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Abstract

Understanding of vegetation activity in an ecological setting provides insight on water balance
prediction of a catchment. This study focuses on groundwater sources of tree transpiration because this
issue is vital in catchment groundwater balances. Multiple approaches were used to determine and
analyze groundwater transpiration in La Mata Catchment of Sardon Watershed. Stable isotope tracing,
soil matric potential and sap flow measurements were combined to determine contributions of
saturated and unsaturated zone in the tree transpiration. The sap flux density was monitored using two
methods (TDP and HFD) for the whole of the dry season making it possible to determine the dynamics
of the transpiration process in the catchment. Whilst TDP was used to monitor stem circumferential
and axial variation in sap flux density the HFD was used to monitor radial variations of sap flux
density with sap wood depth.

The mean daily canopy transpiration determined for the dry season 2009 was 1.46 mm/day for Q.. and
1.03 mm/day for Q.p. The transpiration was upscaled using biometric upscaling functions based on the
biometric data collected within the study period. For partitioning of the sap flow measured at the tree
stems, groundwater was enriched by deuterium isotope and consequently the deuterium was analyzed
in groundwater, in moisture along the soil profiles and in the stem water. Two compartment mixing
model based on analyses of the results of soil matric potential was used to analyze the deuterium data
in establishing the sources of the water used in the transpiration process. The result showed 69% and
76% water uptake from the groundwater by Quercus ilex and Quercus pyrenaica respectively. The
total transpiration was partitioned into groundwater transpiration T4 and unsaturated zone transpiration
T, based on the contribution from each zones established through the deuterium isotope analysis. The
mean transpiration based on the 50x50m grid is 0.016 mm/day with 0.014mm/day and 0.002 mm/day
from Tg and Tu.

Keywords: Transpiration, Soil Matric Potential, Stable Isotopes, Mixing model, Source Partitioning
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1. Introduction and scientific background

There is an increase in water demand all over the world as population and water use per capita
continue to rise putting pressure on available resources and many areas will be experiencing water
scarcity(Teixeira, 2008). The water scarcity situation is threatening also due to continuous
contamination of water sources (Teixeira, 2008).

Understanding of the groundwater-ecosystem relation is very important in managing groundwater
resources. Tree plays an active role in water use that affects the water balance (Herndndez-Santana et
al., 2008; Smith and Allen, 1996). Further it is noted that tree groundwater use in water limited
environments (WLE) constitutes a substantial component of the transpiration flux (Dawson, 1996).
This relate to how trees adopt water uptake strategies to survive drought in WLE by developing deep
root structure taking water directly from the phreatic system and capillary fringe (Lubczynski, 2009).

Groundwater according to Fetter (2001) hold more than 98% of the fresh water resource of the world.
Since the groundwater is the hub of freshwater reserve for human activities and ecological systems, its
proper management is very crucial. Especially in the WLE where annual rainfall is lower than annual
potential evapotranspiration (Lubczynski, 2009; Simmers, 2003) the groundwater resources
management becomes inevitable.

In the WLE, groundwater is the main source of water for industrial, domestic, agriculture and
ecosystem support (Mapanda, 2003). This leads to competition among various groups of users which
can result in over exploitation and pollution. The consequence of over exploitation leads to declining
depth to water table (Dongmei et al., 2004). As a result, the ecohydrological system is affected.
Pollution of groundwater sources also affects human and ecological functions of the ecosystem
(International Water Law Project, 1989). The declining water table and pollution lead to loss of natural
habitats, as vegetation and other dependent organism die out of water stress and pollution. Catchments
are interconnected systems and for that matter, any effect in one catchment affect people and
influences ecosystems (FAO, 1995; Gourbesville, 2008b).

In order to protect and conserve the groundwater resource for the benefit of human and supporting the
ecosystem, there should be proper assessment, allocation and monitoring. The study of the
groundwater is important to understand the interdependence of groundwater system and the vegetation
(Snyder and Williams, 2000). Hence, the necessity of plans and management programs to use
groundwater systems in such a way not to deprive any section of the resource and keep the ecosystem
in balance. Groundwater monitoring is very important for policy formulation, planning and
implementation of effective management programs and conservation of the resources. The use of
hydrological models helps in better monitoring and hence understanding of the hydrological system.
Utilizing groundwater models in the monitoring and management of these water resources call for
accurate estimates of catchment boundary conditions. Evapotranspiration (ET) is one of the spatio-
temporally variable fluxes linked to atmospheric processes and is typically difficult to estimate with
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certainty. However, it is a key factors in the catchment water balance (Baird and Maddock 111, 2005;
Jin, 2009)

The role of vegetation is very important in the vertical soil-water profile and functioning of the
ecosystem and plays a crucial role in the complex hydrological cycle studies (Dawson et al., 2002;
Lambs and Berthelot, 2002; Miller, 2009; Wullschleger and Norby, 2001). The tree root system
withdrawal of soil water is responsible for transpiration leading to plant growth. The spatio-temporal
dynamics in soil moisture availability is critical in determining the vegetation and ecosystem structure
present in an area (Lubczynski, 2009). Therefore, the management and sustenance of vegetation in
water limited environments is dependent on the plants access to soil moisture and groundwater
resources available.

1.1. Problem statement

Whilst groundwater constitutes a key component in the hydrological dynamics of water limited
ecosystems (Lubczynski, 2009), the amount of groundwater contribution to the transpiration process in
La Mata catchment is unknown. Hence it is significant to measure the availability of groundwater
resources and the plants ability to acquire them for transpiration in the catchment (Burgess et al.,
2000b). It is envisaged that evaluation of the contribution from groundwater sources to the
transpiration process will enhance the understanding of the role that groundwater plays in the
transpiration process, essentially boosting ecohydrological management.

One of the variables that determines species composition of an ecosystem is groundwater depth
(Ridolfi et al., 2006). The importance of groundwater in ecohydrological management is linked to the
dependence of plants on groundwater when other water sources are depleted or overtaken. In essence,
groundwater depletion threatens many water-limited ecosystems where reduction and loss of
vegetation is as a result of groundwater decline (Lambs et al., 2002; Stromberg et al., 1996).

Groundwater level fluctuation has a repercussion on transpiration which is linked to the groundwater
balance (Baird and Maddock 11, 2005; Stromberg et al., 1996). For this reason, a good estimation in
terms of magnitude of the contribution of groundwater to the transpiration process, especially in the
dry season, is worthy of study in order to understand the role of groundwater transpiration in
groundwater balance.

1.2, Main objective

Main objective
To quantify dry season tree transpiration and groundwater transpiration in La Mata
Catchment in Spain

1.2.1. Specific objectives

a) To analyze the radial and circumferential variability of sap flux in Quercus pyrenaica (Q.p.)
and Quercus ilex (Q.1.)

b) To estimate total daily tree transpiration of single trees (7)) for Q.p. and Q./.

c) To map the tree transpiration 7 in the La Mata catchment
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d) To partition the transpiration (7)) into groundwater transpiration 7, and unsaturated zone
transpiration 7,

e) To map groundwater transpiration 7, in La Mata catchment

1.3. Research questions

Main research question:

What is the role of groundwater transpiration in the total tree transpiration in La
Mata Catchment in Spain?

Specific research questions:
a) What is the radial and circumferential variability of sap flux density in Q.p. and Q./. species?
b) What is the mean daily volume of water transpired by each tree species?
c) What is the spatial variability of tree transpiration 7in the La Mata catchment?
d) How can isotope tracing and soil matric potential be used to partition the individual tree
transpiration (7;) into 7,and 7,7
e) How can 7,be upscaledin the La Mata catchment?

1.4. Hypotheses

The following hypotheses were formulated in order to meet the above set of objectives:

1. The contributions of water sources of tree transpiration of Q.p. and Q./. can be determined by
deuterium groundwater enrichment, stem sap flow measurements and subsequent
deuterium measurements of groundwater, soil and sap flow.

1.5. Assumptions

The following assumptions were made in order to apply the methods adequately:
1. There is no isotope fractionation during root water uptake of plants.
2. Groundwater recharge (R) in dry season is zero.
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2. Study area

2.1. Location

La Mata catchment is part of the Sardon catchment in the Province of Salamanca in Central Western
Spain in Figure 1. The study area lies on the coordinates of 738900W longitudes and 4553700 N
latitudes of datum ED 1950 UTM zone 29. The Sardon catchment is the lower part of the Rio Tormes
catchment within the Iberian Peninsula. Extensive work on this catchment had been done by water
resource department of ITC. It is a water-limited environment with low human activity.

The area is about 4km from the Ledesma Highway and it is connected by feeder road from Trabadillo
to the highway.

This study focused on La Mata area within the main Sardon catchment at the northern section close to
the outlet of the Sardon River. It forms part of the discharge zone of the Sardon catchment bounded at
the west by the Sardon River and in the other directions by the watershed boundary, ~ 4.1km? size in
area.

Ti9000 739600 740200 T40800 T4i400
1 1 1 1 1

Stand usedin
the analysis ] —g

Loww - T34 4

O IS3D 4 83D 84D 1:34.000
beters  Citrm: ED_1650_UTM_Zoew_20
T T T T T
139000 133600 T40300 T40800 TH400

Figure 1: La Mata Catchment
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2.2. Previous studies

La Mata catchment as part of Sardon catchment, has been studied intensively in the fields of geology,
hydrology and ecohydrology through data integration of various measurements.

“The adata sources and methods included: remote sensing solution of

surface energy balance using satellite data, sap flow measurements,

chloride mass balance, automated monitoring of climate, depth to

groundwater table and river discharges, 1D reservoir modeling, GIS

modeling, field cartography and aerial photo interpretation, slug and

pumping tests, resistivity, electromagnetic and magnetic resonance

soundings’ (Lubczynski and Gurwin, 2005).

Lubczynski and Gurwin (2005) in their study using transient model for the period spanning 1996 —
2000, arrived at the groundwater recharge of 0.3 — 0.5mm/day in the wet season whilst the dry season
at no recharge. In the same study, the groundwater evapotranspiration, consisting of groundwater
transpiration and groundwater evaporation, was reported for the dry season as 0.55 — 0.80mm/day and
less than 0.05 mm/day in the wet season. The geological structure and characterization of the granitic
basement were completed in the study of Attanayake (1999) and (Tesfai, 2001). In his study
Attanayake (1999) reported of two major lithological units in the area namely megacrystic granite and
peraluminous granitic rocks.

