The facilitative role of trees
in tree-grass interactions in savannas

K. V. R. Priyadarshini




The facilitative role of trees in tree-grass
Interactions in savannas

K. V. R. Priyadarshini



Thesis committee

Promotors

Prof. Dr H.H.T. Prins
Professor of Resource Ecology
Wageningen University

Prof. Dr S. de Bie
Professor of Sustainable Use of Living Resources
Wageningen University

Co-promotor

Dr I.M.A. Heitkdnig
Assistant Professor, Resource Ecology Group
Wageningen University

Other members

Prof. Dr E. Hoffland, Wageningen University

Prof. Dr L. Mommer, Wageningen University

Dr K.T. Rebel, Utrecht University

Dr E.S. Bakker, Netherlands Institute of Ecology, Wageningen

This research was conducted under the auspices of the C.T. de Wit
Graduate School for Production Ecology & Resource Conservation
(PE&RC).



The facilitative role of trees in tree-grass interactions in savannas

K. V. R. Priyadarshini

Thesis

submitted in fulfilment of the requirements for the degree of doctor
at Wageningen University
by the authority of the Rector Magnificus
Prof. Dr A.P.J. Mol,
in the presence of the
Thesis Committee appointed by the Academic Board
to be defended in public
on Tuesday 24 May 2016
at 1.30 p.m. in the Aula.



K. V. R. Priyadarshini
The facilitative role of trees in tree-grass interactions in savannas, 134 pages.

PhD Thesis, Wageningen University, Wageningen, NL (2016)
With references, with summaries in English and Dutch

ISBN 978-94-6257-700-8



Propositions

1.

Understanding the role of soil organisms in mediating and sustaining nutrient transfer
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multitrophic approach rather than a narrow one based on Gaussian principles of

competitive exclusion.
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such commodification of ecosystem and natural processes suggests that the natural world

is otherwise worthless.

Arresting the unsustainable increase in human population is possible through reducing
human fertility with modern contraception techniques and communication without

religious and socio-political interference.

The distinction between freedom of action and freedom of will is that freedom of action is

real and freedom of will is imaginary.
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CHAPTER 1

GENERAL INTRODUCTION

Savannas represent one of the largest biomes of the world, comprising about 20% of the
earth’s land area (Shorrocks 2007, Huntley and Walker 2012). Most savannas occur in Africa
occupying almost 50% of the land area of this continent that support not only a large fraction
of its human population, rangelands and livestock, but also some of the highest densities and
diversity of wild herbivores and carnivores in the world (Scholes and Archer 1997, Shorrocks
2007, Sankaran and Anderson 2009). Distinct dry seasons, highly variable inter- and intra-
annual rainfall, fire and herbivory characterize savannas. A characteristic ecological feature
of savannas is the co-existence of trees and grasses (Scholes and Walker 1993, Scholes and
Archer 1997, Huntley and Walker 2012). The mechanisms that support tree-grass coexistence
in savannas are not well understood. In this study, | examined tree-grass interactions in semi-
arid and arid savannas to understand the ecological processes that may sustain tree-grass

coexistence in dry savannas (< 800 mm of rainfall) of southern Africa.
TREE-GRASS INTERACTIONS IN SAVANNAS

Tree-grass interactions in savannas have long been viewed as that of intense competition for
water and nutrients by these plants (Scholes and Archer 1997, Jeltsch et al. 2000, House et al.
2003, Sankaran et al. 2004) influencing the aboveground growth of both trees (Riginos 2009,
February et al. 2013b) and grasses (Belsky 1994, Ludwig et al. 2004a). Therefore, the
fundamental premise of all hypotheses is the concept of competition based on the Gaussian
principle of niche or habitat differentiation (Schoener 1974). Furthermore, much of the
research in savanna ecology seems to be focused on the subject of “Savanna-stability” (van
de Koppel et al. 2002, Van Langevelde et al. 2003, Sankaran et al. 2005, Staver et al. 2011a,
2011b). Savanna stability refers to the conditions under which a status quo is maintained in
the ratio of trees to grasses in savannas. However, minor changes occur from time to time but
no large scale or irreversible changes are seen in the landscape (Scheffer et al. 2001).
Savannas are said to become unstable when drastic biome shifts like desertification or
conversion to a woodland or forest occur which are undesirable and can have high socio-

economic and environmental costs (Rietkerk et al. 1996, Archer and Predick 2014,
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Bestelmeyer et al. 2015). The causes cited for savanna instability range from the effects of
climate change, human-interference (e.g. through suppression of fires, livestock grazing)
resulting in increased or decreased tree densities that could either potentially competitively
exclude grasses from savannas or lead to desertification (Dean et al. 1995, Van Langevelde et
al. 2003, Sankaran et al. 2005, Buitenwerf et al. 2011). These biome shifts, also termed
“regime shifts” are potentially economically undesirable changes to human kind (Scheffer et
al. 2001, Folke et al. 2004, Kinzig et al. 2006). Consequently, much of the recent research is
focused on landscape analysis, metadata analysis or modelling studies with much of the
emphasis on the drivers that influence tree densities in savannas (Jeltsch et al. 2000, Van
Langevelde et al. 2003, Sankaran et al. 2005, Bucini and Hanan 2007, Lehmann et al. 2009,
Staver et al. 2011a, 2011b, Hirota et al. 2011, Dohn et al. 2013).

