between the three locations (predawn y = - 1.155 x — 0.01; p < 0.02 and midday y = - 2.87 x —
0.01; p = 0.0001; Fig 6.6A and 6.6B).

Overall average predawn (Repeated measures ANOVA; E2.23, p = 0.001; Post-hoc
details Table 7 Appendix) and midday,(F 22.2, p < 0.001; Post-hoc details Table 8
Appendix) XPP’s differ significantly between locations, with Gannavlakte being more
stressed than both Gobabeb (p.604) and Swartbank (p = 0.001).

Predawn XPP at Gobabeb and Swartbank were almost identical and followed the same
pattern over time (Fig. 6.4a). Predawn XPP decreased in November 2004 and April 2004
around the flood season, peaking in the dry winter months of June 2004 and 2005.
Gannavlakte XPP was almost stable over time, with slightly less negative XPP in April 2004
and July 2005. Gannavlakte XPP was significantly more negative in November 2004 (One-
way ANOVA; p = 0.004), April 2005 (p < 0.001) and November 2005 (p < 0.001). Midday
XPP’s (Fig. 6.4b) for Gannavlakte were significantly lower than the Namib sites in July 2004
(p < 0.001), November 2004 (p < 0.001) and November 2005 (p = 0.001).
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Figure 6.4: Average predawn (a) and midday (b) xylem pressure potential measurements in
Mega Pascal (MPa; £ 1 SE) for all three sites from April 2004 to March 2006Xylem
hydraulic characteristics

Vessel diameters

Groundwater level and vessel diameter are inversely and significantly correlated (y = - 0.38 x
+48.6, f=0.72, p < 0.0001; Fig 6.6C). The mean xylem vessel diameters at Gobabeb (46.05
um, = 1.73) and Swartbank (42.16,.+ 2.28) are similar and both are significantisgkr (p
=0.001; One-way ANOVA Table 9 Appendix) than at Gannavlakte (@9.1.71).

Plant phenology

Specific Leaf Area

Specific leaf area is significantly correlated with groundwater levels (y = 0.036 x +43.8, r
0.27, p = 0.01 Fig 6.6D). There are however no significant differences in SLA between the
three sites (One-way ANOVA Table 10 Appendix) (Table 6.2).
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Table 6.2: Specific leaf area (n = 18) (x 1 SE) and groundwater level at the three sites

Location Groundwater level (m) SLA cnfg™
Gobabeb Shallow 4 15.7 (0.94)
Swartbank Medium 21 12.9(0.55)
Gannavlakte Deep ~5612.2 (0.70)
Canopy dieback

Average percentage of dead material on trees increased with increasing groundwater depth
between Gobabeb 21% (+ 5.8 SE), Swartbank 29% (+ 7.5 SE) and Gannavlakte 32% (+ 4.6
SE), but the differences were not significant (One-way ANOVAisE 0.92 ; p = 0.42).

Depth to groundwater table and percentage canopy dieback were also not significantly

correlated.

Shoot length
There is a highly significant inverse relationship between shoot length and groundwater level
(N =180, y = -0.3x + 27.9%F 0.34, p > 0.001; Fig 6.6E).

Average shoot length differed significantly, (7= 46.04, p = < 0.002; One-way ANOVA
Table 11 Appendix) between all three sites with 27.3 cm at Gobabeb (+ 1.4 SE), 21.3 cm at
Swartbank (x 1.3 SE) and 10.8 cm at Gannavlakte (+ 0.9 SE). Shoot length differences were
significant between Gobabeb and Swartbank (p = 0.002), and significantly different between
Gobabeb and Swartbank (p < 0.001) as well as Swartbank and Gannavlakte (p < 0.001).

Stem diameter growth
Highest annual radial growth occurred at Gobabeb (14.55 mm, = 4.6 SE), followed by
Swartbank (6.66 mm, £ 2.7 SE). Lowest growth (2.45 mm, + 1.5 SE) occurred at the deep

groundwater site Gannavlakte (Fig. 6.5).
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Figure 6.5: Cumulative radial growth increments (x 1 SE) at the three sites, April 2005 -
April 2006

Gobabeb stem growth stabilises in the cold months, but the first onset of warmer
temperatures results in rapid stem growth (2.70 mm, Dec 2005), independent of the floods
that occurred from February to April 2006. Swartbank stem growth is equally stable over the
cold months, with gradual growth occurring with the onset of warmer weather (0.68 mm,
November 2005) and a definite sharp increase in growth from March to April 2006 (1.0 mm),
with the onset of floods. Gannavlakte stems shrank markedly in the dry hot summer months
(-2.02 mm, October 2005; -2.07 mm November 2005) and stem growth occurred during the
wet summer season (2.44 mm, March 2006; 2.40 mm April 2006).