2.2.1. Geomorphology and topography

Most of the Sardon area has a gentle undulating type of topology characterized by alternating ridges
and valleys. The topography is such that the southern portion is relatively steep with the middle
portion flat and low-lying with the area west of the river having more gentle topography. The major
drainage channel in the central part of the catchment has the lowest elevation with other tributaries
also low-lying. The altitudes vary from 840m a.s.l. (at sea level) to 730 m a.s.l. from the southern
section to the northern part respectively (Shakya, 2001). In La Mata catchment the land surface slope
ranges from 0% minimum to 33% maximum. The low lying areas mostly along the river channel have
slopes in the range of 16-33% whilst the high altitudes around the catchment boundary are almost flat.
The significance of this is related to erosion.

Shakya (2001) indicated that the area is characterized by poor drainage system. Erosion is mainly
caused by streams resulting in valleys and depressions which are the wetter parts in the catchment.

In the Mata area, the western boundary lies along the Sardon River in the central valley of Sardon area
which constitutes the low areas and the south-eastern boundary forms the upland areas.

The area is marked by outcropping of massive non-fractured rocks. The valleys along the river banks
are made of thick deposits of alluvial and colluvial materials(Lubczynski and Gurwin, 2005)

2.2.2. Climate and hydrology

The study area is characterized by low precipitation (average 20 mm/month) and high temperatures
(average 22°C) during the summer with very high potential evapotranspiration (5mm/day),
(Lubczynski and Gurwin, 2005) typical of water limit environments (WLE) (Cubera and Moreno,
2007; Simmers, 2003). Mostly the high precipitation period is very short and is in November to
December with the precipitation figures above 100 mm/month. The mean annual precipitation record
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of 23 years for six stations of Spanish Meteorological Institute was 500mm/yr and the mean monthly
precipitation less than 20mm/month (Lubczynski and Gurwin, 2005).

Usually, the warmest months are August-September with daily temperatures going above 35 °C and
the average monthly summer temperature about 22 °C. The low temperatures are recorded in the
month of January — February with average monthly winter temperature around 5 °C. The potential
evapotranspiration is very high exceeding the annual rainfall with the average value of 5 mm/d
(Lubczynski and Gurwin, 2005).

La Mata stream drains into the Sardon River which flows into the Rio Tormes River. Apart from La
Mata stream, there are many other networks of streams in the area, which are drained into the Sardon
River. The peak flow of the river is in April — May and November — January (Shakya, 2001). The
Sardon River mostly dries up from middle of June to middle of October (Shakya, 2001). The Sardon
River is noted to recharge quickly during the rainy season due to high runoff process aided by low
retention capacity of the highly permeable unconsolidated top layer (Shakya, 2001). During high
intensity rainfall, the direct runoff process is high both in the surface and the subsurface.

The presence of fractures, gentle slope of terrain and the weathered layers in the valley and loose
alluvial material promotes infiltration nonetheless much of the rain water evaporates or flows out
(Shakya, 2001).

2.2.3. Geology and soil

The Sardon catchment forms part of the Iberian massif which is underlain by granitic rocks with quartz
dykes intrusions. Shakya (2001) reported granite weathering characterized by deep weathering in the
valleys and outcrops in the hilltops in the Sardon Catchment (refer to Figure 3).

The geological study carried out in the Sardon area by Attanayake (1999) categorized the lithological
units into two: mainly peraluminous leucogranitic and megacrystic granite based on Salamanca-
Zamora regional lithological unit. The two-mica granite forms 70% and the megacrystic granite forms
15% of the area.

The geology is made of schist and granites at the south and granites at the western and the northern
part whilst the eastern part is mainly quartzite filled fractures.

2.2.4. Vegetation and land use

The vegetation of the La Mata area is composed of natural vegetation, dominated by Quercus ifexand
Quercus pyrenaica tree species. The Quercus pyrenaica also locally known as melojo oak, is an
indigenous species in the Iberian Peninsula. The Quercus pyrenaica leaves have smooth margin that
are lobed and 10-15cm length, besides they do not easily fall even in severe conditions (Wikipedia,
2009 -b). The acorns produce by the tree is oblong in shape and measure about 1.5-3cm. (Exploring
the World of Trees, 2009 (access yr)). The Quercus pyrenaica is known to have a dense root system
up to 60cm and a tap root system reaching deep into the soil for exploring deep layer soil water and
shallow groundwater to survive summer water deficits (Hernandez-Santana et al., 2008; Lubczynski
and Gurwin, 2005; Silva et al., 2003; Silva and Rego, 2004).
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The Quercus ilex also known as Holm Oak and locally as encina oak, is a medium to large tree
depending on the growing condition and it is indigenous to the Mediterranean region. The mature trees
usually grow to a height of 20-27m and multiple branches round crown (Wikipedia, 2009 -a). Mostly,
Quercus ilex is noted for forming cluster forest in the sub-humid regions though grows well in all bio-
climates (Brereton et al., 2009). This species is known to survive harsh climatic and soil conditions but
slow rate of growth. It has evergreen foliage; leaves are leathery, dark green above and grayish
beneath and of variable shape which lose their spikes as they grow older (Wikipedia, 2009 -a). The
mature leaves are 4-8 cm long and 1-3 cm broad having short hairs beneath and it is in leave all year
round. The leaves take 1-2 years to fall after new ones are formed. The bark of the tree is blackish with
fine square-fissures (Brereton et al., 2009). The Q.7 tree flowers in May — June and bear acorns in
September — October which is about 2cm long which takes 6months to mature and are bitter testing.
The acorn is green when young but reddish brown when it is ripped. The acorns are edible and serve
as source of food for Serrano ham (Ontiveros, 2009).

The canopy area covers 19% of the study area with Q./. covering 12% whilst Q.p. covers 7% of the
area the rest of the area is composed of shrubs and grass. Natural woody-shrubs dominated by Cyticus
scoparicus locally known as escobar or Scotch Broom sparsely dot the area with grass and weeds
typical of water limited environments available making the area viable for livestock production
(Shakya, 2001). Cyticus scoparicus is noted for invasion by spreading to the territories of grasses and
young trees to form a pure stand (Lubczynski and Gurwin, 2005).

Crop production activities are limited in the area as the topsoil is shallow. Irrigated agriculture is
carried out at the upper catchment close to the watershed boundary of La Mata.

2.2.5. Hydrogeology

The granitic composition of the area generally controls the hydrogeology of the catchment
(Lubczynski and Gurwin, 2005). The weathering and fracturing processes plays a major role on the
hydrogeology of the catchment.

In addition the fault system (Figure 2 & Figure 3) in the study area influences both the regional and
the local hydrogeological flow system (Uria Cornejo, 2000). The depth to water table in the area is
shallow in the valley varying from (0-3) m to about 5m at the upper limits of the catchment (Shakya,
2001). The groundwater flow regime is towards the fault drainage line lying along the Sardon stream.
Weathering and fracturing of the granitic basement rock influence the hydrogeology of the area.
Consequently, three layers had been reported in this area made of weathered granitic rocks at the top,
fractured granitic rocks and alluvial deposits and massive impermeable rocks at few meters to about 60
m b.g.s (Attanayake, 1999).
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and Gurwin (2005)

20



3. Materials and Method

3.1 Materials and Equipments

The materials used for data acquisition during the field campaign include the following: Cobra corer,
sap extractor, portable fridge (cooler), suction pump, Garmin GPS (Garmin International), Granier Sap
Sensor (Dynamax Lincoln, NE), HFD Sap Sensor (ICT), Delta-T Data logger (Delta-T Devices Ltd)
and Campbell Data logger (Campbell Scientific USA).

3.2 Methods

The outline of the research process is as shown in the flowchart in Figure 4.

Problem
Definition

1

Literature Research Research
Review Objectives Questions

|

Research
Method

Desk Study/ et

Data < Collection > Field Data

Collection

v v v

Meteorological/
Physiographic
Data

—

v v

e Data Processing [« BEER
Preparation 9« Preparation

Results

Sap flow and
Biometric data

Isotopic Data/

Satellite Images Matric Potential

v

Discussion
> Conclusion
Recommendation

Figure 4: Flow chart of the research process

The research process runs through problem definition, objectives and questions with literature support
leading to the methods and the data requirements to achieve the objectives Figure 4. These processes
lead to the data processing, results, discussion, conclusion and recommendation
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Figure 5: Flow chart on method and steps

In order to define and quantify the tree groundwater uptake mechanisms, two methods have been
combined. These methods are: sap flow monitoring, and stable isotopes tracing combined with soil
matric potential. The methods and steps are enumerated in Figure 5.

This involved sap flow measurements in addition to biometric data collection which were used to
estimate the transpiration (refer to Figure 5). The soil matrix potential measurement is to identify the
depth in which water is available in the soil profile for the plants and combining this with stable
isotope measurements to discretize the zones where the plants source water for the transpiration.
Consequently applying source partitioning mixing model, the fractional contribution from each zones
were estimated as detailed in subsequent sections.

3.2.1. Sap flow monitoring

There are various approaches in assessing tree transpiration. These approaches are based on
thermodynamic, electric, magneto-hydrodynamic and nuclear magnetic resonance (Cermak et al.,
2004).

In this research, the heat field deformation (HFD) method (Nadezdina,1991) quoted by Cermak et al
(2004) is used in addition to the thermal dissipation method (Granier, 1985).
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TDP

Thermal dissipation method effectively determines the occurrence of sap flow in the xylem and
estimates its velocity (Ziegler et al., 2009) also know as sap flux density. It is based on comparison of
temperature between two probes radially inserted into the xylem (Burgess et al., 2000a; Smith and
Allen, 1996). The TDP probes use two cylindrical thermocouples for measuring the temperature. The
upper probe is heated whilst the lower is at the ambient temperature of the tree. The thermocouples
thus measure the temperature difference between the two probes (refer to Figure 6). The sap flux
density measured in the xylem with Granier-type sensors represents the flux averaged over the 2 cm
sensor length (Oren et al., 1999).

If there is no change of sap storage along the stem, the tree transpiration 7;is equivalent to the sap
flow Q,, i.e. ;.= Q;and

Qs:V"A& 1

where Q is typically in cm®h, v is the sap flux density in cm*cm?/h and A, is the sapwood area in

cm?.