Several authors have proposed many hypotheses to explain tree-grass interactions in
savannas. The most common and most debated concept invoked for tree-grass co-existence is
the “Spatial-niche-separation” hypothesis based on the differences in rooting patterns of trees
and grasses in savannas (Walter 1971, Belsky 1990, Scholes and Archer 1997, Sankaran et al.
2004, Scheiter and Higgins 2007). This hypothesis has both support (Knoop and Walker
1985, Aguiar and Sala 1994, Belsky 1994, Scholes and Archer 1997, Ludwig et al. 2004b)
and arguments against it (Belsky 1994, Scholes and Archer 1997, Anderson et al. 2001,
Ludwig et al. 2004a). Furthermore, studies seem to indicate a climatic influence in the way
this hypothesis is manifest suggesting that niche separation might operate in drier areas but
not in areas with a higher moisture content (Knoop and Walker 1985, Weltzin and
Coughenour 1990, Belsky 1994, Weltzin and McPherson 1997, Ward et al. 2013). The “Pulse
Reserve Hypothesis” proposes that the responses of different plant functional types to short
but biologically relevant rainfall events (pulses) are different, for example, fast growth in
grasses and slow growth in trees (Noy-Meir 1973, Ogle and Reynolds 2004, Reynolds et al.
2004).

Sankaran et al. (2004) reviewed the existing hypotheses that explain tree-grass
interactions based on largely two aspects: the role of competition in tree-grass interactions
and on demographic bottlenecks in the savanna tree ontogeny that potentially influence the
densities of trees in savannas. The premise for the “demographic bottleneck™ hypothesis is
that a tree faces adverse conditions at different ontological stages of its life history, which
may limit its growth and survival (e.g., competition with grass during the seedling stage,

herbivory and fire). Sankaran et al. (2004) propose an integration of the “demographic
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bottleneck™ and “pulse reserve” hypotheses to explain tree-grass interactions in savannas. It is
important to note that the significance of competitive exclusion in interspecific competition is
increasingly being questioned since in many species rich communities, competitive exclusion
has yet to be demonstrated (Hanski 1983, den Boer 1986, Walter 1988, Bengtsson et al.
1994). The role of resource storage in plants that play an important role in plant coexistence
and competition (Chapin et al. 1990) is also poorly understood in savannas. Most hypotheses,
except for the niche-separation hypothesis, focus on what controls tree and grass abundances
at large spatial scales rather than the micro-level processes that occur at the level of an
individual tree, which may potentially scale up to larger scales and control tree-grass
coexistence in savannas (DeLucia et al. 2001, Gillson 2005, D’Odorico et al. 2010).
However, there is a lack of understanding of the ecological processes that may be sustaining
tree-grass coexistence at the single tree and the understory grass in savannas. Furthermore,
the principal role of niche separation either spatially or through resource-use in tree-grass

coexistence is yet to be demonstrated in savannas.
RESOURCE-USE AND TREE-GRASS INTERACTIONS

There are many examples where plants coexist using the same space and resources without
outcompeting the other as a result of competition. Trees and grasses in savanna are such an
example. However, this coexistence may be possible due to multiple mechanisms that operate
in addition to competition, like resource partitioning, facilitation or differences in phenology
(Schoener 1974, den Boer 1986, Walter 1991, Fargione and Tilman 2002, 2005, Callaway
2007). For example, how key resources like water and nutrients are used by plants, do they
use the same resource or have complementary patterns in the way use these key resources?
Therefore, resource-use patterns are an important aspect that will influence interactions
among plants. Much of the tree-grass interactions have been evaluated largely with
measurements of aboveground productivity and foliar nutrient contents (Casper et al. 2003,
House et al. 2003, Ludwig et al. 2004a, 2004b). A few studies have used root trenching
experiments and variation in stable isotopes to test root competition between trees and
grasses; however, with ambiguous results suggesting both the absence (Knoop and Walker
1985, Weltzin and Coughenour 1990, Belsky 1994, Weltzin and McPherson 1997) and
presence (Belsky 1994, Scholes and Archer 1997, Ludwig et al. 2004a, 2004b) of competitive
effects of trees on grasses. Additionally, it has been shown that grasses also negatively
influence tree growth (Riginos 2009, February et al. 2013b). Once again many questions have
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been formulated on the basis of competition as the overriding interaction in trees and grasses
in savannas and much less attention has been given to measuring tree-grass interactions or on
the underlying operating mechanisms. For example, hydraulic-lift, a common phenomenon
by which a tree supplies its canopy with water from the soil and could impact tree-grass
interactions, has been shown to occur in almost all the biomes and identified to be in
operation in almost 60 tree species worldwide (Prieto et al. 2012), but only a few studies have
been carried out on savanna trees outside of North America (Burgess et al. 2000b, Scholz et
al. 2002, Ludwig et al. 2003, Moreira et al. 2003, Bayala et al. 2008). Particularly in Africa,
the studies are even fewer (Ludwig et al. 2003, Bayala et al. 2008). The way plants use
resources substantially impacts their interactions (Schoener 1974, Chapin 1980, 1988,
Connell 1983) and there is hardly any knowledge on resource-use patterns of trees and
grasses in African savannas.