There is a significant, but low correlation between groundwater depth and stem growth (N =
64,y =-0.02x + 1.162F 0.06, p = 0.05, Fig. 6.6F).
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Correlations to groundwater gradient

The physiological responses Af erioloba were correlated to the groundwater depth and
plotted per location (Gobabeb, Swartbank and Gannavlakte) (Fig. 6.6 A-F). Out of the seven
applied water-related measurements, five were significantly correlated with groundwater
depth. These were predawn and midday xylem pressure potential (p = 0.02; p = 0.0001),
xylem vessel diameter (p < 0.0001), specific leaf area (p = 0.01), branch growth (p < 0.001)
and monthly stem growth (p = 0.0%):°C isotope values and canopy dieback showed no
relationship to groundwater depth.
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significance (p) are displayed in each individual graph.
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DISCUSSION

The results confirm the hypothesis that A. erioloba tree physiology responds proportionally to
groundwater depth. Correlations show that there is a significant relationship between depth to
water table and XPP’s (predawn p < 0.0001; midday p = 0.004), SLA (p = 0.01), stem
diameter growth (p = 0.05) and shoot length (p < 0.001). However there are no significant
correlations between water table depth @hiC values, or average percentage of dead
material on trees. The most deeply rooted trees at Gannavlakte show significant differences to
both Namib sites in XPP’s (predawn p = 0.001; midday p < 0.001) and vessel diameters (p =
0.001). Research in the USA showed that ripafaosopis velutina experienced greater
water stress, reduced leaflet size, and smaller canopy volumes when growing with a 15 to 18
metre deep groundwater table as opposed to trees growing with less than five metre deep
groundwater (Strombergt al. 1992). The results of this chapter agree with these results, but
in the case oA. erioloba this is of particular interest, as it is considered one of the deepest
rooting trees on earth (Canadell et al., 1996).

Research on the world’s tallest tre&equoia sempervirensas suggested that maximum

tree height (> 100 metres) is limited by a decreasing water supply through gravitational forces
and friction in the xylem (Koclet al., 2004; Burgess and Dawson, 2007). These results also
show that the resistance of water flow due to a long hydraulic path leads to increased xylem
pressure potentials, more enrich#dC values and reduced leaf area (Burgess and Dawson,
2007). As one of the deepest-rooting trees on earth (70 métresjploba may be similarly

limited in water uptake due to the increased path length created by a deep root system. This
speculation however goes beyond the scope of this chapter and may be of further research

interest at a later stage.

This chapter provides an overarching insight into the relationship between groundwater depth
and tree physiology. An aspect, not covered by this research is that of groundwater
fluctuation. Research in the USA has shown that tree root distribution is linked to
groundwater history. If a tree is adapted to high natural fluctuations in groundwater, it is
more resistant to the ranges in these fluctuations(Shadto#th, 2000). It is therefore not
possible to infer the vulnerability of trees to declining groundwater tables from my results, as
they do not cover fluctuation in groundwater through time. Previous studies in the Kuiseb and

Khan rivers (Therort al. 1985, Rdssing 2003, unpublished report) found that induced rapid
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declines in groundwater levels initially resulted in reduced leaf density, reduced flowers and
pods ofA. erioloba. When the groundwater decline continued it resulted in the die-off of
branches. Similar observations were made with riparian vegetation in the USA (Str@&inberg

al. 1992, Hortoret al. 2001, Roockt al. 2003). Rdssing (2003, unpublished report) found
trees to struggle when water tables were lowered faster than ten centimetres per month. At
Swartbank on the Kuiseb River, a gradual groundwater drop of eight metres has occurred
over the last 22 years (Moser 2006), without apparent detriment to tree gtarsd®bs. At
Gobabeb and Gannavlakte natural water table declines were seventeen and twenty-seven
centimetres per month, without apparent detrimental effect to trees. | concludA. that
erioloba’s capacity to adapt to changes in groundwater levels is thus location specific,
depending on the history of groundwater depth and fluctuation, as well as other aspects such
as soil composition and tree age.

| conclude tha#. erioloba has the capacity to source water from very deep groundwater, but
that this occurs at a cost of increased water stress and reduced vitality. Trees depending on
deep groundwater are closer to a water-induced survival threshold than those growing with
access to shallower groundwater. However, added variables such the history of water table
fluctuation will also affect tree adaptation irrespective of initial groundwater depth. There is a
widespread concern to conserve the species (Bate and Walker, 1993; Milton and Dean, 1995;
Barneset al., 1997; Deaet al., 1999; Anderson and Anderson, 2001; Barnes, 2001a; Barnes,
2001b; Dearet al., 2002; Powell, 2005; Eccaed al., 2006; Moser, 2006; Seymour, 2007).
Catchment managers should thus carefully consider the complexity of groundwater
dependence of this ecological keystone species while accommodating new water intensive
developments in the Namib and Kalahari Deserts.