Sap flux density (TDP)
The sap flux density in TDP method is derived by the following formula:

dT_ —dT |
Vv =118.99x1078| —omax — 27 )
dT

where dTnax is the maximum daily temperature change in °C recorded at zero flux and dT is the
temperature difference °C recorded at a given velocity.

The TDP for sap flux density measurements consists of a pair of needles of 2mm diameter and 2cm
long. The installations was done on a tree with well formed stem by part removal of the tree bark and
drilling two axial holes with 10cm separation into the tree one above and one below at about 1.3m
above the ground. In case of all other trees monitored with just one sensor, this was installed at the
northern side of the tree to avoid direct solar radiations affecting the result (Lu et al., 2004;
Woullschleger and King, 2000). Aluminium tubes were inserted into the drilled holes. The probes were
finally wrapped in silicone gel to improve thermal conductivity and inserted into aluminium tubes.
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Figure 6: Typical Arrangement of TDP in a tree, source: (Mapanda, 2003)

A sunshield was used to cover the probes and it served dual purpose, as protection against direct
sunray and rainfall. The TDP sensors were connected to the Campbell Data Logger which was
programmed to give 30 seconds sampled of the temperature difference dT averaged and stores at
10min interval. The system was connected to 12 volt power supply source which serves as the power
supply for the heater probe using 0.2W of continuous energy supply.

The sap flux density measurements field campaign started 12 June (Leonardo Reyes Acosta) and
lasted till September 2009. Six pairs of TDP were used to monitor Q./7. and Q.p. each; three pairs in the
north facing side, one pair in the eastern, western and southern directions recording 30s time step. In
the north facing side, the first sensor was installed close to the crown at the first branch, the second
one at 1.3 m a.g.l and the last one at 0.3 m a.g.l. In the other directions, the sensors were installed at
1.3 m a.g.l. It was later noted that three of the sensors in Q.p. were malfunctioning and were
disconnected on 23 July leaving only three in the northern, southern and western directions. During
the September 2009 field campaign, sap flux density was measured in additional three Q.p. with TDP
sensors from 06/09/2009 to 13/09/20009.

The sap flux density data processing was done by first checking the consistency of the data. This was
done by plotting the temperature differences (dT) for a number of days. The maximum temperature
change, dTm.x was determined for each day. The 20 min and 30 min dT were then averaged to the
hourly dT for all the six TDP pairs of Q./. and three TDP pairs for Q.p. and for the single sensor
measurements done on three additional Q.p. The obtained sap flux densities were further aggregated
into the daily averages.

Sapwood depth and sapwood area (Ay)

The sapwood is the part of xylem between the cambium and the heartwood (see Figure 9), consisting
of treachery elements and parenchyma ray cell (Lu et al., 2004). The sapwood is the living area of the
tree that serves as conduit for transport of water and minerals for the tree (Wullschleger and King,
2000). That is for sap flow analysis of a tree; the sapwood area needs to be estimated in other to
calculate the total sap flow for a whole tree (Lu et al., 2004). The sapwood area depends on the
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growing stage of a tree and is also species dependent. Sapwood area (A) estimate is critical in any
assessment of sap flow as indicated by Equation 1.

The sapwood identification is easy in trees which form distinct heartwood with coloration such as Q.p.
More difficult is Ay estimate in trees with heartwood not differentiated by colour; for example in Q./.
the younger trees do not show distinct sapwood coloration. However, according to Lu et al. (2004)
heartwood coloration boundary alone is not reliable indicator of sapwood boundary. Generally, in
some species, it is impossible determining the boundary between sapwood and heartwood (Lu et al.,
2004).

growth rings
early wood
late wood

heart wog
sap wood

vascular rays

— secondary
phloem

periderm

a) the structure of tree trunk : source b) Measurement of sapwood depth
(www.bcb.uwc.ac.zalecotree/trunk/wood/anatomy.htm)

Figure 7: a) Structure of the tree stem b) measurement of sapwood depth

In this study the sapwood depth was measured by taking samples from the tree using a Presler corer.
The bark of the tree (usually 1cm for Q.7 and 1.5cm for Q.p.) at breast height was chiselled out and
the corer was driven into the tree by given it a right screw turn. With about 20 turns, about 10 cm of
wood was taken from the tree. The sapwood section was identified by adding methyl orange to the
core taken to enhance differentiation of the sapwood from the heartwood based on visual examination.
A veneer caliper was then used to measure the sapwood depth Figure 9b.

The cross-sectional sapwood area was computed from the stem diameter at breast height, sapwood
depth and bark depth using the relation:

szﬂ'(%—rj —ﬂ(%—Xj 2

Where A is the sapwood area in cm?® and D is the diameter at breast height in cm, r is the bark depth in
cm and x is the sapwood depth in cm.
The estimated bark radius r is 1.0 cm and 1.5 cm for Q.7 and Q.p. respectively.

HFD
In the HFD, the deformation of a heat field around a heater needle inserted radially in the stem is
measured (Cermak et al., 2004; Nadezhdina et al., 2002; Nadezhdina et al., 2006). The HFD method
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uses four needles of 1.5 mm diameter, which include one heater and three sensors. The heater is 110
mm length whilst the sensors are 200mm length with 8 measuring points (thermocouples). The upper
and the lower sensors measure the symmetrical temperature difference (dTs,m) whilst the side sensor
measures the asymmetrical temperature difference (dT,) (ICT, 2009). Sensor arrangement is shown is
Figure 7 & 8.

This method had been applied in various studies of whole tree transpiration and root water uptake and
redistribution (Gartner et al., 2009; Nadezhdina et al., 2006; Nadezhdina et al., 2004) and in plant
water storage (Verbeeck et al., 2007). The HFD method is good for analyzing the variability of sap
flux density with sapwood depth.

The HFD method measures the temperature difference dT of the sapwood using thermodynamic
technique. The dT is measured both symmetrically (in the axial direction, above and below) and
asymmetrically (in the tangential direction or to the side) around a line heater (Figure 7 & 8). The
heater is heated using a current of 50mA which produces an elliptical heat pattern under condition of
zero flow. With sap flow, the elliptical heat field is deformed and elongated. The bidirectional flow
and very low flow measurements are given by the symmetrical temperature difference (dTsm). The
medium to high magnitude flow rates are given by the asymmetrical temperature difference (dTg)
(ICT, 2009). In Figure 7 the temperature difference dTsn is between the upper and the heater probe for
the forward flow and between heater and lower probe for the reverse flow. The temperature difference
dT,s is between side sensor and heater probe.

Upper sensor
-

- 2 H 1.5cm

"
heater probe - - - side sensor

. \;
o

a.5cm

Z .= axial distance
Z.. = tangential distancyg

1.Scrm

lower sensor

Figure 8: Schematic arrangement of HFD probes

The HFD technique uses the ratio of differentials to calculate sap flow. The equation used for the
calculation is given as

K +dT,,, —dT
v, =3600D Zec 1 [ BT om 7 e
aT,,

tg SwW

Where v; is sap flux density in cm®cm?/h at position 7 and the 3600 is used to convert second to hour,
D is the thermal diffusivity of fresh wood in cm?/s, Z, is the axial distance in cm, Zyg is the tangential
distance in cm, Ly, is the sapwood depth in cm, d7,, and dT, are symmetric and asymmetric
temperature gradients respectively, K is the absolute value of d7,:(1CT, 2009).
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The value of dTs, gives zero flow; flow direction for the positive and reverse flow conditions are
calculated from temperature gradients dT,s and (dTsm-dTss) (Nadezhdina et al., 2006; Nadezhdina et
al., 2008).

In the period June — September, the HFD was used to monitor sap flux density in three Q.7 and two
Q.p. The measurements for Q./. were done in: 23 Aug — 4 Sept, 14-18 Sept and 18 — 24 Sept and for
Q.p.in: 24 Jul — 29 Jul and 4 Aug — 14 Aug. However the readings 18 — 24 September were not good
because of logger programming problem.

Installation of HFD
The procedure followed in the installation of the HFD sensor includes partial removal of the bark of
the tree and attaching the HFD jig with Velcro strap to hold it in position. Four holes were drilled
slowly into the tree according to the jig starting with the lower hole then to the upper hole, followed by
the side holes. The jig is to ensure a good alignment for the holes to keep the holes parallel into the
tree. A sleeve in the jig was removed and the process continued until the final drilling when the drill
was removed completely.

SENsor

L, heater

L0 | /

a) Typical arrangement of HFD sensors

b) Elliptical deformation of heat filed (Taken
from ICT Manual)
Figure 9: HFD: a) typical installation of HFD sensors; b) deformation of heat field

In every HFD installation, first an aluminium tube was inserted into each drilled hole. Next, the
needles (sensor and heater) were covered in silicone gel to enhance conductivity and inserted into the
aluminium tubes in the holes. Afterwards system was connected to the powers supply consisting of
battery, solar panel and charge regulator. The data was controlled and downloaded from the SMART
logger (ICT).

The sap flow data collected using the HFD was processed using the sap flow tool software by ICT
(2009) base on Equation 4 calculating the sap flux density for each sensor. The data is checked for
biased data which were removed and new values interpolated to fill the gaps.
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3.2.2. Spatial representation of tree transpiration T

In upscaling, information is collated on a smaller spatial scale and integrated it to derive information at
larger spatial scale (Mapanda, 2003). Upscaling can be done using two procedures: field measurement
of scalars i.e. stem area that is correlated with the upscaled parameter and use of remote sensing to
retrieve scalars such as canopy area (Lubczynski, 2009).

In order to access the spatial variability of tree transpiration in the study area, characteristics of the
trees in the area were collected for establishing biometric relations to correlate them with sapwood
area and further use them for upscalling according to biometric upscalling functions.

Biometric Data

An inventory of biometric data of both Q.7 and Q.p. was done in the La Mata catchment in order to
develop allometric relations for upscaling of the sap flow measurements. The trees selected for
sampling were chosen to cover various sizes of trees available in the catchment.

The parameters sampled include diameter at breast height (DBH), height at first branching (HB),
Height to crown top H;, Sapwood depth (x), and Canopy coverage (C.). All the parameters were
obtained to give a wide range description to the characteristics of the trees. All sampled trees were
identified on the QuickBird image in the field and additionally their coordinates were recorded using
Garmin GPS handheld receiver operating in differential mode.