Trees form an important component of the savanna ecosystem and are reported to
modify the under-tree-canopy environment (Vetaas 1992, Belsky et al. 1993a, Ludwig et al.
2004b). Under-tree-canopies are associated with higher soil N content, higher plant N content
and lower evapotranspiration rates (Bernhard-Reversat 1982, Belsky et al. 1989, 1993a,
Moyo et al. 2010). Trees influence ecosystem functioning through the capacity for nutrient
and water redistribution which is the ecophysiological phenomena where trees access water
and nutrients from deeper layers of the soil and move them to the upper soil profile making
these resource available to shallow rooted plants (Bernhard-Reversat 1982, Burgess et al.
2000b, Jackson et al. 2002, Caylor et al. 2005, Lee et al. 2005, D’Odorico et al. 2007, 2010).
This resource redistribution by trees potentially influences inter-plant interactions (Dawson
1993). The influence of plant physiology on inter-plant interactions and global
biogeochemical cycles is only recently being recognized (DeLucia et al. 2001, D’Odorico et
al. 2010). Also, the capacity of plants to use different forms of the same resource is
overlooked in many of the savanna tree-grass coexistence models. An example is a study
carried out in the arctic tundra which showed that the most productive plant species in this
community, Eriophorium vaginatum (cotton grass), used the most abundant chemical forms
of N which were glycine and ammonium, while the less productive species, Carex bigelowii
(Bigelow sedge), used less abundant forms of N which was nitrate, indicating partitioning of
differentially available forms of the same limiting resource indicating niche diversification in
this arctic tundra community (McKane et al. 2002). The capacity of trees to utilize the tightly

bound immaobile water in the soil making this available to other plants is another example
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(Brooks et al. 2010). These phenomenon are not yet known for savanna plants. Trees in
savannas play a multifunctional role in the management of soil quality, and contribute to
animal and human welfare. Presently, an alarming decrease in tree densities in human-use
landscapes in savannas is being reported with negative repercussions on land quality
(Muchena et al. 2005, Manning et al. 2006). By influencing water and nutrient cycles, trees
can play a key role in better and sustainable natural resource management of land resources
in savannas. The principal aim of this thesis is to understand tree-grass coexistence in African
savannas, whether resource-use patterns of trees and grasses can explain tree-grass co-

occurrence, and implications thereof to land-use management.
OUTLINE OF THE THESIS

In this thesis, | investigated the resource-use patterns in trees and grasses in a semi-arid
savanna in South Africa. Additionally, | examined the effects of competition between trees
and grasses on resource storage in perennial grasses in arid and semi-arid savannas of
southern Africa. Further, I reviewed the knowledge status of resource use patterns of trees
and grasses in savannas and discussed how these interactions can be exploited for better
management of human-land-use systems in Africa.

Savanna systems are characterized by water limitation. Trees in savannas have been
shown to hydraulically lift water to their canopy (Ludwig et al. 2003, Bayala et al. 2008).
Hydraulic lift is the process of upward flow of water within a plant as a result of pressure
differences caused by either transpiration during the day time or dry soil layers in the
nighttime (Caldwell and Richards 1989). In Chapter 2, | report on my investigations of
hydraulic-redistribution (the phenomena of upward, downward and lateral flows of water) by
savanna trees to grasses and whether this phenomenon is advantageous to under-tree canopy
perennial grasses. Additionally, I elaborate whether hydraulic-redistribution occurs
throughout the year and if savanna trees with different functional characteristics show
hydraulic-redistribution.

Nutrient resources are finite in most ecosystems, especially in savannas where the
soils are very low in N content. The access to nutrients and the way plants use them would be
key for survival, growth and reproduction. In Chapter 3, I report the outcome of investigation
on the N sources for trees of different functional characteristics (described in the previous

section) and grasses. Additionally, 1 report on the experiment that I carried out to assess



whether trees redistributed N from deep soil sources to the grasses and any seasonal influence
on this redistribution.

Much of the research in tree-grass interactions in savannas has focused on responses
of aboveground parts. However, belowground storage organs are vital for a plant’s growth,
survival and reproduction. This information is lacking for savanna grasses. Studies suggest
that plants respond to competition and resource limitation by increasing allocation of
resources to storage organs (Bloom et al. 1985, Busso et al. 1990, Chapin et al. 1990,
Oosthuizen and Snyman 2003, Craine 2006, Snyman 2009). In Chapter 4, | report on the
effects of competition between trees and grasses on root storage in perennial grasses
occurring South African savannas with differences in rainfall. The underlying hypothesis for
this work was that competition from trees and less rainfall will result in higher root storage in
understory perennial grasses.