94



CHAPTER 7: SUMMARY AND SYNTHESIS

INTRODUCTION

To gain a better understanding of the interrelatiogtsveen floods, groundwater and riparian

tree water use, this work took an ecophysiological perspective and investigated the water
sources, drought tolerance levels and species interactions of four common riparian tree
species in Southern Africa. Stable Hydrogen and Oxygen isotopes were used to determine the
water sources for all selected tree species and age groups. Xylem structure, water potential
and phenological measurements were done to compare levels of drought tolerance between
species, to investigate resource competition among indigenous and invasive species and to
compare the health and structure of one species with access to different groundwater depths.
The well-documented surroundings of the Kuiseb River in Namibia and the patterns of alien
tree felling in the South African Kuruman River have made these locations ideal study sites.

THE RELATIONSHIP BETWEEN WATER SOURCES AND TREE GROWTH

At Gobabeb, the stable Hydrogen and Oxygen isotope work has clarified that riparian trees
are not fog water dependent and that they all rely on a seasonally fluctuating mix of
groundwater, deep and shallow soil water. The isotope, as well as previous studieseDahan
al., 2008) show that bigger flood events provide groundwater recharge as well as soil wetting.
Previous studies established that recharge was optimised during large flood events of long
duration (Daharet al., 2008) and that seedling establishment depended on the wetting of soil
and the deposition of seeds far up on floodbanks during large flood events (Moser, 2006). All
previous and current findings highlight the intricate relationship between floods, groundwater
and trees along ephemeral rivers. Particularly large floods of long duration are important for
recharge, seed deposition, soil wetting and optimal tree functioning. Any alterations to large

floods are likely to have the most detrimental ecological effects.

WATER STRESS OF INDIGENOUS SPECIES IN THE PRESENCEIRVASIVES

In the USA much research has been done on the ciivpeidvantages of invasive riparian
trees of the genus Tamanxer indigenous Populuend Salixspecies (Pockmann and Sperry,
2000; Hortonet al., 2001ab; 2003). They foudthmarix species to be more flexible under
reduced flood and lowered groundwater conditions than indigenous species. In Southern

Africa the alien specieBrosopisis known to transpire large amounts of water from its dense
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stands (le Maitre 1999), but the causéog€rioloba mortality in the presence®fosopishas
hitherto not been clearly identified. An investigation was done into water stress of indigenous
A. erioloba in the presence Bf glandulosaalong the Kuruman River. Results show tAat
erioloba andP. glandulosa use the same water resources when growing together in the
riparian zone and that A. erioloba has significantly increased canopy dieback, XPP*¥and &

in comparison to inland areas and riparian zones clearde. giandulosa.A. erioloba
growing inland withP. glandulosa, shows no signs of increased water stress adidGhand

8°H isotope results suggest that the two species coexist through niche partitianing.
erioloba is permanently groundwater dependent, whilglandulosa switches from shallow
surface water in the rainy season to groundwater in the dry season. The findings give the
‘Working for Water’ Programme, which eradicates alien invasives from riparian zones
throughout South Africa, added impetus. In addition to its primary aim to reclaim water
resources that would otherwise be transpired, it also plays a critical role in cong&rving
erioloba in riparian corridors, where they are a key economic and ecological tree species in

South Africa’s arid areas.

XYLEM ANATOMY AND DROUGHT TOLERANCE

All four species investigated in this study are phreatophytic, in that they permanently depend
on deep subsurface water resources and remain largely evergreen. Such plants are known to
be relatively drought intolerant among arid land plants, as their deep root system allows
constant water access (Haokeal., 2000; Hortoret al., 2003). Distinct drought tolerance
differences have been proven between phreatophytes, annuals and deciduous desert
vegetation in the USA (Hacket al., 2000). This study has shown however that drought
tolerance among a group of phreatophytes is not that clearly distinguished. The species
showed varied adaptations such as different levels of stomatal control or drought-
deciduousnessA. erioloba xylem contained lignified cells around vessels and had the
smallest vessel diameter, while albida had the largest vessel diametér.albida was
consistently the most vulnerable of the investigated specie®\.aribloba the most drought
tolerant. The mixed results for the other two species suggest that it is prudent to use more
than one anatomical measurement to establish or explain drought tolerance for riparian
vegetation. The necessity to combine several measurements when determining drought
tolerance is crucial to consider in future EWR method development, when riparian water

needs are included and require assessment.
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PHYSIOLOGICAL ADAPTATIONS OCCUR WITH DEEPER WATER TABLES

