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SUMMARY

Climate change may impact both water resources and terrestrial ecosystem structures. For
a better understanding of the hydrological and ecological responses to future climate
change, it is important to know how recharge relates to climate conditions, how vegetation
uses rain water of strong seasonal variation, and how much stress vegetation experienced
under current climate conditions. This dissertation is to examine these issues from isotopic
perspective based on a study area with a strong hydroclimatic gradient induced by

topographic relief.

Upland catchments usually are not only composed of bedrock aquifers, thick fracture-rock
vadose zone and thin soil, but also vegetation cover. Experiments were performed on two
contrasting hillslopes in a native vegetated catchment — Mount Wilson, to study plant
responses to environmental conditions (primarily water stress). Significant seasonal
variations in leaf 3'°C are observed for both studied Cs tree genus up to 1.7%o for
Eucalyptus Leucoxylon and up to 2.7%. for Acacia Pycnantha. Temporally, the linear
correlation coefficients between leaf 3'°C and aridity index (PET/P) can be as high as 0.45.
Spatially the correlation coefficient is 0.34 for Eucalyptus species. This result suggests that
PET/P may be applied to quantify the relationship between leaf 5'3C and plant water

stress.

Stable isotope water composition of precipitation is of importance as input characterization
to trace recharge sources of groundwater. In vegetated catchments, the input water
isotopic composition is altered from precipitation. Based on one year throughfall monitoring
for both 80 and d-excess at two vegetated surfaces in Kuitpo Forest, South Australia, the
results indicate that isotopic alteration can be significant in densely vegetated catchments
and is important for hydrograph separation studies, but can be negligible for tracing

groundwater recharge sources.
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Water isotopic composition is also used to examine how vegetation uses rain water in a
typical Mediterranean climate. One-year monitoring of 5'°0 and &°H in twig water is
applied to understand the root zone moisture replenishment. The response of 3'°0 and
5°H of twig water to the rain events indicates that landscape water storage capacity of
winter rain is important for plant growth and survival during dry summer. The results of the
5'80 and 3°H of groundwater had a mean value -5.1%0 and -27.5%. respectively and that
of throughfall in the wet season had a mean value -5.1(x1.7)%0 and -23.4(x 13.3)%o
correspondingly. They indicate that groundwater recharge is dominated by events in the

wet season.

Extended from this small catchment, water isotopic composition is used to examine
groundwater recharge seasonality over the whole Mount Lofty Ranges. Based on this
understanding, an improved storage-discharge relationship-based method (SQR) is
proposed to estimate groundwater recharge for mountainous catchments. Net catchment
recharge estimates varies between 1.3 mm/year and 13.5 mm/year. Especially, recharge
estimates from catchment Onkaparinga River at Hahndorf using SQR method is (7.0
mm/year) close with that from the independent chloride mass balance estimation (3
mm/year). Good correlation between annual direct water-table recharge and aridity index
suggests that this method can be used to examine dynamic responses of groundwater

recharge to the climate conditions in mountainous regions.
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CHAPTER 1 INTRODUCTION

1.1 Introduction

Climate changes may cause alterations of water resources (Vorésmarty et al., 2000) and
terrestrial ecosystem structures (Walther et al., 2002). There is a likely increase in the
global severity of hydrological droughts in the 21st century from the results of a global
multi-model experiment (Prudhomme et al., 2014). For a better understanding of the
hydrological and ecological responses to climate change, it is important to know how
recharge relates to climate conditions, how vegetation uses rain water of strong seasonal
variation, and under how much stress vegetation experiences under current climate
conditions. Therefore, the aim of this dissertation is to 1) examine the responses of
recharge to climate conditions with an improved method for groundwater recharge
estimation, 2) quantify vegetation water stress and 3) trace root water-uptake with an
origin from precipitation based on cases in upland catchments in this study. Isotopic

methods are used to examine all these issues.