In Chapter 5, I explore the role of exploiting inter-plant interactions, in particular
tree-grass interactions from the findings of the previous chapters applied to human-land-use
systems. I illustrate the significant role of trees in dry savannas based on nutrient and water-
redistribution capabilities of savanna trees, and provide an ecological perspective of the role
of trees in two human land-use types in African drylands: agroforests and rangelands which
include silvo-pastoral systems and mixed-game-livestock farming systems. | evaluate the
causes for the loss of trees in these land-use types highlighting the role of trees for better land
and sustainable natural resource management.

Finally, I synthesize the conclusions drawn from the preceding chapters in Chapter 6
and put the findings in the broader context of the role of trees, eco-physiology and inter-plant

interactions for the coexistence of plants with resource limitations.



CHAPTER 2

SEASONALITY OF HYDRAULIC-REDISTRIBUTION BY TREES TO
GRASSES AND CHANGES IN THEIR WATER-SOURCE USE THAT
CHANGE TREE-GRASS INTERACTIONS

Ecohydrology (2016), 9: 218-228, D0i:10.1002/ec0.1624

K. V. R. Priyadarshini, Herbert. H. T Prins, Steven de Bie, Ignas. M. A. Heitkonig, Stephan
Woodborne , Gerrit Gort, Kevin Kirkman, Fulco Ludwig, Todd E. Dawson, Hans de Kroon

ABSTRACT

Savanna vegetation is characterized by tree-grass co-existence that can experience intense
water limitation, yet the water relations of these savanna plants are poorly understood. We
examined the water-sources for trees and grasses in different seasons and investigated the
importance of hydraulic-redistribution in three tree species inhabiting a semi-arid savanna in
South Africa. We used natural variation in H and O stable isotope composition of source
waters to identify the principal water-sources for these plants. We conducted an experiment
by labelling deep-soil (2.5 m depth) with a deuterium tracer. Seasonal differences in the
stable isotope composition of water in trees and grasses indicated that there was water-source
use partitioning as well as overlap. Trees and grasses used water from the topsoil after rainfall
indicating overlap of water-source use. All tree species shifted to groundwater or subsoil
water-use when there was no water in the topsoil indicating partitioning of water-use. Grasses
always used water from the topsoil. The seasonal changes in water-source use by trees and
grasses indicated possible shifts in tree-grass interactions during different periods of the year.
The tracer experiment confirmed hydraulic-redistribution in all the three tree species and
water transfer to grasses via the topsoil. However, this occurred only in the dry-season. Our
observations and experimental results indicate the potential for facilitation affects by trees to
their understory grasses and show that dry season hydraulic-redistribution from trees to
grasses could be an important facilitative mechanism maintaining tree-grass co-existence in

savannas.
. . . 2
Keywords: Tree-grass interactions, water- source use, water stable isotopes, "H stable

isotope tracer labelling, semi-arid savannas, hydraulic-redistribution, Andover Game
Reserve, savanna trees



INTRODUCTION

Savanna vegetation experiences periods of intense water limitation that may lead to plant
water stress. Savannas are also characterized by tree-grass co-existence (Scholes and Archer
1997, Shorrocks 2007, Huntley and Walker 2012) and the physiognomy of savannas may
range from tree dominated savannas to grass dominated ones largely determined by the
rainfall (Sankaran et al. 2005). The co-existence of trees and grasses has long been reported
to lead to intense competition for water by these plants influencing the above-ground growth
of both trees and grasses (Belsky 1994, Ludwig et al. 2004a, Riginos 2009, February et al.
2013b). Water relations of the trees and grasses that inhabit savanna ecosystems are still not
fully understood. Water availability in savannas changes significantly with seasons (a 10 fold
increase in topsoil moisture from dry to wet season) leading to seasonal water limitations.
This in turn is predicted to influence the water-related interactions of trees and grasses in time
and space. Walter’s two layer model for savannas suggests that for trees and grasses to co-
occur, trees are expected to use deep sources of water while grasses use shallow sources
(Ward et al. 2013). Landscape level analyses suggest that trees may be facilitating understory
grasses particularly in water limited environments (Dohn et al. 2013, Moustakas et al. 2013,
Ward et al. 2013). The suggestion of tree-to-grass facilitation is based on assessing
understory biomass and nutrient content, with higher plant biomass or nutrient content under
the tree-canopy implying facilitation by trees. However, increased biomass or nutrient
content may result from other processes as well, such as an increase in the rates of
mineralization leading to higher soil nutrient content as a result of greater litter fall under
trees compared with areas outside of tree crowns (Bernhard-Reversat 1982, Callaway et al.
1991, Belsky et al. 1993a, 1993b, Rhoades 1996, Ludwig et al. 2001). Additionally, the
potential for the existence of hydraulic-lift in savanna trees has been suggested to be a viable
mechanism by which facilitative processes may occur (Ludwig et al. 2004a, Dohn et al.
2013). Despite many studies, neither Walter’s two-layer hypothesis, nor the demonstration of
facilitation by one plant type towards the other has been clearly demonstrated. Hydraulic-
redistribution has been shown in trees spanning temperate (Pefiuelas and Filella 2003, Zou et
al. 2005, Kurz-Besson et al. 2006), neo-tropical (Scholz et al. 2002, 2010) and Australian
savannas (Burgess et al. 1998, 2000b, Armas et al. 2012) and recent reviews show a growing
number of examples (cf. Prieto et al., 2012, Neumann and Cardon 2012, Sardans and

Pefiuelas 2014). However, in Africa, hydraulic-lift has been shown to occur only in a few tree



species (Ludwig et al. 2003, Bayala et al. 2008) and the consequent transfer of water due to
hydraulic-redistribution to neighbouring plants, in particular, understory grasses has yet to be
conclusively demonstrated.