Rooting depths and rooting patterns are typically unknown so that the ability of vegetation to
reach the groundwater table is poorly understood (Obakeng, 2007). Obakeng (2007)
succeeded in showing that erioloba is one of the deepest-rooting tree species on earth. The
present study however, has also shown that deep water sourcing does affect its health and
functioning, as tree structure and phenology, in particular xylem pressure potentials, xylem
vessel diameters, shoot length and stem growth, responded proportionally to groundwater
depth. A similar relationship between groundwater depth and plant traits was documented for
Prosopis velutina in the Sonoran Desert in the USA (Stroméieady, 1992) A. eriolobais a
protected and endemic species in Southern Africa (Coates-Palgrave, 1983) with a key
ecological role in arid environments as well as high economic value (Bteah, 1999;

Moser, 2006). Understanding its limits and water requirements is thus cAicetioloba
growing in areas with deep groundwater is already more strained than specimen growing in
areas with shallower groundwater levels. Deep-rooting specimen are thus more vulnerable to
reach water-induced survival thresholds sooner than those growing with access to shallower

groundwater.

BIOINDICATOR IN TERMS OF WATER NEEDS

One of the overall study aims was to see whether the applied methods could help to define a
particularly vulnerable species that could be used as a bioindicator for plant water needs.
Previous observations in the 1980’s droughts have showed-thalbida suffers highest
mortalities among riparian species in the Kuiseb (Thetoal., 1985). In Chapter 5 it was
shown thatF. albida is structurally the most vulnerable. These supporting results show that
anatomical measurements can explain observed mortality patterns. The varied anatomical
results in Chapter 5 amofg usneoidesP. glandulosa and. erioloba, as well as the stable
oxygen and hydrogen results in Chapters 3 and 4 show that it is advisable to use multiple
methods to assess vulnerability, as riparian species may have different drought coping

mechanisms while depending on the same water resources.

Away from plant water needs in arid areas, but nonetheless in line with plant indicators, an
ongoing WRC research project in the Western Cape (South Africa) aims to find species that
are characteristic of different wetland habitats. For this purpose, it tests whether wetland
species can be grouped into functional groups (such as morphological form and resource

acquisition). Other species are identified that act as indicators to discriminate between
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disturbed and undisturbed habitats (Corry, 2Qd€rs. com.). The ongoing project faces
challenges, such as finding and defining levels of disturbance, defining of functional groups
and dealing with the complexity of species, habitats and influencing environmental
parameters. Projects such as these confirm that the concept of indicator plant species is
complex, requiring a wide and carefully compiled dataStbmberget al. (1996) selected
wetland indicator plants from a complex dataset comprising herbaceous and woody species
cover and composition, soils across gradients, geomorphology, groundwater level and site
hydrology. Future efforts in defining bioindicator species for plant water needs in arid areas
will benefit from testing more species. Ideally indicator species should be more vulnerable
and less common than the economically and ecologically impdftaaibida, identified in
Chapter 5.In that way an early warning species alerts to a water deficiency before large
numbers of a key species are affected. Botha (2001) documented the deiatis species

during a drought along the South African Luvhuvhu River, whilalbidasurvived. It would

be useful to consider other riparian species in the Namib, inclioug sycomorisFicus
cordata, Salvadora persica an&uclea pseudebenub the Kalahari other riverine species
should receive attention, includiriziphus mucronataf\cacia mellifera,Acacia hebeclada

and Boscia albitrunca.

THIS STUDY IN CONTEXT — ITS TRANSLATION AND APPLICATION IN
CATCHMENT MANAGEMENT AND EWR METHOD DEVELOPMENT

The ecophysiological approaches and the species-specific information gained in Chapters 3 to
6 need to be translated into a format useful for management of ephemeral catchments and
riparian corridors, as well as EWR’s. One important aspect to consider includes the duration
of plant responses that are measured by the different methods (summarised in Table 7.1).
Ideally the selected methods should measure and reflect a wide range of plant response
durations (hours to years) in order to gain a holistic picture of plant water status. Cost, time
and human capital constraints are more aspects that need to be considered carefully among
developing countries of Southern Africa. Hence it is essential to have a realistic impression of
what the different methods involve (Table 7.1). The ‘simplest’, quickest and cheapest
methods are: Shoot growth, canopy dieback and wood defitysotopes, xylem vessel
diameter, stem diameter growth, xylem pressure potentials and specific leaf area are all
‘intermediate’ in terms of cost, time and training requirements. The most involved methods