Biometric Upscaling Functions

The field biometric data was analyzed using correlation analysis in which the sapwood area was
correlated with the canopy area and stem area to establish a relation among them. The scalar with good
correlation among them was used in defining the species dependent biometric upscaling function
(BUF). The BUF is used to upscale the sap flux into the catchment.

Canopy transpiration flux rate Tc (normalized sap flow)
The canopy flux rate is computed based on the relation

V.
T, = A 3
A
Where T, is the canopy flow rate in cm/h, v is sap flux density in cm®cm?/h, A, is sapwood area in
cm? and canopy area A in cm?.

Stand transpiration and catchment transpiration
The stand transpiration is

T ;VQ.ifi 'AxQ.ifi + 'Z=l:VQ.p,i 'A&Q.pfi
o A

Where T is the stand transpiration cm/h, vo;_iand v, sap flux density in cm®/cm?/h of Q.7 and Q.p.,
Axqii and Aqp-i, Sapwood area cm?, Aq stand area in cm? and n is number of trees in the stand.
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The catchment transpiration is

n n
ZJ;VQ'ii 'AXQ-ii + Z:L:VQ-pi .A(Q-pi
Tca = = = 8
Aca
Where T, is the stand transpiration cm/h, Vg and Vo, sap flux density in cm*cm?/h of Q.i, A
and Ayqp-i , Sapwood area cm?, A, catchment area in cm? and n is number of trees in the catchment

3.2.3. Soil Matric Potential Measurement

An important variable in determining water availability to plants is soil matric potential (Gonzélez,
2001). In order to extract water retained in the soil, plant roots have to overcome the force by which
water is held in the soil. Above a certain threshold (wilting point), the plants are unable to extract
water from the soil. In this study it is assumed that zones with matric potential greater than -1.0MPa
are an adequate water source for the plant (Walker et al., 2001). It is therefore important to know the
matric potential of the soil in determining the zones from which plants source their water. The matric
potential therefore complements other data sources in ascertaining the zones from which plants source
their water.

Soil matric potential representative of the layers under natural conditions were determined in profile at
four different depths of the soil. The idea was to determine a representative value of the soil matric
potential without sample variations in the moisture content of the soil.

Three different locations were used as sampling points: under the canopy of a Q.p., a Q.7 and in a bare
soil area. In the location around the Q.p. and Q./. the samples were taken along north-south transects
(Figure 11). The first point in the transect was located half the radius of the tree canopy and the second
at the edge of the canopy. The third point was out of the area of the canopy of the tree in both
directions. The sampling was carried out using 10cm diameter hand auger at the depths of 25cm,
50cm, 75cm and 100cm at each point. The samples were taken and kept under sealed and frozen to
minimize evaporation from the sample.

The soil matric potential was measured in the lab using a WP4 device (Decagon Devices Inc. Pullman
Washington, USA) with a range of 0 to -300MPa.
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Figure 10: Diagram of the sampling transect for the soil water potential profile under the tree.

3.24. Stable isotope tracing

The stable isotope tracing method is applied in combination with the soil matric potential. Previous
research showed that the combination of stable isotope techniques and sap flow measurements presents
a powerful tool to assess groundwater use in tree species (Cramer et al., 1999). This study uses both
the natural abundance isotope data and deuterium enrichment.

The (°H and *®0) are naturally occurring stable isotopes which are abundant in the soil. These stable
isotopes had been used as non-radioactive tracers and non-destructive integrators of ecohydrological
interaction. Within the past decade the use of stable isotopes to study how plants interact with
groundwater had improved steadily (Dawson et al., 2002). The method had been used in identifying
the various water uptake zones of plants (Burgess et al., 2000b; Schwinning et al., 2002; Thorburn et
al., 1993) i.e. assessing whether trees use groundwater during the dry season or not (Lamontagne et al.,
2005).

Under the applied tracer method, the assumption is that the isotopic composition of the source does not
change as it is extracted by the plant. For this reason, if the plant obtained all its water from a common
source, the isotopic composition of the plant water and the source water should be similar (Walker et
al., 2001). Thus the isotopic composition should be mixture of composition from various
compartments in case of use of several sources (Brunel et al., 1997).

The isotope composition is expressed as a ratio of heavy and light isotopes denoted in standard delta
notation (6°H) in parts per thousand (%.) relative to Vienna Standard Ocean Water (V-SMOW). The
isotope ratio is express as:

R
O%H = || —=2m | _1|1000%o0 4

RV7$MOW

Where &°H is the deuterium ratio in part per thousand, Rempie is the ratio of heavy and light isotopes
sampled and Ry.smow iS the standard isotope ratio.
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The use of water of artificially enriched deuterium had been employed in water uptakes studies with
good results. In their studies, Ehleringer and Dawson (1992), Lambs et al. (2002) and Walker et al.
(2001) applied this method in the studies of water sources and uptake zones of plants.

In this study, an independent tracer of enriched deuterium composition was applied to the ground
water. If plants take up groundwater, after the deuterium enrichment of groundwater, this is signified
by subsequent stem sap water enrichment proportional to groundwater contribution.

The stable isotope deuterium composition before the tracer application was checked by taking samples
from the soil and the xylem. The soil samples were taken from the location about 3m away from the
tree trunk, at four different depths of 25cm, 50cm, 75cm and 100cm. The samples were taken using
Cobra auger and samples were sealed and put in cold storage to avoid evaporation. The corresponding
stable deuterium composition in the xylem was also measured by sap extraction from the cores taken
from the stem using Presler corer. Seven cores were taken from the tree which gave enough quantity of
extracted sap (3ml). The sap was extracted using a field sap extractor.

The sap extractor is a hydraulic press system made up of a cylindrical extraction chamber, a piston and
a pressure gauge (Lambs and Berthelot, 2002). The extracted sapwoods broken into smaller pieces
were put in the chamber and the top closed with the piston. This is then connected to the hydraulic
press and a pressure applied manually using the handle. The maximum pressure attainable with this
press was 70MPa (Lambs and Berthelot, 2002). Usually, the sap starts flowing at attainment of 20MPa
and continues to flow as the pressure is increased to 65MPa.

The experiment was carried out on selected trees of Q./. and Q.p. In the experimental setup five
piezometers tapping groundwater, were installed in both locations. This was to ensure that the
deuterium injected reached the water table directly an uniformly. The depth to the water table in case
of the two trees monitored was about 110 m. Four of the piezometers served as injection piezometers
whilst the fifth one was the monitoring piezometer. The arrangements of the piezometers were in the
four cardinal points, 2m away from the tree whilst the monitoring piezometer is 1m from the tree as
shown in Figure 12.

The four piezometers were injected with 30 litres of deuterium rich water (+1300 dH-2 [%o] aprox. ) of
10 litres a day for three consecutive days. The injection was done using 3 mm rubber hose with a
length extending into the water table with a regulator connected to 900 ml bottle. The bottles were
filled with the deuterium rich water and the hose was passed through the 3.5mm hole cut in the cap
used to close the top of the piezometers. The water was released into the piezometers by adjusting the
regulators. The injection was done in drops in order not to induce sudden increase in the water level in
the piezometers.
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Figure 11 : typical arrangement for deuterium tracer test under a tree

After completion of the third injection, 24h deuterium monitoring began. This was done by sampling
water from the monitoring well using suction cups and a vacuum pump. While taking the water
sample, seven sapwood samples were also taken with a Pressler corer. They were quickly put in test
tubes and closed with caps and stored in a freezer to avoid evaporation. The sap from the sapwood was
extracted using hydraulic press system. The extracted sap was put in a test tube sealed with paraffin
and stored in the freezer on the field to avoid evaporation. The sampling process was repeated at 3h
intervals for 24 h. From 9:00 pm until 8:00 am, only the groundwater was monitored as earlier data
collected during the field work shows that transpiration was zero during this period. Then in the
morning at sunrise the procedure continued with the sap and groundwater monitoring till 11am.

The sampling of the sap and the groundwater continued for one week on daily basis with each sample
taken at 11am each day. The samples collected were then sent to the lab for analysis and determination
of the deuterium signature and level of composition. The extraction of the water from the soil was
done by azeotropic distillation. The deuterium analysis was done using continuous-flow isotope ratio
mass spectrometry by Iso Analytical, UK laboratory.

The result of the deuterium compositions in the samples were analyzed using end-member mixing
model (Snyder and Williams, 2000). Due to the stable isotopic signature of sap-water and of the
saturated and unsaturated zone, the soil matric potential was used to partition various water sources.
The mixing model relation (Dawson et al., 2002) is:

o, =f,o0,+@0-f,)5, 5
_(6.-4)) 6
’ (5g _5u)

Where £, £, fractional contributions from the groundwater and unsaturated zones, and the &, 6, and &,
are the isotopic ratio composition from sap-water, saturated and unsaturated zones respectively.
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In estimating fractional components from each zone, it was assumed that the 6,was invariant within
the monitoring period. The mean value from the possible unsaturated zone was assigned as 6, in
computing the fractions. According to Kendall and McDonnel (1998) there should be a difference of at
least 10%o to warrant a split of zones. For this reason the unsaturated zone of water availability for
plants was assigned as one zone. From this the transpiration has been partitioned into saturated and
unsaturated zone transpirations.

3.25. Spatial upscaling of T

The fundamental element in transpiration upscaling is the assessment of individual tree transpiration
and species dependent upscalling functions (Mapanda, 2003). Following the isotopic partitioning of
transpiration into the Tg and Tu, for each species, Tg was mapped into the catchment using BUF and 7
derived per species. The BUF was used to derive the sapwood area from the canopy area retrieved
through RS and GIS application over the QuickBird® image, while 7 to define species dependent
contributions of Tg in the total tree transpiration.
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4. Results and Discussion

Plants take water from unsaturated or saturated zones depending on the hydrological setting and the
adaptation mechanisms of the species present in the catchment (Lubczynski, 2009). Direct tree root
tapping from aquifer system influences the groundwater balances (Snyder and Williams, 2000).
Knowing where the plants source water used for transpiration, opens the way to understand better the
not only tree physiology but also its hydrological importance.