The occurrence of extreme water limitation in savannas, caused by seasonality and
recurring droughts may influence tree-grass interactions. Also, positive and negative
interactions between plants may shift with changes in the environment and their growth
related requirements (Callaway et al. 1991, Holmgren et al. 1997, Kikvidze et al. 2006). The
possible shifts in resource use, particularly water-use, have largely been overlooked in tree-
grass interactions. It is well documented that in water limited ecosystems, plants show spatial,
seasonal and temporal variation in the water-sources they use (Dawson 1998, Scholz et al.
2002, Lee et al. 2005). Co-occurring tree species can also have different hydraulic-
redistribution patterns and may use a range of water-sources which may in turn influence the
tree’s interactions with its understory grasses (Espeleta et al. 2004, Meinzer et al. 2007). The
redistribution of water within and among plants is also known to mitigate the effects of water
deficits and stress (Bauerle et al. 2008). Recent data suggest that hydraulic-redistribution can
be a much more complex process than previously understood. For instance, the complex
source-sink system for water-flow exists not only between plant-soil interface but also within
the plant that in turn is influenced by a complex set of factors (Prieto et al., 2012, Sardans and
Pefiuelas 2014 and references therein).

Using the natural abundance stable isotope composition of water extracted from plant

tissues, we determined the water-source use of different co-occurring semi-arid savanna tree

species and their understory grasses. We also injected a deuterium (2H) label into deep-soil to
serve as tracer to investigate if all the tree species in our study showed hydraulic-
redistribution and if there were seasonal changes in hydraulic-redistribution. Our central
hypothesis is that competition between trees and grasses is expected to occur if they used the
same water-source during a time of water limitation and partitioning was likely if they used
different water-sources in the same seasons. A second and related hypothesis is that
significant redistribution of deep water sources by the trees to the grasses has potential for

facilitation effects on the grasses.



MATERIALS AND METHODS

Study site

The study was carried out in the 7100 ha Andover Game Reserve (Andover GR), South
Africa, located between 24° 33 S and 24° 38’ S, and 31° 10’ E and 31° 17” E. The annual
rainfall is 550— 650 mm (Cronje et al. 2008) and the precipitation occurs in summer, starting
in the dry-wet transition season (Oct/Nov), and ending in the wet-dry transition season
(Mar/April/ May; Fig. 2.1).

Andover GR is a broad-leaved savanna. The grass community is diverse but under-
tree canopy plant cover is a near monoculture of Panicum maximum (Jacq.). We used the
understory grass P. maximum and three commonly found co-occurring savanna tree species
in southern Africa for our study. We used the broad-leaved deciduous tree species Terminalia
sericea (Roxb.), broad-leaved semi-deciduous tree species Philenoptera violacea (Klotzsch)
Schrire, and fine-leaved deciduous tree species, Vachellia nilotica (L.) Delile (formerly

Acacia tortilis). No grazing by ungulates occurred under any of our study trees throughout

the study.
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Fig 2.1. Monthly volumetric soil moisture content (%) in the topsoil and subsoil on the
primary Y-axis, and the distribution of rainfall on the secondary Y-axis, in Andover Game
Reserve, South Africa. The months of sampling and labelling with the stable isotope tracer
are indicated on the X-axis by dashed-line boxes. Soil moisture of Jan to Mar 2010 and Oct
2010 is not available. Error bars represent £ 1SEM for the soil moisture.
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http://www.tropicalforages.info/key/Forages/Media/Html/Acacia_nilotica.htm

Experimental set up

We conducted a fully factorial experiment on long, sandy crest tops. Five sets of paired
experimental and control trees were identified for each of the tree species. Each pair was

located within a small localized area within the larger study area. The control trees were located

30 m away from the experimental trees to prevent spreading of the ’H isotope tracer between
trees (Ludwig et al. 2003, Sternberg et al. 2004, Kulmatiski et al. 2010). The tree trunk diameter
at 0.3 m height of the V. nilotica tree species ranged from 0.52 to 0.97 m, while that of P.
violacea ranged from 0.55 to 1.05 m, and for T. sericea from 0.51 to 0.63 m. All trees in the
study were fully grown adult specimens and were estimated to be more than 30 years of age.
Grass samples were collected from under-tree canopy within circular plots of 1m radius with
the tree trunk as the centre. We used a repeated-measures design where the same individual

trees and the same grass plots were sampled repeatedly during different seasons.
Measurement of soil-moisture