are vulnerability curves arftH and®0 stable isotopes.
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Apart from cost, labour, fieldwork time required and processing time considerations, there
are other shortcomings with methods that need to be weighed up. Vulnerability curves, for
example are laboratory-based and their interpretation would benefit from ground-truthing
with field-based measurements such as Xxylem pressure potential measurements. Wood
density measurements are a fast and rough indicator of xylem structure, as it is influenced by
vessel area as well as percentage fibre wall (Jacaissdn 2007). In order to obtain a more
detailed insight into xylem anatomy, it would be beneficial to include vessel diameter
measurements, which are far more involved than wood density in terms of skill and labout
time. 8*C measurements provided some useful (Chapter 4) and some less conclusive
(Chapter 6) results, suggesting that it would be prudent to choose an additional method to see

how a tree is performing.

The combination of xylem anatomy methods used in Chapter 5 helped to idferatifiyda as

the most vulnerable species, and prove that A. erioloba was the most vulnerable of the
species. It also helped to ident®y glandulosa drought-deciduousness as an advantage over
the other species. A depth of understanding was gained by the combination of methods,
which would not have been possible if only one or two had been used. Hence more than one
method should be chosen in an EWR setting, in order to get a broader understanding and
cross-checks for a species’ water use and drought tolerance levels. | support that at least
three to four of the ‘simple’ and ‘intermediate’ methods should be completed simultaneously
in a EWR process, in order to be able to cross-compare and to cover the different durations of
plant responses to water availability. Stable Oxygen and Hydrogen isotopes are valuable to
understand the dependence of key species on various water sources, making it possible to
prioritise the protection or abstraction of a particular source, such as groundwater versus
flood water. Its inclusion should be considered despite its cost and level of involvement.
Vulnerability curves on the other hand did not provide sufficiently satisfying results in this

study and may not be worthwhile, given the cost and time effort.
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Table 7.1: A synthesis of applied methods and their potential application in EWR
determinations

Duration of plant | Cost Time required Ease of use Applicable for

response measured

what EWR level of
detail

1

N

It

[

Predawn Measures plant response pfEquipment Rapid (minutes  tg Simple, but somg Due to  required
and last minutes to hours if once purchase oncg hours), but requireg training and| repetition and
midday off or only 1 of 2 is done. Iff off expensive (~| being on site for half 4 repetititive prolonged field period
xylem both done repeatedly, thgnR 30 000), theny day  (minimum)  to| practice required | intermediate to
seasonal or annual respongesylinder fills (~ | include predawn an comprehensive
pressqre can be determined R 100/cylinder| midday; requires repeats EWR's; baseline an
potentials per trip) (monthly or seasonal) operational monitoring
3¢ Measures plant response pfR 260+ per| Medium (days to|] Some training|] Any EWR involving
isotopes last weeks (sample leaf) tpbsample weeks), once off, some required for| fieldwork
years (sample branch qr lab time sampling,
stem) specialised  staff
required for lab
work
’H and | Measures plant response pfR 150 - R 550| Very slow (weeks to] Some training| Any involving
180 last hours to days, if repeatgdper sample months), preparation anf required for| fieldwork, but
isotopes then determination 0 lab work intensive sampling, lab| preferably
seasonal water use possible] analyses requirg intermediate to
specialised staff comprehensive so &
training to capture seasong
changes
Canopy Seasons No cost Rapid (minutes  tp Simple, requireq Any involving
dieback hours), once off in field | minimal training | fieldwork, but careful
to  ascertain  tha
dieback is not frost, ol
flood damage related
Requires comparison
Stem Weeks to seasons U$ 35 per| Rapid once installed i} Some training forl Comprehensive, pre
diameter vernier  gauge| field, requires repeated installation, and post determinatio
growth plus import | monitoring regular  reading| due to required
costs simple repetition
Specific Weeks to seasons, even yegarRkequires Medium (days to] Some training| Any involving
leaf area | (especially in evergreens) | camera and weeks), once off buf required fieldwork
software such a$ preparation and lab wor
Sigma Scan intensive
Shoot Seasons No cost Rapid (minutes  tp Simple, requireg Any, as long as it iS
growth hours), once off in field | minimal training | known when the onsg
of the growing seaso
is and preferable to b
measured oncq
growing season is ove
Wood Seasons to years No cost Fast (hours to dayq),Simple, require§ Any EWR involving
density once off, some lab time | some training fieldwork
Xylem Seasons to years Requires Medium (days to|] Some training|] Any EWR involving
vessel microtome, weeks), once off buf required fieldwork
diameter camera and preparation and lab wor
software such a$ intensive
Sigma Scan
Vulnerabi | Seasons to years Expensive, Medium (days), once off Extensive trainingl Comprehensive, ma
lity requires entire| but preparation and lap required require re-sampling
curves lab setup and work intensive

sensitive scales

The table summarises the study experiences, but the format is inspired by similar tables completeetiraR@dd3) and Colviret al.