4.1. Sap flow Analysis

HFD Sensor Sap flow

The TDP method measure sap flux density (SFD) at two centimeters only. Various investigations
showed that the SFD varies with sapwood depth (Kdstner et al., 1998; Lu et al., 2004; Tateishi et al.,
2008; Waullschleger and King, 2000). The results from HFD show the variation in the SFD with depth,
in accordance with studies of (Cermak et al., 2004; Nadezhdina et al., 2004; Wullschleger and King,
2000). In the study of Wullschleger and King (2000) they hypothesized that “the fraction of sapwood
functional in water transport would decrease as either stem diameter or sapwood thickness
increased’. The highest sap flux densities are usually in the outer sapwood contributing most to the
whole tree sap flow. As depth increases, sap flux density usually decreases towards the heartwood.
However, the variation in SFD with depth is not linear (Wullschleger and King, 2000).

The DBH measured in the field for Q.. analysed in this study was 28.0cm and sapwood depth 6.5 cm.
In Q.7 the variation of sap flux density with sapwood radial depth showed a pattern different from the
above hypothesis. The high flux density was rather towards the inner sapwood. This was evident in
mean sap flux density taken at the peak SFD period (12h — 16h). In Figure 12 (a, c) the pattern for the
1 day mean and that of 12day mean are almost equal. The most active part of the sapwood in Q./. is the
5.5cm and 6.5cm as much of the flux density is routed through this zone. There is no direct
relationship between the sap flux density and sapwood depth, disagreeing with Wullschleger and
King’s (2000) statements.

The Q.p. analyzed in this study had 43.0 cm DBH and sapwood depth of 5.3 cm. The radial sap flux
density pattern was different than that of Q./. It followed the hypothesis of Wullschleger and King
(2000) i.e. much of the sap flux density was concentrated in the outer sapwood and decreased towards
heartwood. The majority of sap flow was concentrated within the first 0 — 3.5 cm (Fig.12). The
relation of SFD with depth was not linear and could well be fitted with an exponential function as
indicated by Késtner (1998) or a log function (See Figure 12 ¢ & d) with (R? = 0.9). The obtained
results indicated the radial variation of SFD with sapwood depth might be species dependent. The sap
flux density - sapwood radial variation pattern shown by both species diverge clearly from each other
as shown in Figure 12. In my opinion, this divergence might be attributed to the anatomical structure
of the sapwood for each species.
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1 day mean variation of flux density with sapwood depth (Q.i.)
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Figure 12: Radial variation of sap flux
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Figure 13 and 14 showed the 3d view of the variation of SFD within the various sensing depths. The
6.5 cm and 0.5 cm depths turned to be critical while comparing SFD of the selected Q.7. and Q.p.
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Figure 13: Variation of sap flux density with sapwood depth in (Q.i.)
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wariation of SFD with sapwood depth (Q.p.)
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Figure 14: Variation of sap flux density with sapwood depth in Q.p.

TDP Sensor Sap flow

The TDP sensors connected to a CR 1000 Campbell Logger, were installed to check circumferential
and axial sap flux density variations in the stem. Figure 15 shows the circumferential and axial
variations in sap flux density in a Q.7 The sensor connected close to the ground showed the highest
peak sap flux density 31 cm*/cm?h on day 209 10:00 am whilst the one connected to the first branch
level the lowest peak flux density is 9cm®cm?h day 206 at 2:00 pm. The diurnal variation of sap flux
density follows the same pattern in all direction increasing sharply in the morning and reaching the
peak at the midday.

It could be assumed that high peak sap flux density recorded by the sensor close to the ground is as a
result of ambient temperature around the ground level. The sap flux density decreases towards the
crown. The east facing sensor at 1.3m (breast height) also recorded highest among the directions of
east west, south and north. The main cause of circumferential variation is direct exposure to sun ray
(Lu et al., 2000). Circumferential variation is influenced by tree separation (Lu et al., 2000).
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Vertical Variation of SFD

—C_level G_level Morth
40
35 A
30 A

ﬂ
|

2 g || \I | (f".,\ ll.“w..m\ll |‘ \Il (\/"\\ |||I"il"‘-.wlﬁl1 }Inx
W’MJ \', , | -, V\\,j

- -
20400 20500 206.00 207.00 208.00 209.00 210.00 211.00  212.00
DOY

P

SFD (em3/em2/h)
]
o]

—h
Lo T B =
|

Circumferential SFD variation

—  East —— West South Nurth|

25
£ 20 |
E ' A
8 15 - / i
2 | ¥
£ 10 - \ - |
o ]
w2 ;

0 . . : : .

20400 205.00 206.00 207 00 208.00 209.00 210.00 211.00 212.00
DoY
Figure 15: Axial and circumferential variation of sap flux density of Q.i. as measured by TDP

The average sap flux density for Q./ of the six sensors for Julian day 205 to Julian day 211 of June
2009 is as shown in Figure 16. This resulted in a maximum peak of 15.3cm*cm?/day at midday and
the minimum was zero within this period.
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Figure 16: Integrated 30 min — hourly sap flux density for Q.7 in June 2009 as measured by TDP
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In Figure 17, the average hourly sap flux density for the months of June, July, August and September
is presented with the month of August showing a higher peak of 13.8 cm3/cm2/h for Q./. and
12.5cm3/cm2/h for Q.p. The flow of sap flux delays in the months of September as it starts flowing
after 8:00 hours whilst in June it start flowing as early as before 7:00 hours in Q./ This might be
attributed to variation in sunrise hours as photosynthesis is driven by sunlight. It could be observed
that there is a difference in response to morning and evening sunray by both species. As Q.p. reaches
its peak as a response to the morning and evening sunray and flattens between 10:00 — 20:00h Q..
reaches its peak around midday between 10:00 — 20:00h. Another difference is that evergreen Q.r.
SFD has approximately the same rate through the dry season while deciduous Q.p. declines its SFD
which is likely related to the decline of its photosynthetic activities.
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Figure 17 : Mean diurnal sap flux density for Q.i. & Q.p. in dry season 2009 as measured by TDP

In Figure 18(a) the Q.p. have different diameters. The diameters are 17.5cm, 22.28cm and 28.65cm for
Q.p. 2, 3, and 1 respectively and consequently the sap flux density also follows with the higher peak
recorded by the larger DBH Q.p 1. Eventually, the comparing Figure 18a and b which also show the
same trend as the Q.p. in (a) have smaller diameter as compared with the one in (b) DBH of 38.20cm
with the sap flux density in (b) higher than that of (a).
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Figure 18: Integrated TDP sap flux density for different DBH of Q.p.
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27Aug - 01 Sept (Net radiation, air temp, vapour pressure deficit, processed by Rwasoka (2010))

Figure 19 shows the SFD for Q.7 and Q.p, the air temperature, vapour pressure deficit VDP, and net
radiation Rn for Q.7 and Q.p from 27 August to 01 September. The maximum air temperature for the
period was 33°C and the minimum of 9.03°C and the mean value of 21°C. In case of the VPD, the
maximum is 4.22kPa, minimum of 0.17kPa with a mean of 1.62kPa as in Figure 20. Within the same
period, the maximum and minimum net radiations are 566.33W/m2 and -116.81W/m2 and the mean
value of 82.72W/m2. The sap flux density of deciduous Q.p seemed to be responsive to the VPD
within the period. As the VVPD increases, the SFD also increases.

Canopy Transpiration (Tc)

Scaling from stem to tree level was done by normalizing the mean transpiration computed for each
species over the study period with the mean crown area according to equation 6. This resulted in a
peak value of 3.19 mm/day and 1.66mm/day and mean value of 1.47mm/day and 1.03mm/day for Q.i.
and Q.p. as shown in Figure 20.
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Tc for the dry season 2009
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Figure 20: Canopy transpiration for Q.i. and Q.p. for the dry season 2009
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Figure 21: Monthly variation of tree transpiration

From Figure 21 & 22, the transpiration reduces from month to month as the dry season progresses. As
the sun radiation and soil water content decreases while vapour pressure deficit increases, from June to
September, the transpiration rate also decreases. In the study of Lu et al. (2000) he fund that the sap
flux density decreased about 35% from wet to dried condition.
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The inventory of the biometric data indicated bigger stem size among Q./. than Q.p. The analysis of
database of 24 Q.7 and 21 Q.p. indicated minimum and maximum diameter at breast height (DBH)
from 0.16m to 0.8m for Q./, and from 0.18m to 1.05m Q.p. respectively. The mean values are 0.45m
and 0.46m with standard deviations of 0.21m and 0.30m for Q.7 and Q.p. (see Table 2 and Table 3).
Q.7. showed high values in case of sapwood depth. The minimum sapwood depth measured for Q./.
was 0.03m and the maximum is 0.07m with a mean value of 0.05m. In the case of Q.p. sapwood depth
ranged between 0.02m and 0.06m, with a mean value of 0.03m. The Q./. canopy areas were between
20.31m? and 124.69m? with a mean of 58.83m? the Q.p. between 15.14m? and 191.13m?, with 62.54m’

mean.

DEH () 3 (1) Ccim) AsimT | HE iy | A im™ | Acim®

max 0.80 0.07 12.60 0.50 2500 0.125 124.62

mmin 0.18 0.03 5.09 0.02 1.100 0.015 20.31
median 0.35 0.0s g.00 0.10 1.840 0.045 50.27

15t Qu 0.2a 0.04 6.45 0.07 1665 0.034 32.80

3rd Qo 0.67 0.08 2.93 0.36 2000 0.078 77.50
mean 0.45 0.0s g.35 0.13 1.853 0.057 58.83

std ey 0.21 0.01 2.31 0.18 0.327 0.030 32.56

Table 1: Summary Statistics of Q.i. Biometric Data

DBH: diameter at breast height, x: xylem depth, HB: height at first branch, Ax: sapwood area, Ac: canopy area and As: stem area, Cc: canopy diameter
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DEH (m) x () Cc {m] As fm HE (m) A fm?) Ac (m?)
ra 1.08 0.06 15.60 0.87 2.600 0.137 191.13
Frin 0.18 002 439 0.03 1.600 0.002 15.14
median 0.33 0.04 7.19 0.08 2.050 0.0232 4060
15t Qu 0.23 0.03 570 0.04 1.870 0.016 2552
3rd Qu 0.66 0.04 10.20 0.34 2.400 0.066 93.31
mean 0.4 0.03 B37 0.23 2.080 0.045 G254
stdev 0.237 0.009 3.157 0.273 0.292 0.037 47.452

Table 2: Summary Statistics of Q.p. Biometric Data

In order to upscale the transpiration to the catchment level, a remote sensing approach was used to
retrieve the canopy areas for each species using a multispectral image (Quickbird®). This was used to
retrieve the sapwood area through their correlation with canopy areas using the BUF for the spatial
representation of the transpiration.