One tree of each tree species was fitted with one automatic logger (H21-002, Hobo Micro
station logger, Hobo-Onset Computer Corp., Bourne, Massachusetts, USA) attached to two
soil-moisture sensors (S-SMC-M005, Hobo-Onset Computer Corp., Bourne, Massachusetts,
USA) with the first in the topsoil (0.25 m) and second, in the subsoil (2.5 m) layers with a 15
min sampling frequency. The mean per-cent monthly volumetric soil-moisture content in the

top and subsoil layers were calculated for the three species.
Use of stable isotopes

We used the natural variation in the H and O stable isotope composition of water on the site in

combination with the addition of an enriched “H stable isotope tracer to first characterize the
water-sources used by the different plants at the site and secondly to track water movement in
plants without the complication of isotope fractionation (Moreira et al. 2000, 2003, Gebauer
and Ehleringer 2000, Grieu et al. 2001, Brooks et al. 2002, Pefiuelas and Filella 2003,
Kulmatiski et al. 2010). Isotope values are expressed using the delta, “5”, notation which
represents the difference between the isotope ratios of the measured sample relative to the
international (IAEA) water standard Vienna Standard Mean Oceanic Water (VSMOW). The &
value is calculated as:

d = [(RsampLe/RsTanbArD) — 1] *1000
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where RsaumpLe/RsTanparo represents [(-0/'°0) SAMPLE / (°0/*°0) STANDARD] for oxygen
and [(CH/'H) SAMPLE / ("H/*H) STANDARD] for hydrogen.

The Local-Meteoric-Water-Line: 5O and 8°H in rain and ground water

The Local-Meteoric-Water-Line (LMWL) is the linear relationship between the H and O stable
isotope composition of precipitation collected at our site (Craig 1961). We constructed the

LMWL for our study site by collecting precipitation samples periodically during the study

period during rain events. We then used the variation in plant water §"°0 and 5°H values
relative to the LMWL to explain the differences in water-source use (following Dawson and
Simonin 2011). Groundwater was collected from five different boreholes within a 15 km radius
of the study site and two were sampled during the dry and wet seasons to assess seasonal
variability in stable isotope ratios of borehole water. The stable isotope ratios of O and H in our

ground water samples did not differ between dry and wet seasons (paired sample t-tests; for

5°0: t = 2.470, P = 0.132, df = 2, mean difference (£1SE) = 0.708 (£0.44); for 3 H: t = 0.112,
P =0.921, df = 2, mean difference (x1SE) = 0.954 (£0.19)).

. . 2
Application of "H,O as a tracer

The deeper rooting zone around each of the experiment trees at a depth of 2.5 m was dosed with

deuterium-labelled water (2H20; Icon Services New Jersey, USA) at ~100% atom-% abundance

of °H. Application of the isotope tracer was done via PVC tubes of 15 mm diameter that were
installed vertically in the soil to a depth of 2.5 m in four cardinal directions at 1 m distance from
the base of each experimental tree (following Lehmann et al., 2001). A 15 ml volume of the

labelled water was added through each tube totalling 60 ml of the tracer for each tree. This was

sufficient to spike the system with high abundance of ’H without the effects of irrigating the
plants since very little water was added (Lehmann et al. 2001).

We confirmed that a depth of 2.5 m was well below the grass rooting depth by coring
grass tufts of P. maximum. We did not find grass roots below 100 cm. Injection tubes extended
10 cm above the soil and were sealed with nylon plugs before and after application of the tracer

solution. The tubes were installed in the first week of October 2009 before the start of the wet

season. Application of the ’H tracer started in January 2010, after a substantial amount of
rainfall. No tubes were installed around control trees and to test whether this affected the results

we compared the stable isotope ratios between the experimental and control trees before
12



commencing the tracer application. We did not find statistically significant differences in the
stable isotope ratios (paired sample t-test; *°O (ree): t = ~1.048, P = — 0.312; *°0 (grass: t = 0.224,
P =0.826; ?H (tree): t = 0.725, P = 0.480; 2H (grass): t = —0.639, P = 0.533) between experimental

and control trees.
Applications of 2HZO were done during the wet season in Jan 2010, the wet-dry

transitional season in April 2010, dry season in Aug 2010, dry-wet transitional season in Nov
2010 and wet season in Jan 2011 (Fig. 2.1).

Sampling of plant material

Six to eight suberized twigs, 2.5 cm in length, from the terminal ends of the tree branches were
collected from all cardinal directions of the tree upper canopy ensuring all parts of the upper
canopy were represented for each tree. These twigs were composited into a single sample for
each tree. Non-green basal parts of the P. maximum grass tuft and roots of the grasses in the
grass plots were collected from all cardinal directions around the tree trunk. These were
composited into a single sample to represent the understory grass for that tree. The xylem water
extracted from these plant parts represents the source water taken-up by plants from the soil
where roots are functionally active because there is no fractionation of water by plant roots
during the uptake process (Dawson and Ehleringer 1993). All samples were immediately placed

in borosilicate air tight bottles (Glass Blowing Industries, South Africa) and sealed with Para-

film to prevent evaporation. These were frozen (temperature range between — 12°Cto - 18°C)
until laboratory analysis could be carried out (within 4-6 weeks of sampling). Sampling was
carried out during Jan 2010 (wet season 2010), April 2010 (wet-dry transition), August 2010
(dry season), November 2010 (dry-wet transition), and Jan 2011 (wet season 2011, Fig. 2.1).