Upland catchments in mountain areas provide significant freshwater to adjacent lowland
basins (Manning and Solomon 2005; Viviroli et al., 2007; Wilson and Guan, 2004). They
are important sources of water for both human activities including irrigation and grazing,
and environmental services such as reservation of native vegetation (UN, 1998). Because
of their importance for sustainable water resources supply and a better environmental
resources management, these catchments have gained a broad range of studies to

understand hydrological processes and their interactions with vegetation.

One of the biggest unknowns in hydrological components in the upland catchments is
groundwater recharge. Due to complex hydrogeological and hydrometeorological
conditions and limited observational data (Green et al., 2011; Manning and Solomon, 2005;

Taylor et al.,, 2012), it has long been a challenge to estimate groundwater recharge in
16



mountain catchments (Cook et al., 2003; Flint et al., 2002; Scanlon et al., 2006; Wilson
and Guan, 2004). Different methods such as groundwater models and tracer based
approaches like chloride mass balance (CMB) can be applied to estimate groundwater
recharge for these catchments. However, scarcity of observation wells and
hydrogeological complexities of bedrock aquifers have caused practical difficulties to apply
groundwater models. In areas of significant vegetation cover changes, the most commonly
used tracer-based method CMB likely becomes inapplicable. In addition (Guan et al.,
2013), spatial variability related uncertainties have degraded the reliability of tracer based
techniques. These techniques often lump the recharge over a relatively long period,
resulting recharge estimation too coarse to reveal the dynamic response to interannual
climate variability. Therefore, an alternative method which is relatively easy to use and

representative across a catchment is needed.

Moreover, these catchments usually are not only composed of bedrock aquifers, thick
vadose zone made of fracture rock and thin soil but also (plantation and native) vegetation
cover (Wilson and Guan, 2004). Vegetation, which is an inherent element and relies on
water sources of upland catchments, its responses to climate conditions like water stress

and its effects on hydrological processes cannot be neglected.

Improved understanding of linkage between vegetation and environment may lead to
improvement of groundwater recharge estimation (Sandvig and Phillips, 2006). It is
necessary to study the plant responses to water stress when drought induced tree
mortality has been found all around the world (Allen et al., 2010). Accumulating effects on
plant photosynthesis from environmental conditions which is usually the water availability,
can be related to carbon isotope ratio *C/'°C of leaves (expressed as leaf 5'°C),
particularly for C3 species. Previous studies suggest that leaf 8'°C is correlated with mean

annual precipitation over a range of climate conditions with mean annual precipitation from

17



100 to about 2000 mm (Diefendorf et al., 2010; Cernusak et al., 2011; Miller at al., 2001;
Schulze et al., 1998; Schulze et al., 2006; Sterwart et al., 1995; Turner et al., 2008; Wang
et al., 2010). The relationship has been used for paleoclimate reconstruction. However,
this relationship appears to be weak in Europe and northern Australia indicating the
complexity in the relationship between leaf 5"*C and climate conditions. This calls for more
detailed examination of using leaf 5'°C for water stress quantification. What is the
seasonal variability of leaf 8'>C? What is the effect of topography on leaf 8'>C? Is there an
alternative index instead of precipitation that can be used to quantify the relationship

between leaf 5'°C and plant water stress?

A Dbetter quantification of groundwater recharge requires a good understanding of
groundwater recharge mechanisms. The oxygen isotope ratio '20/'°0 (expressed as 5'°0)
and hydrogen isotope ratio ?H/'H (expressed as 5°H) of precipitation is often used as input
characterization to trace recharge sources of groundwater, hydrograph separation, and
paleoclimate reconstruction. Comparing 5'®0 and 3°H of groundwater with that of possible
water sources and local meteoric water line becomes the standard way to understand the
main sources of groundwater recharge (Clark and Fritz, 1997; Guan et al., 2009). However,
it has not been well understood that how much precipitation isotopic composition is altered
by vegetation canopy when throughfall rather than precipitation is the main water inputs in

vegetated area, and how this alteration varies with different vegetation covers.