(2007).
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CONCLUSION

This work has added to our understanding of the water sourcing and drought adaptations,
interspecies effects on water availability and tree health in relation to groundwater depth for
four key riparian species occurring in the Namib and the Kalahari Deserts. Much previous
work in Southern Africa was based on observations of mortality, community structure
analyses and recruitment studies (Theebral., 1985; Rssing, 2003unpublished report

Moser, 2006) and some reports have started to look at including riparian vegetation in EWR’s
(Birkheadet al., 1997; Botha, 2001) and to determine groundwater dependence (Colvin et al.,
2002; 2007). One study in Botswana has employed ecophysiological approaches to establish
evapotranspiration from deep rooting vegetation (Obakeng, 2007). This study applied
ecophysiological methods and provided insight into the interaction between larger flood
pulses, consequent groundwater recharge and soil wetting and soil/groundwater dependence
of indigenous riparian tree species. It has shown that within the riparian zone, indigenous
erioloba are significantly water stressed whén glandulosa is established, while niche
partitioning for water resources occurs further inland between the two species. It has also led
to some drought vulnerability comparisons with A. erioloba being most toleraift atitida

most vulnerable among the investigated species. Finally, Chapter 6 findings suggest that tree
health and functioning correspond proportionally to groundwater depth. The perspectives,
species information and applied methods in this study provide added perspective for when

future EWR methods attempt to integrate riparian vegetation and groundwater.

FUTURE RESEARCH

Despite their frequent occurrence, ephemeral river systems are barely understood. So even in
the progressive situation of South Africa where legislative frameworks protect the water
needs of ephemeral river riparian vegetation, the existing knowledge gaps currently make the
determination of sustainable water abstraction rates and the development of sustainable
management strategies near-impossible. This shortcoming is now addressed in South Africa,
where research is underway to formulate ‘Environmental Water Requirement’ methods for
ephemeral rivers (Rossouw 2005). This process is challenging because ephemeral systems are
strongly defined by pulse floods, groundwater and terrestrial riparian vegetation. All these
aspects are notoriously difficult to assess, and their full scope of application has been limited
because EWR methods have been developed by aquatic ecologists with a definite focus on

surface water and aquatic lifeforms. An inclusion of non-aquatic disciplines is required to
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reformulate and develop EWR methods that appropriately address the subsurface and

terrestrial faunal and floral aspects non-perennial rivers.

The new EWR method currently in development for South African non-perennial rivers
highlights the high riparian habitat variability between rivers, from pool to dry riverbed
habitat and from up-to downstream (Searstial., 2009). Its vegetation perspective is still
being formulated and to date it focuses on the structure, composition and variability of
riparian vegetation zones (aquatic, marginal, lower and upper) and in how far they are
influenced by drivers such as riparian soil water, height of water table, onset of flood, flood
height and duration and periodicity of large flood events (Kemp, 288, com.). The arid

areas in Southern Africa have several commonly occurring riparian tree species, some of
which areAcacia eriolobaAcacia karroo,Searsia lanceaSyzygium guineensEaidherbia

albida, Tamarix usneoides Combretum imberhe Combretum erythrophyllum
Colophospermum moparaad Ficus species (Coates-Palgrave, 1983). A focus on such key
species may be a possible route to consider, in order to understand their seedling
establishment, water sourcing, rooting depth and growth and their health in relation to drivers
such as flood onset, height and duration, groundwater depth and fluctuation and riparian soil
moisture. Ultimately this information could lead to bioindicator species or the ability to
categorise several species into functional groups. An ecophysiological understanding of
common riparian species, gained by the methods applied in this thesis, will be highly
valuable to consolidate the assumptions that the assigned vegetation specialists will have to
make during EWR procedures. In the USA Stromledrgl. (1996) and Merritét al. (2009)
suggest that future research may consider the identification of key species that represent
whole categories of species assemblies. These indicator species may be used to inform the
riparian vegetation water needs at a community level. The applicability of this concept in arid
parts of Southern Africa still requires investigation and the contribution of ecophysiologists
to the EWR process needs to be translated so that it can be meaningfully applied in the EWR

process.
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APPENDIX

Table 1: Chapter 4 carbon isotope (%0) ANOVA and WK&SD Post hoc test results

A. eriolobalA. eriolobalA. eriolobal A. erioloba|P. glandulosa P. glandulosa
clriver | clinland | invriver |invinland inv riv inv inl