4.2. Upscaling of transpiration

Biometric Upscaling Functions (BUF)

For spatial representation of the transpiration it is important to determine scalars which can be
retrieved from remote sensing (Chavarro-Rincon, 2009). The establishment of biometric upscaling
functions (BUF) to relate the variability of scalars to the sap flow in order to upscale them to the
catchment level, is very important in a transpiration study. The biometric data was correlated to a
scalar (Ay) using linear regression analyses. Among them, DBH — sapwood area, canopy area — DBH
and canopy area — sapwood area provides strongest correlation as in Figure 24. This was done using
24 trees for Q. i. and 21 trees for Q.p. Table 3 & 4

DEH (m) L (ae)] Zc(m) A HE () A (m2) Ac(mZ)
1 080 0.04 11.60 0.50 2.00 o.o97 103.8649
2 n73a 004 1020 042 2.00 novs a1.713
3 016 005 580 o.o2 1.40 oo1s 23788
4 n7e 0.04 12.80 0.47 1.80 0099 122.718
5 067 .oz a.70 0.35 2.10 0.0e32 59,447
(5 026 0.o7 B.10 0.05 1.10 o037 29225
7 0.35 0.0s .00 0.10 1.80 0.051 a0.265
a 032 005 a.e0 0.0s 1.75 o4z a8.088
9 035 0.05 780 010 1.60 no4a 47784
10 037 005 7.0o .11 1.680 oo4s 38.485
11 028 0.0z 5.60 0.06 1.65 0024 24630
12 0.29 0.04 B.40 0.o7 1.75 0.030 32170
13 0.29 004 B.50 n.o7 1.60 noz2e 33.183
14 0.30 004 B.70 n.o7 2.10 0.031 35267
14 0a9 o7 027 24685 o107
16 031 0.0& a.00 0.os 1.80 o044 A0.265
17 032 004 7.E0 0.0s 1.88 oo3s 44179
18 022 0.06 5.09 0.04 1.72 ooz7 20.308
19 046 .05 9.6 017 1.96 0065 F3.280
20 0&ES 004 12.13 037 260 oovs 115 46R
21 072 0.06 12.60 0.40 2.10 0125 124.620
22 028 0.06 B.43 Q.05 1.67 oo3s 32.422
23 075 0.04 10.20 0.45 2.00 o092 81.713
24 047 0.06 9.45 017 1.94 0.071 70,128

DBH: diameter at breast height, x: xylem depth, HB: height at first branch, Ax: sapwood area, Ac: canopy area and As: stem area, Cc: canopy diameter

Table 3: Biometric characteristics of Q..
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DEH (mj) % (m) Cc () As (m2) HE (m) Ax (m2) Az (m2)

1 1.05 0.03 13.4 0.867 21 0.104 141.026
2 0.53 0.04 10.4 0.679 21 0.095 54.949
3 0.75 0.04 09 0.443 205 0.0s4 93313
4 1.02 0.05 156 0.815 1.8 0.137 191.134
5 0.35 0.065 7h 0.096 25 0.047 44179
6 0.31 0.02 6A 0.075 1.8 0.01a 34.212
7 0.22 0.03 52 0.039 1.8 0.016 21.237
8 0.76 0.04 12.3 0.458 2 0.07a 118.823
9 0.20 0.02 49 0.032 1.9 0.011 18.857
10 0.23 0.03 56 0.042 1.6 0.01a 24 630
i 0.23 0.02 54 0.043 2h 0.0z 23758
12 0.23 0.03 B.625 0.042 188 0.m7z 34.472
13 066 0.03 9.45 0.344 26 0.0s58 70138
14 0.24 0.04 67 0.044 24 0.021 35,257
15 0.33 0.05 5.88 0.083 24 0.035 37176
16 0.20 0.02 435 0.031 1.7 0.009 16.136
17 0.21 0.04 7.14 0.035 193 0.016 40,602
18 052 0.04 11.43 0.303 24 0.053 102 608
19 0.18 0.04 57 0.025 187 0.01a 25618
20 066 0.04 11.65 0.342 22 0.066 106.596
21 0.34 0.03 7.95 0.092 215 0.029 49.639

DBH: diameter at breast height, x: xylem depth, HB: height at first branch, Ax: sapwood area, Ac: canopy area and As: stem area, Cc: canopy diameter

Table 4: Biometric characteristics of Q.p.

The relationship between canopy — sapwood areas showed a strong correlation with about 0.90
coefficient of determination in Q.p. and 0.91 coefficient of determination in Q.7 as shown in Figure
23. The Pearson correlation was 0.9538 and 0.9475 for Q.7. and Q.p. respectively.

Sapwood area vs canopy area (Q.i.) Sapwood area vscanopyarea (Q.p.)
0.14 018

* 0147 Ax=0.0007Ac- 0.001
012 R? = 0.9097

0.1z

Ax= 0.000BAc+0.0055
R?=0.8977
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Sapwood area(md)
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0.0z N 0.02

0.00 T T T T T T 0.00
a 20 40 &0 80 100 120 140 i} L] 100 150 200 250

Canopy ares (m?)

Figure 23: Biometric upscaling function for Q.i. and Q.p.

Canopy zrez(m?)

Spatial representation of transpiration

In other to move from the individual tree level to the catchment level, biometric upscaling functions
were developed as in (relation 14 & 15). The spatial representation of the transpiration on catchment
was based on canopy areas retrievals. This uses the application of remote sensing, RS based vegetation
classification and canopy delineation (Chavarro-Rincon, 2009). The upscaling was done based on
retrieved canopy area from remote sensing image of Quickbird. In this, A, was applied the upscaled
scalar though considered as less accurate but efficient (Lubczynski, 2009). The canopy area was
obtained from a vegetation classification of Salinas (2010) and application of BUF to upscaled the v,
hence the sap flow (14 & 15).
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The following Equations 10 and 12 were derived from Equation 1 and the Equations 11 and 13 from
Equation 6

Q, = (0.0008A, +0.0055)v, 7
T (0.0008A,, + (0.0055) )v,
ci — A 8
Q, =(0.0007A,, —0.0010), 9
(0.0007A,, —0.0010),
cp A 10

where A; and A are canopy areas retrieved from the images [L?]; v;and 1, sap flux densities for Q.i.
and Q.p. [L/T]. Qi and Q, are sap flow [L3/T] for Q.. and Q.p. and 7, and 7. are canopy
transpirations of Q.7 and Q.p. in [L/T]

The mean dry season canopy transpiration over the La Mata catchment for Q.7 is 0.61 mm/day and for
Q.pis 0.72 mm/day. The local variability of tree transpiration can be analyzed within the selected in
the La Mata catchment stand (plot) of 1 ha (Fig.1). The variability of canopy tree transpiration in the
selected stand can be observed in Figure 24. In the dry season 2009, the canopy transpiration in the
selected plot ranges were 0.020 — 0.734 mm/day and 0.035 — 0.927 mm/day for Q.. and Q.p
respectively with mean values of 0.022 mm/day and 0.0037 mm/day for Q.7 and Q.p. respectively.
These values are higher than the September values which range 0.013 — 0.415 mm/day and 0.0200 -
0.645 mm/day with mean values of 0.018 mm/day and 0.039mm/day for Q./. and Q.p. In Figure 24 (e
and f) the total canopy tree transpiration distribution is shown with value range of 0.022-0.615
mm/day and 0.018-0.645 mm/day in the dry season 2009 and September 2009.

The plot and catchment transpiration results are influenced by canopy clustering. Areas with dense
canopy coverage show higher transpiration as in individual tree transpiration per area is higher than
that of isolated canopies. Further, it could be observed that the distribution of the transpiration does
not only vary temporally, but it is influenced by the species composition of trees and size of the
canopies. The accuracy of this solution is dependent on the species classification, accuracy of the BUF
used and the accuracy of the retrieval of the canopy areas (Lubczynski, 2009).
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c) Plot canopy transpiration for Q.i in September 2009
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d) Plot canopy transpiration for Q.p. in September 2009
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f) Plot canopy transpiration for September 2009

Figure 24: Mean canopy transpiration distribution in the catchment
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The plot transpiration

Using a plot size of 1 ha the distribution of the transpiration is as shown in Figure 25 transpiration
varies from 0.016 to 0.517 mm/d with a mean value of 0.061 mm/day. The distribution of the
transpiration varies depending on the species type of tree and the density of the canopy.
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Figure 25 : Spatial representation of plot transpiration

4.3. Soil Matric Potential

At the isotope tracing sites where the samples for matric potential assessment were taken, the water
table was shallow 1.10 m b.g.s. Generally, wilting point is assumed to be at -1.5 MPa (Dingman,
2002). At the point close to the ADAS station (bare soil in Figure 25), the minimum matric potential
recorded was -3.5 MPa at 25 cm depth and the maximum -0.2 MPa at 100cm depth. Under Q.p.
(Figure 26 a & b), the minimum matric potential was -4.38 MPa at the northern side and -11.8MPa at a
depth of 25cm in the southern side. The maximum values are -0.017MPa and 0.09MPa at the depth of
100cm in the southern direction. Around the Q./. (Figure 26 ¢ & d), minimum values are -2.05MPa
and -5.62MPa at a depth of 25 cm in the northern and southern direction respectively whilst the
maximum values are -0.19 3MPa and -0.527 MPa at the depth of 75cm in the northern and southern
direction respectively.
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Soil Matric Potential vs Depth
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Figure 26: Soil matric potential profile for bare area

The results indicates that the soil was very dry in the top layer so it is assumed that there was no water
available for the trees in the depth of (0-60cm) as the water potential reached or was very close to the
wilting point (Figure 26). Thus trees are probably sourcing water from deeper levels. In the case of
Q.I,, varies studies show its phreatophytic behaviour (Corcuera et al., 2004; David et al., 2007;
Lubczynski and Gurwin, 2005), indeed suggesting Q./. water uptake from below 60cm. In the case of
Q.p. it has been reported by previous studies that this species has dense root system to a depth of 60cm
and a single tap root (Hernandez-Santana et al., 2008; Silva et al., 2003; Silva and Rego, 2004). With

this in mind, the section from which the water is taken can be divided into two. That are saturated and
unsaturated zones.
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Soil Matric Potential Profile (North) Q. wittingpt

Soil Matric Potential Profile (South) Q.i.
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Figure 27: Soil Matric potential profile under Q.i. and Q.p.