Plant material was sampled each season before labelling with 2HZO to find if there was any

residual tracer from the previous seasons stable isotope tracer application and these samples

constituted the “pre-spike” samples. Tracer labelling was done immediately after pre-spike

samples were collected. Samples from trees where labelling with 2HZO was not done constitute
“control” samples and samples taken from trees labelled with 2HZO constitute “spike” samples.

The control and spiked samples were collected concurrently one week after 2HZO labelling.

Tree and grass samples were always collected concurrently.

13



Determination of stable isotope ratios

All stable isotope analyses were carried out at the stable isotope laboratory of the CSIR, South

Africa. Plant water was extracted from the plant tissues using a cryogenic vacuum distillation

apparatus (Ehleringer and Dawson 1992). The extracted water was analysed for 5’Hand 50
using a TC/EA pyrolysis system coupled with a Delta V plus mass spectrometer using a Conflo
IV interface (Thermo Electron Corporation, Bremen, Germany). Six aliquots were measured for
each sample and the analyses that showed any evidence of drift (sample-to-sample memory
effects) were rejected. Special attention was given to samples from the tracer experiment to
ensure that the results were not affected by memory/carry-over effects between samples during
the analysis. Any samples that showed signs of memory effects were reanalysed. On the TC/EA
system a set of 6 known value standards were run at the start of each batch analyses and then
after every 40 unknown samples. An internal laboratory standard was run after every 10
unknown samples. The samples were standardized to VSMOW. The precision was < 0.2%o for

both O and H.

Statistical analysis and data transformations

We used mixed linear models to separately analyse §°H and "0 values using the SAS
software program version 9.2 (Littell et al. 2006). For the analysis of H, the fixed part of the
model contained all the main effects and interactions of the four factors 1) group (pre-spike,
spike, and control); 2) tree species (V. nilotica, P. violacea, and T. sericea); 3) plant functional
type (grass and tree); and 4) season (wet 2010, wet-dry, dry, dry-wet, wet 2011). Although we
used a single statistical model, the analysis itself was split into three parts: (1) natural
abundance (controls) to distinguish between shallow and deep-soil water-source for plants, (2)
effect of tracer application by comparing spike and control measurements to determine
redistribution of the tracer by trees to grasses, (3) effect of residual tracer from the previous
season by comparing pre-spike and spike measurements to ascertain if any of the isotope tracer

still occurred in the tree from the previous season and whether any redistribution occurred like
in (2). For the analysis of O, we excluded the measurements obtained after spiking with 2HZO
tracer.

We transformed data of 5°H and & O before further analysis as their distributions were

highly skewed (ranging from —73 to 30,500 %o for 5°H and —13 to 40 %o for 6180). We applied

Box-Cox transformations using the transformation function:
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f(OR) = (ORp—l)/p, with OR = (RsampLe/RsTANDARD),
where the power ‘p’ was optimized using PROC TRANSREG of SAS by fitting fixed effects
models to the transformed odds ratio. The transformed responses are equal to “0” if the

sample’s isotopic value equals the standard’s, and positive (or negative) if the sample had a

higher (or lower) value than the standard’s, similar to 5°H or 80. The power p =-10 was
chosen for hydrogen, and p = —75 for oxygen. More details of data transformations and the
mixed linear model are presented in Appendix 2.1. We checked the studentized residuals from

the fitted mixed linear models for approximate normality and constant variance.
RESULTS

Volumetric soil-moisture of top and subsoil layers under three savanna tree species

There was no moisture in the topsoil from June 2010 to Sep 2010 (Fig. 2.1) and no measureable
subsoil (at 2.5 m depth) moisture under P. violacea and T. sericea during this same period and
only small amounts (less than 2%) were recorded at depth under V. nilotica (Appendix 2.2).
There was about 7-8% soil-moisture, corresponding to about 60 mm of rainfall, in Oct/ Nov
2010, the dry to wet transition season (Fig. 2.1). The % soil-moisture also seemed linked to the
quantity of rainfall (Fig. 2.1). We identified the dry and dry-wet transitional seasons as the two

periods of water limitation.
Natural abundance of 3 'O and 3°H in trees and under-canopy grass