5'%0 and &°H of stem or twig of the plants are commonly applied in previous studies to
trace sources of plant water use (e.g. Dawson and Ehleringer, 1993; Ehleringer and
Dawson, 1992) and partition evapotranspiration (e.g. Brunel et al., 1997; Yepez et al.,
2005; Good et al., 2014). Meanwhile, 5'®0 and &°H of twig (or stem) water which reflect
the mixed isotopic compositions from different water sources can be applied to understand

details of root zone moisture replenishment and groundwater recharge. The simple

18



assumption that no fractionation happens in 'O and &°H during root water uptake has
been verified in several laboratory and field experiments (Wershaw et al., 1966; White et
al., 1985; Zimmermann et al., 1967). However, significant hydrogen isotope fractionation
during root water uptake was observed by both Lin and Sternberg (1993) and Ellsworth
and Williams (2007). This controversy poses a question on whether 3°H can be used to

trace plant water use.

As one important water source area, the Mount Lofty Ranges of South Australia provide
about 60% of water requirements to support a population of 101,000 in 160 towns and
25,000 hectares of irrigated agriculture from the report of South Australian Government

(www.environment.sa.gov.au). Furthermore, native vegetation, which is also supported by

water source of the Mount Lofty Ranges, is vital for the health and prosperity of the
ecosystems, communities and natural resource-based industries. Thus the aim of this
dissertation is to investigate environmental stress (particularly water stress) on native
vegetation, vegetation precipitation use, and groundwater recharge characteristics using
isotopic tracers. This dissertation is going to answer the following research questions in
upland catchments using the Mount Lofty Ranges as an example. Seasonal and inter-
event variability of rain isotopic composition in this area (Guan et al. 2009, 2013), provides
a good tool to trace how rain contributes to vegetation water use and groundwater

recharge. Specific scientific questions are:

1) Is leaf 8'°C relevant to and can be used as an indicator for the water stress on typical

native vegetation in South Australia?

2) How does vegetation cover, including both plantation and native vegetation, alter 5'°0
and 5°H in throughfall? Is this modification significant in terms of using 3'0 and 5°H to
study groundwater recharge sources, hydrograph separation and paleoclimate

reconstruction?
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3) How do trees use precipitation water in a native vegetation catchment with a
Mediterranean climate? What does this imply for root-zone moisture replenishment and

groundwater recharge?

4) How can we quantify groundwater recharge of upland catchments using the existing

observation data, e.g. daily streamflow records?

More specifically, in Chapter 2, we study plant water stress based on one year monitoring
data of 3'°C of the native tree species on two contrasting hillslopes of Mount Wilson, a
typical native vegetated catchment in the Mount Lofty Ranges. From the investigation, we
have observed significant seasonal variations of leaf 3'°C of two species, Eucalyptus
leucoxylon and Acacia pycnantha, and spatial variations due to slope orientations and
varying local hydrological conditions. To better quantify the relationship between leaf 5'°C
and plant water stress temporally and spatially, we apply aridity index, which is the ratio of
potential evapotranspiration to precipitation (PET/P), instead of precipitation that has been

commonly used.

In chapter 3, we investigate the isotopic composition of throughfall that may have been
altered by canopy in two typical vegetation surfaces, pine plantation and native eucalyptus
forest including Eucalyptus camaldulensis, Eucalyptus leucoxylon and Eucalyptus baxteri
in the Kuitpo Forest in the Mount Lofty Ranges. From this study, we synthesize a
conceptual framework to understand the mechanisms leading to alteration of precipitation
isotopic composition due to vegetation cover. The framework serves as a useful tool for
studying canopy interception isotopic effects through intra-event selection, partial
evaporation and inter-event selection. We also evaluate the significance of throughfall
isotopic variations in the studies of groundwater recharge sources, hydrograph separation

and paleoclimate reconstruction.
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In chapter 4, we examine seasonal plant water use and its response to rain events using
580 and d°H of twig with an experiment on the two contrasting hillslopes in the Mount
Wilson catchment. In this study, | monitored the water stable isotopic composition of the
twigs monthly for one year. From the results, winter rain provides most moisture for tree
water use. These results also indicate that landscape water storage capacity of winter rain
is important for plant growth and survival during dry summer. | also generalized two typical
patterns of 3'°0 and 5°H of tree water use with or without hydrogen fractionation by root
water uptake. By taking advantages of the comparisons between the two hillslopes of
contrasting aspects with one-year monitoring 5'°0 and &°H of throughfall and twig water,
the extremely low slope of the twig water line suggested that except for evaporation other

process (e.g. hydrogen fractionation) may happen during the root water uptake.