4.4, Isotope tracing

An end member approach relating the deuterium composition in the soil, groundwater and the xylem-
sap, was used in the analysis of the water sources partitioning of the plant. The data collected from
these sources was complemented with measurements of soil matric potential, which helps in limiting
the zones from which plants take water when formulating the mixing model. The possible depth and
the deuterium composition under each tree species is shown in Table 5.

The result of the soil deuterium profile did follow the general theory of the heavier isotopes at the top
graduating downwards (Figure 27) in both cases of profile taken. In the case of both Q./ and Q.p.
there is a gradual decrease in heavier isotopes from 25-100cm.

Date &H (%o O.p. | 5°H (%) Q.i. | depth {cm)
10/09,2009 -33.40 -23 .54 250
10/09,2009 -35.08 -32 .89 50.0
10/09,2009 4123 -34 .70 75.0
10/09,2009 4553 -35.07 100.0

4071 3522

82H(%0)Q.p.: deuterium ratio in soil under Q.p. 82H(%o)Q.i.: deuterium ratio in soil under Q.i.

Table 5: Table of soil deuterium values for Q.i. & Q.p.

As indicated from section 4.3, the zones (0-50cm) in case of Q.i. and (0-60cm) for Q.p. have low
matric potential and are not a good water uptake sources. In addition, the difference in the 6*°H values
for the unsaturated zone with availability of water for plants (in Figure 27) is not more than 10%o.
Based on these, two compartment models were designed for the analysis taking the whole unsaturated
zone as one compartment and the saturated zone as another compartment.
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Soil deuterium profile under (Q.1.)
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Figure 28: Soil deuterium profile under both Q.i. and Q.p.

Two compartment source mixing model of saturated and unsaturated zone water sources have been
used in this analysis (David et al., 2007). The result from the various zones is as plotted in Figure 28
which shows the variation of the 8°H composition over the period. The variation pattern of deuterium
isotopes in the sap-water follows similar pattern as that of the groundwater. That means there is a
relation between the deuterium composition in the groundwater and the sap-water.
In the estimations the deuterium composition in the soil was assumed to be constant over the period of
monitoring as shown in Figure 28. The mixing model analysis result is as shown in Table 6 for Q./
and Table 7 for Q.p.
In each case the mean value of the fractional contribution over the monitoring period calculated.

Deuterium composition (2.0
Date d2H (e Gw d2H (%) Sw (dH-2 [Fe] U fi fu

22/08/2009 519726
22/08/2002 -50.4914
23082009 -49.9309 -4 BE11 -35.2195 0.36 064
23/08/2009 -50.4997 -39.5461 -35.2195 0.7a 0.30
23/08/2002 -50.0703 -0 2755 -35.2195 0.65 034
23082009 -51.6645 -41 2509 -35.21945 0.63 0.37
23/08/2002 -51.3247
24082009 -51.1658
24/08/2009 -51.3487
24/08/2002 -51.9323 -43 5396 -35.2195 0.50 0.50
24082009 -50.3946 -41 7761 -35.2195 0.57 043
25/08/2009 -50.8543 -39.7 3589 -35.2195 0.71 029
26082002 -49.3047 -39.9623 -35.2195 0.65 034
27082009 -50.3585 -37 5356 -35.2195 0.54 016
253/08/2002 -43.0660 -35 9657 -35.2195 0.94 0.06
29/08/2009 -39 6367 -39 6219 -35.2195 0.69 0.31
20/08/2009 -45.3469 -35.1 257 -35.2195

hean 0.659 0.31

&%H(%0)Gw : deuterium ratio in groundwater, §2H(%o)Uw: deuterium ratio in unsaturated zone §2H(%o)Sw : deuterium ratio in xylem

Table 6: Fractional components of the two sources for (Q.i.)
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Deuterium comp osition (Q.p )
Date d2H (%) Gw d2H (%al Sw (dH-2 [%e] Uw fiy fu

05092009 -45 8227

05,/09.2009 -47 8571

05092009 -45.0017 -43.7529 -40.7133 0.55 | 042

0E,/09,2009 -45 5828 -40.6098 -40.7133

06,/09.2009 -45.8573 -42.1317 -40.7133 077 | 023

0E/09 2009 -465.8603 -42.2819 -40.7133 0.74 | 026

0E/09 2009 -45 B853 -42. 7556 -40.7133 0.65 | 0.34

0B,/09.2009 -45 5451 -41.6355 -40.7133 0.80 | 0.20

07092009 -45.8247 -42.0605 -40.7133 0.78 | 022

07082009 -47 2839 -42 4507 -40.7133 074 | 026

07092009 -45.3489

0¥ ./09.2009 -45 5263

08./09.2009 -45 83345

09,09 .2009 -456100 -40.3356 -40.7133

10/09,2009 -47 5320 -41.6208 -40.7133 0.es 012

11/03/2009 -47 4809 -43.6147 -40.7133 0.57 | 0.43

12/09/2009 -45 3731 -42.85850 -40.7133 0.53 | 0.47

20,08 2009 -45 5554 -42.15989 -40.7133 0.65 | 0.31
Mean 076 (024

&%H(%0)Gw : deuterium ratio in groundwater, §2H(%o)Uw: deuterium ratio in unsaturated zone §2H(%o)Sw : deuterium ratio in xylem

Table 7: Fractional component of the two sources (Q.p.)
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Daily Monitoring of Deuterium Composition Q.p.
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Figure 29: Deuterium composition monitoring under ilex and Q.p.

The analysis showed that both species took water from the saturated and the unsaturated zones. The
contribution from the groundwater to the transpiration process for Q.7 was 69% on average whilst for
Q.p. was 76% on average. The 69% obtained in this study for Q./. is close to 70% received by David et

al. (2007). Hydraulic lift could be a possible source
from the groundwater (David et al., 2007).
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Figure 30: Partition of transpiration into Tu and Tg

In Figure 29a, the canopy transpiration of Q./. had been partitioned into the groundwater and
unsaturated zone transpirations with a peak of 2.2 mm/day from the groundwater and the 0.99 mm/day
from the unsaturated zone. The mean daily canopy transpiration component from groundwater for Q./.

was 1.01lmm/day and from the unsaturated zone 0.46
partitioned canopy transpiration of Q.p. from the two

mm/day. In the same way Figure 29b shows the
zones with peak values of 1.26mm/day mm/day

and 0.96mm/day for Q.p. The two zones contribute 0.78mm/day and 0.25 mm/day to the transpiration.

4.5. Spatial representation of Tg
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4.5.1.

Canopy groundwater transpiration

The distribution of the canopy groundwater transpiration (T.y) of each species is represented in Figure
30, within the selected plot (Fig.1). The canopy groundwater transpiration within the catchment ranges
from 0.014 — 0.507 mm/day and 0.019 — 0.615 mm/day for Q.7 and Q.p. respectively in the dry season
2009. The September 2009 values are lower than the mean dry season.

Groundwater Trans piration for Dry Seas on 2009 (Q.i.

739400 739500 739600 739700 739800 739900 740000
- e =
s = 3 N
s B =
2 e £ 4 = ﬁ)\n e e A 2
3 B = ! @ 2
¥ o ] o|wa % t & ¥
S (=72 R 4
=] P =% 4
) 2 ]
w] ® @ | g ol o -lagl]
B B @ s
g 94 - Fad® ge d| = LR L//’%: 8 2
3 0 Z 2
2 2 o hG = g
Py e ’ = 9. | B
7 &0 e o
o af . L e ¥ =
v o =
i 5 o Go|° - O,,
8 g 2. 4 -
E’ ® o @ Bﬁ = . - E o & E
£l % 7 B ENE K
§ badtel o o], & o By l- Lol]®
5] s ot g -
He @ b e 3
o “%’%A“ B | ade | BT Lo
i =
@ & -?j o 2 | o
& 2® 2 Ll T @ Q sd o %;P a
739400 739500 739600 739700 738300 739900 740000
Legend Tg_Q.i. (mm/day)
[ 0.014 [ 0035 00072 O 0165 [ 0.507
a w70 190 210

280
weter 15,200 Daturn:ED_1950_UTM_Zone_30
a) canopy groundwater transpiration in dry season 2009

(Q.i)

Groundwater Trans piration for Dry Seas on 2008 (Q.p.|

739400 739500 739600 73700 739800 739900 740000
i
= N
g & s
g « g
2 2
[+
e _
D | .0 2 & <0
4 - =
z
H s alo= 2, < g
z ]
g q a g
N
= 4
s
b 2
& s @
=D a
[ = a i
= <
g o 4 H
2 = g
2 g
o
& 7]
c . T {9 &
[s]
739400 739500 739600 73700 739800 739900 740000
Legend Tg_Q.p. (mm/day)
[ o019 [0 0.053 o124 W 0244 W 0515
o ®» 70 10 21

20
weters 15,200 DaturED_1950_UTM_Zons_30

b) canopy groundwater transpiration in dry season 2009

Q.p.)

er T iration for S 2009 {Q.i
739400 739500 739600 739700 739300 739900 740000
— =
== = ] N
H W Bz g @ pll | 5l]s
2 o = & o @ k4
# ks o & ‘% L 5y ¥
=% Seras g T\H8
& | | T 174
=
% o 2|
ES @ | g 2] E_zllas 2
hid ° @ 0
s] o2 7, ] EIEY: I O i =2 - P
= g
N =2
A N
£ , 2 e q 0 2 ., © B £
Ia 0 B K=
o & o 4 g © -
o i . Rk oL B
g AB & | e -
w [
sl -1 ° Ha l . Ak 2
g [e== o J B - 2 2
g ofedll o] & e | o L]E
5 ~ L G P 5
- 0“@% o g | & k"
i3 "
@ o 1] > e td &
PR I 0o | THE . of
739400 739500 739600 739700 739500 739900 740000
Legend Tg_Q.i. (mm/iday)
0 0.008 0020 [ 0.040 [0 0.084 [ 0.287
o 3BT 1490 210
— 1.5,200 DatwmED_1350_UTM_Zone_30

c) canopy groundwater transpiration in September 2009

(Q.i)

Groundwater Trans piration for September 2009 {Q.p.|

739400 739500 739600 739700 739800 739900 740000

5 = N
£ g 2 g
2 2
£ k3
s o
e _
D Q P oe
: o & )
= 5 =
2 o a|@ a H
2
4 “ @ g
-
=
B
° [
o £ <
E=l
<) o a
5 o 5
2 E 2
£ %
<
& 7
9 g éj < o
a
739400 739500 739600 739700 739800 739900 740000
Legend Tg_Q.p. (mnm/iday)
Coots [ 0.088 ] 0.047 moigz WO434
o ¥ 70 190 210 a0

weters 1:5,200 Datum:ED_1950_UTM_Zone_30

d) canopy groundwater transpiration in September 2009

Q.p.)