ANOVA |Fs2s= 12.43; p = 0.00002
A. erioloba
cl river 0.99 0.03% 1 0.00027 0.03f
A. erioloba
cl inland 0.99 0.01% 0.99 0.00017 0.01f
A. erioloba
inv river 0.03% 0.01% 0.03% 0.18 0.999¢
A. erioloba
inv inland 1] 0.99 0.03% 0.00027 0.03f
P.
glandulosa
inv riv 0.00027 0.00011 0.1§ 0.00027 0.47%
P.
glandulosa
inv inl 0.03% 0.01% 0.99¢ 0.03% 0.47%

* Statistically significant

1
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Table 2: Chapter 4 predawn XPP (MPa) Repeated Measures ANOVA (a) and Tukey Post
Hoc Test (b)

(a) Tests of Between-Subjects Effects Gannavlakte predawn

Source | Type Il Sum of Squares df | Mean Squarné Sig.
Grouping 22.238 5 4.448 10.081 0.0001
(b) Tukey HSD

(1) grouping|(J) grouping Sig.

Ae clinl Ae clriv 0.988
Ae invin 0.977
Ae invri 0.0027
P invinl 0.973
P invriv 0.006?

Ae clriv Ae clinl 0.984
Ae invin 1
Ae invri 0
P invinl 0.736
P invriv 0.001*

Ae invin Ae clinl 0.977
Ae clriv 1
Ae invri 0
P invinl 0.678
P invriv 0.001

Ae invri Ae clinl 0.002?
Ae clriv 0
Ae invin 0
P invinl 0.0177
P invriv 0.994

P invinl Ae clinl 0.973
Ae clriv 0.736
Ae invin 0.678
Ae invri 0.0174
P invriv 0.042?

P invriv Ae clinl 0.006?
Ae clriv 0.0011%
Ae invin 0.001*
Ae invri 0.994
P invinl 0.0427

Based on observed means.

The error term is Mean Square(Error) = .074.

*. The mean difference is significant at the .05 level.
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Table 3: Chapter 4 midday XPP (MPa) Repeated Measures ANOVA (a) and Tukey Post Hoc
Test (b)

(a) Tests of Between-Subjects Effects Gannavlakte midday

Source Type Il Sum of Squares Wfean Square F Sig.

Grouping 6.408 5 1.281 3.144 0.023

(b) Tukey HSD

grouping grouping Sig.

Ae clinl Ae clriv 0.97§
Ae invin 0.9972
Ae invri 0.1272
P invinl 0.136
P invriv 0.08

Ae clriv Ae clinl 0.978
Ae invin 1
Ae invri 0.393
P invinl 0.42"
P invriv 0.305

Ae invin Ae clinl 0.9972
Ae clriv 1
Ae invri 0.384
P invinl 0.414
P invriv 0.302

Ae invri Ae clinl 0.127
Ae clriv 0.393
Ae invin 0.384
P invinl 1
P invriv 1

P invinl Ae clinl 0.136
Ae clriv 0.425
Ae invin 0.414
Ae invri 1
P invriv 1

P invriv Ae clinl 0.08
Ae clriv 0.304
Ae invin 0.307
Ae invri 1
P invinl 1

Based on observed means.

The error term is Mean Square (Error) = .081.
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Table 4: Chapter 5 predawn (a), midday (b) and diurnal depression (c) XPP (Mpa) ANOVA,
nonparametric tests and Post Hoc results

(@) Kruskal-Wallis test: H (4, N= 160) =96.15 p =0.0001

T. usneoides |[F. albida |P. glandulosa |A. erioloba Ganna  |A. erioloba Gobabeb
T. usneoides 0.065% 0.000003f 0.000007F 1
F. albida 0.065? <0.00001% <0.00001% 0.797
P. glandulosa 0.00000310.000017 1 <0.000017
A. erioloba Ganna | 0.000007}<0.00001f 1 <0.000017
A. erioloba
Gobabeb 1 0.797 <0.00001% <0.000017