The 5'°0 and 5°H values of all under-tree canopy grasses and trees plotted below the LMWL
during all seasons; this indicated evaporative enrichment and subsequent uptake of soil-water

by the plants (Fig. 2.2). We found significant interactions between plant functional type and

season for both 8O and §°H indicating strong seasonal differences in water-source use by the
grasses and trees (Table 2.1, Fig. 2.2). There were no tree species differences. The isotope
values that we obtained for both trees and grasses showed a concurrent seasonal decrease and
increase respectively (e.g., the lower values for trees and higher values for grasses). The

exception to this pattern was seen during the dry season when the grasses showed a decrease
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Fig. 2.2. Seasonal variation in the mean of 520 (%o) and 8*H (%o) of different species of trees

and the corresponding under-canopy grass Panicum maximum at Andover Game Reserve,
South Africa. The X-axis represents 580 (VSMOW) of measured data and the Y -axis
represents 3°H (VSMOW) of measured data. Error bars represent + 1SEM of the measured data
and not calculated from mixed models. “VN Grass” represents Panicum maximum grass under
Vachellia nilotica and “VN Tree” represents Vachellia nilotica tree; “PV Grass” represents
Panicum maximum grass under Philenoptera violacea and “PV Tree” represents Philenoptera
violacea tree; “TS Grass” represents Panicum maximum under Terminalia sericea and “TS

Tree” represents Terminalia sericea tree; and “LMWL” represents the Local Meteoric Water

line and GW represents the Ground Water for Andover Game Reserve, South Africa.
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Table 2.1. Summary of analysis of variance for natural abundance using repeated measures
mixed linear models for stable isotope ratios of Oxygen and Hydrogen. The F-tests for
hydrogen were extracted from a larger mixed model, focusing on the control trees only. The
F-tests for natural abundance of oxygen were based on pre-spike and control data. The
analysed responses are Box-Cox transformed Odds Ratios.

Effects *Oxygen “Hydrogen
F P DF F P DF
Tree species 1.97 0.1814 2,12 152 0.2606 2,11
Plant functional type 61.29 <0.0001* 1,27 100.40 <0.0001* 1,22
Season 137.91 <0.0001* 4,210 75.29 <0.0001* 4,286
Species x Plant functional type 7.52  0.0025* 2,27 1.85 0.1808 2,22
Species x Season 8.40 <0.0001* 8,210 3.19 0.0018* 8,286
Plant functional type x Season 99.95 <0.0001* 4,210 38.27 <0.0001* 4,286
Species x Plant functional type x Season 6.31 <0.0001* 8,210 1.75 0.0866 8, 286

*P<0.05

(5.2%o for 570 and 12.8%, for 82H) and trees showed an increase (3.5%o for 57°0 and 21.9%o
for 82H) from the preceding wet-dry transition. During the wet-dry transition, trees had the
lowest 8O and §°H values (Fig. 2.2), suggesting that they were using a deep-soil water-

source (Fig. 2.2). The §"°0 and 5°H values of all three tree species were the highest during
the dry-wet transition suggesting that trees shifted to using a shallow soil water-source during
this period.

The dry season values were higher than those of the wet-dry transition but remained near

groundwater values (Fig. 2.2).

Tracer experiment: hydraulic-redistribution in trees and transfer of water to
understory grass

The addition of 2HZO increased the 5°H values from plants in the spiked plots compared with

control plants averaged over all groups (P < 0.0001; Table 2.2). These differences, however,
were neither constant over time (P < 0.0001; Table 2.2) nor were they similar for grasses and
trees over time (P = 0.0018; Fig. 2.3A). There were no tree species differences and the

pattern of change in tree 8°H over time remained similar for all groups (controls, spike and
pre-spike, Fig. 2.3A and B). The differences between these groups were small except for the

wet season of 2011 where spike tree showed the highest values (Fig. 2.3).
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Table 2.2. Summary of analysis of variance for the difference in stable isotope ratio of
Hydrogen between spiked and pre-spike groups, spike and control groups, and pre-spike and
control groups. The F-tests for the differences were extracted from a larger mixed linear

model. The analysed responses are Box-Cox transformed Odds ratios.

Effects Spike Vs Pre-spike Spike Vs Control
F P DF F P DF

Tree species 1.20 0.303 2,286 2.33  0.099 2, 286
Plant functional type 466 0.0320* 1,286 1.16 0.230 1, 286
Season 8.95 <0.0001* 4,286 12.70 <0.0001* 3,286
Species x Plant functional type 0.00 0.200 2,286 0.01 0.200 2,286
Species x Season 1.60 0.123 8,286 156 0.135 8, 286
Plant functional type x Season 1.72 0.1460 4,286 4.41 0.0018* 4,286
Species x Plant functional type x Season 1.24 02747 8,286 0.36 0.9423 8,286

*P<0.05

Table. 2.3. Summary of comparisons of differences in least square means of §°H as obtained

from the repeated measures mixed linear model. The term “ftype” indicates the plant

functional type.

Group comparisons Differences P T
between LS Means
(x 1SEM)

Spike Versus Pre-spike
Wet 10 (season) 0.002 (+ 0.003) 0.650 —0.46
Wet-dry transition (season) 0.009 (£ 0.004)  0.030* -2.12
Dry (season) 0.018 (£ 0.006)  0.005* —-2.82
Dry-wet transition (season) —0.007 (£ 0.003) 0.0391* 2.07
Wet 11 (season) 0.020 (x 0.003) <0.0001* —5.69
Spike Versus Control
Wet 10 (ftype x season) Grass 0.005 (£ 0.004) 0.257 1.14
Wet-