52




Groundwater Transpiration map
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Figure 31: Canopy groundwater transpiration by Q.i. and Q.p. in the selected plot

4.5.2 Plot groundwater transpiration

The plot groundwater transpiration is shown in Figure 32 in which a plot size of 1 ha was used in
normalizing the transpiration. The value of the ground water transpiration is between 0 — 0.022
mm/day for Q.i with a mean value of 0.001 mm/day in the dry season 2009. For Q.p. Tg is 0.015 —
0.391 mm/day with a mean value of 0.036 mm/day. In Figure 32 ¢ groundwater transpition is 0.012 —
0.393 mm/day with a mean of 0.046 mm/day for the dry season 2009. In September, the value ranges
0.00 — 0.309 mm/day which is generally lower than for the period of the dry season

Plot groundwater transpiration (Q.i.} in dry season 2009
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Plot groundwater transpiration in dry season 2009 Plot groundwater transpiration for the September 2009
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Figure 32: spatial distribution of plot groundwater transpiration in the dry season 2009

45.2. 4.5.3 Catchment groundwater transpiration

In Figure 33, the spatial distribution of transpiration computed based on the catchment with the values
ranging from from 0.0004 — 0.0013 mm/day for the dry season 2009. In the same way, the plot
transpiration for September is 0 — 0.0009 mm/day and the mean is 0.000012 mm/day. On the plot
basis the values are quite lower in September.
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5. Conclusion and Recommendation

5.1. Conclusion

Estimating tree groundwater transpiration has been the objective of this work. This has been achieved
through all the various stages combining various methods. The use of transpiration measurement,
groundwater and xylem-sap isotope monitoring and soil matric potential measurement were successful
in evaluating the contribution from the groundwater to the transpiration process.

The conclusions drawn from this study are:

The assessment of transpiration in the catchment and partitioning to components from unsaturated and
ground water throws light on sources of water for transpiration in the catchment. Groundwater plays a
significant role in the transpiration process of the catchment. The dry season tree groundwater
transpiration is above 60% of total tree trasnpiration. This is vital in analyzing role that groundwater
plays in the transpiration.

There is always uncertainty in estimating the transpiration of a trees due to radial, circumferential and
axial variation as the sap flux measured in different directions and positions around trees vary.
However, as explained by Lu (Lu et al., 2000) the single measurement can be relied on a priori
circumferential variation in a species, provided it accounts for radial variability of sap flux density.

Assessment of the radial variations of sap flux density in both species has given preliminary idea on
radial profiles and will be further explored in the future estimations of sap flux density in each species
to generalize them per species.

The heat field deformation method has been very good in assessment of radial variation of sap flux
density. The radial variation in sap flux density with sapwood depth differs in Q.7and Q.p. As the flow
is routed towards the outer xylem, for Q.p. it is mostly high while for Q.7 is high in the inner sap-
wood.

Transpiration of the individual trees had been upscaled into the catchment level by using image
retrieved canopy areas and by using biometric upscaling functions. The upscaling of transpiration
using RS and GIS approach provides a good and efficient way to evaluate the spatial and eventually
temporal distribution of the transpirations within the catchment.

The accuracy of the upscaled transpiration is limited by the accuracy of sap flux density measurement,
xylem area measurement, BUF, species classification and canopy area delineation. A very high
resolution image though expensive is the remedy for this.

The stable isotope method provides an efficient way of evaluating the water uptake sources for
transpiration as the transpiration is partition into the unsaturated and groundwater transpiration
effectively using stable isotope tracing and soil matric potential.
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5.2. Recommendation

It is recommended that further study needs be carried out on additional tree sizes in the catchment for
the relationship shown in sap flux - sapwood radial variation to establish and model with
environmental factors in other to predict transpiration flux of Q.p. and Q.7

Further study needs to be conducted on Q.p. and Q./. to confirm their phreatophryte characters and
quantify their groundwater contributions with regard to their growing stage and in time.

The root depth and structure for each species should be evaluated using electrical resistivity method to
determine in order to have a more dependable plot of the transpiration curve

Further studies should look at the hydraulic lift contribution to the amount of water transpired by each
species and also capillary rise from the groundwater and study be conducted on whether any of the
species is involved in hydraulic redistribution.
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5.3.

Appendix

La Mata Catchment - Spain
Estimating Tree Groundwater Transpiration
Soil Matric Potential Data for PRY_7.1

19/09/2009

ID Mc (g) Msoil (g0 w(Mpa) wy(pF) T°C
PYR 7 depth (cm) Dist (m)

SSM25-1 25 3.15 1.56 7.56 -9.12 4.93 21
SSM50-1 50 3.15 1.56 7.61 -7.18 4.87 21
SSM75-1 75 3.15 1.57 7.63 -1.22 410 21
SSM100-1 100 3.15 1.57 7.72 -0.62 3.80 21
SSM25-2 25 6.3 1.56 7.62 -10.27 5.03 21
SSM50-2 50 6.3 1.55 7.59 -11.33 5.07 21
SSM75-2 75 6.3 1.55 7.49 -6.01 4.80 21
SSM100-2 100 6.3 1.56 7.64 -0.42 3.82 21
SSM25-3 25 12.3 1.55 7.72 -6.99 4.86 21.27
SSM50-3 50 12.3 1.55 7.72 -1.78 4.25 21
SSM75-3 75 12.3 1.55 7.67 -0.46 3.67 21
SSM100-3 100 12.3 1.56 7.57 -0.02 2.14 21
NMS25-1 25 1.65 1.57 7.52 -2.92 4.47 21
NSM50-1 50 1.65 1.56 7.61 -1.32 4.06 21
NSM75-1 75 1.65 1.56 7.55 -0.39 3.58 21
NSM100-1 100 1.65 1.56 7.60 -0.47 3.62 22
NSM25-2 25 3.15 1.56 7.62 -4.55 4.67 21
NSM50-2 50 3.15 1.58 7.62 -0.56 3.68 21
NSM75-2 75 3.15 1.56 7.56 -0.46 3.60 21
NSM100-2 100 3.15 1.56 7.66 -0.16 3.20 22
NSM25-3 25 12.3 1.57 7.37 -8.08 4,92 21
NSM50-3 50 12.3 1.57 7.64 -1.39 4.16 21
NSM75-3 75 12.3 1.57 7.54 -0.35 3.50 21
NSM100-3 100 12.3 1.56 7.48 -0.09 3.00 21

Table 8: Results of Matric Potential Measurement for Q. Pyrenaica Using WP4
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La Mata Catchment - Spain
Estimating Tree Groundwater Transpiration
Soil Matric Potential Data for ILEX_8.1
08/10/2009
ID Depth (cm) Dist (m) Mc (g) Msoil (g) P(Mpa) Y(pF) T°C
SSM25-1 25 1.55 1.56 7.57 -5.65 4.77 21
SSM50-1 50 1.55 1.56 7.67 -1.60 4.21 22
SSM75-1 75 1.55 1.56 7.52 -1.71 4.25 22
SSM100-1 100 1.55 1.56 7.62 -2.40 4.39 22
SSM25-2 25 3.15 1.57 7.65 -2.46 4.41 22
SSM50-2 50 3.15 1.57 7.69 -1.73 4.25 22
SSM75-2 75 3.15 1.56 7.70 -0.91 3.97 22
SSM90-2 90 3.15 1.56 7.59 -0.90 3.96 21
SSM25-3 25 5.15 1.57 7.70 -2.56 4.36 21
SSM50-3 50 5.15 1.56 7.54 -0.53 3.74 22
SSM75-3 75 5.15 1.56 7.71 -0.92 3.97 22
NSM25-1 25 1.9 1.56 7.46 -2.06 4.28 21
NSM50-1 50 1.9 1.57 7.36 -0.80 3.86 21
NSM75-1 75 1.9 1.56 7.66 -0.71 3.85 21
NSM100-1 100 1.9 1.56 7.76 -0.75 3.79 24
NSM25-2 25 3.8 1.57 7.87 -0.58 3.71 21
NSM50-2 50 3.8 1.56 7.05 -0.88 3.95 21
NSM75-2 75 3.8 1.56 7.59 -0.67 3.84 21
NSM100-2 100 3.8 1.56 7.04 -1.36 4.15 22
NSM25-3 25 9.8 1.56 7.40 -0.85 3.85 25
NSM50-3 50 9.8 1.56 7.62 -1.34 4.10 23
NSM75-3 75 9.8 1.56 7.03 -0.19 3.25 21
NSM-90-3 100 9.8 1.56 7.72 -0.50 3.69 21
Table 9: Results of Soil Matric Potential Measurement for Q. llex using WP4
La Mata Catchment - Spain
Estimating Tree Groundwater Transpiration
Soil Matric Potential Data for SEN_1.3
23/09/2009
ID Depth Msoil (g) $(Mpa) Y(pF) T°C
SEN.1
St 25 25 7.148333 -3.79667 4.593333 21
St 50 50 7.273333 -0.96667 4 21
St 75 50 6.898333 -0.32333 3.52 21
St 100 100 7.356667 -0.18667 3.283333 21

Table 10: Result of Soil Matric potential measurement at bare area using WP4
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Groundwater Transpiration map
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Figure 33: Mean groundwater transpiration from (June — Sept 2009)
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