* Statistically significant

(b) Tukey HSD test

T. usneoidegF. albidalP. glandulosalA. erioloba GannalA. erioloba Gobabel
T. usneoides 0.000027  0.00002% 0.000027 0.0007?
F. albida 0.000021 0.000027 0.000027 0.00027
P. glandulosa 0.0000270.000027 0.75 0.00002f
A. erioloba Ganna 0.0000270.000027 0.75 0.00002f
A. erioloba GobabeH 0.00077 0.00027 0.000027 0.00002%

* Statistically significant

(©)

Kruskal-Wallis test: H ( 4, N= 165) =23.72 p =.0001

T. usneoidesF. albidalP. glandulosalA. erioloba GannalA. erioloba Gobabel
T. usneoides 0.0021 0.00047 0.024937Y 1
F. albida 0.0021 1 1 0.27
P. glandulosa 0.00041 1 1 0.08
A. erioloba Ganna 0.03% 1 1 1
A. erioloba Gobabel 1 0.27 0.08 1

* Statistically significant

Table 5: Chapter 5 vessel diametanj ANOVA and Tukey HSD Post hoc test results

F.albida | A.erioloba | T.usneoides P. glandulosa A. erioloba
Gobabeb Gannavlakte

ANOVA Fy0r = 24.4; p <0.0001
F. albida 0.0005* 0.24 0.05* 0.0001*
A. erioloba 0.0005* 0.0001* 0.31 0.62
Gobabeb
T. usneoides 0.24 0.0001* 0.0004* 0.0001*
P. 0.05* 0.31 0.0004* 0.02*
glandulosa
A. erioloba 0.0001* 0.62 0.0001* 0.02*
Gannavlakte

* Statistically significant
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Table 6: Chapter 5 xylem density (g&MNOVA and Tukey HSD Post hoc test results

F.albida | A.erioloba T. usneoides | P. glandulosa A. erioloba
Gobabeb Gannavlakte

ANOVA Fs.3c = 8.04; p = 0.0002
F. albida 0.001 0.18 0.03 0.0003*
A. erioloba 0.001 0.23 0.74 0.95
Gobabeb
T. usneoides 0.18 0.23 0.89 0.06
P. 0.03 0.74 0.89 0.32
glandulosa
A. erioloba 0.0003 0.95 0.06 0.32
Gannavlakte

* Statistically significant

Table 7: Chapter 6 predawn XPP (MPa) Repeated Measures ANOVA between subjects effect

(a) and Tukey Post Hoc Test (b)

(a) Tests of Between-Subjects Effects

Mean

Source Type Il Sum of Squares df |Square F Sig.
Location 5.61 2 2.835 12.231 0.001
(b) Tukey HSD
Location |Location Sig.
Gobabeb | Swartbank 0.813

Kalahari 0.0044
Swartbank | Gobabeb 0.813

Kalahari 0.001%
Kalahari Gobabeb 0.0044

Swartbank 0.001%

Based on observed means.

The error term is Mean Square (Error) = .046.

*. The mean difference is significant at the .05

level.

Table 8: Chapter 6 midday XPP (MPa) Repeated Measures ANOVA (a) and Tukey Post Hoc

Test (b)
(a) Tests of Between-Subjects Effects
Mean

Source Type lll Sum of Squares df |Square F Sig.
Location 9.992 2 4.996 22.23¢ 0.0001
(b) Tukey HSD
Location Location Sig.
Gobabeb Swartbank 0.04%

Kalahari 0.003%
Swartbank Gobabeb 0.04%

Kalahari 0*
Kalahari Gobabeb 0.003%

Swartbank 0*
The error term is Mean Square(Error) = .045.
*. The mean difference is significant at the .05 level.
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Table 9: Chapter 6 vessel diametanj ANOVA and Tukey HSD Post hoc test results

Gobabeb Swartbank| Gannavlakte
ANOVA F,1: = 21.50; p < 0.0001
Gobabeb 0.35 0.0002*
Swartbank 0.35 0.0007*
Gannavlakte 0.0002* 0.0007~

* Statistically significant

Table 10: Chapter 6 SLA (g/@nANOVA and Tukey HSD Post hoc test results

Gobabeb Swartbank| Gannavlakte
ANOVA Fo1:=2.98; p <0.08
Gobabeb 0.47 0.067
Swartbank 0.47 0.45
Gannavlakte 0.067 0.45

* Statistically significant

Table 11: Chapter 6 shoot length (cm) ANOVA and Tukey HSD Post hoc test results

Gobabeb Swartbank| Gannavlakte
ANOVA F»177= 46.04; p < 0.0001
Gobabeb 0.0019* 0.00002*
Swartbank 0.0019* 0.00002*
Gannavlakte 0.00002* 0.00002*

* Statistically significant
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