Based on the understanding of groundwater recharge gained from the above water
isotopic study, in chapter 5, an improved method based on the storage-discharge
relationship is proposed for groundwater recharge estimation in six upland catchments of
the Mount Lofty Ranges. The improvement from the original model includes that
groundwater discharge in dry seasons is considered in the improved method to estimate
net catchment recharge, and net subsurface lateral outflow from the catchment is
considered in the water balance equation. We compare the results from this improved
method with that from chloride mass balance (CMB) method. We also examine dynamic

responses of groundwater recharge to the climate conditions in the study area.

In chapter 6, the main results and findings are summarized. The role of 5'°C, 5'0 and 5°H
in ecohydrological studies are discussed. Future work following this dissertation is

recommended.
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CHAPTER 2 LEAF &'*C OF NATIVE SPECIES ON TWO
CONTRASTING HILLSLOPES IN SOUTH
AUSTRALIA AND ITS ASSOCIATION WITH
WATER STRESS'

2.1 Introduction

Carbon isotope ratio *C/'?C of leaves (expressed as leaf 5'°C) has been demonstrated as
a useful indicator to reveal accumulating effects of environmental conditions on plant
photosynthesis. This ratio is determined by both physiological and physical processes.
During photosynthesis, the overall carbon fractionation of Cs; plant leaves is primarily
controlled by the diffusion of CO; containing >C and '°C in the air (O’'Leary, 1981;
Hesterberg and Siegenthaler, 1991) and carboxylation in the CO fixation (e.g. Schmidt et
al., 1978; Guy et al., 1987). These two processes are related to a negative gradient of
intercellular and ambient CO, mole fractions (CO, absorption) through the regulation of
stomata openness, which also controlling leaf water loss through transpiration.
Environmental factors that influence stomatal conductance will impact both CO, and water
vapour exchange and isotopic fractionation of carbon between a leaf and its environment.
This forms the basis that the leaf &'°C can potentially work as an indicator of

environmental conditions, especially water stress (Farquhar et al., 1989).

Generally, local availability of soil water (Farquhar and Sharkey, 1982) and potential
evapotranspiration (PET) plays the key role in determining leaf 5"3C (Cernusak et al., 2013;
O’Leary, 1981), although solar irradiance (e.g. Pearcy, 1988), salinity (e.g. van Groenigen
and Kessel, 2002), temperature (e.g. Evans and von Caemmerer, 2013; Skrzypek et al.,
2007) and nutrient availability (e.g. Cernusak et al., 2007) can also influence leaf 5'°C. The
solar irradiance effects on leaf 8'°C are difficult to be separated from those due to leaf-to-

air vapour pressure deficit in the field (Farquhar et al., 1989). Salinity stress usually occurs

' This work was presented at the 9th IsoEcol Conference, 2014.
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in irrigated agroecosystems or vegetation relies on saline water sources. The influence of
temperature on 5'°C has not been studied broadly along temperature gradients and
various factors were reported for different genus. However, in general 3'°C seems to be

decreasing with an increase of temperature. For example, Evans and von Caemmerer

(2013) shows that when leaf temperature increases from 15 to 40 °C carbon fractionation

associated with photorespiration decreases only by 1.6%. in tobacco. On the other hand
significantly higher values were also reported varying from -1.0 to -2.4%./°C (Smith et al.,
1973; Troughton and Card, 1975). The most consistent pattern was observed in lower
plants with less complicated metabolism such as mosses (Skrzypek et al., 2007). Thus
temperature effect may have to be considered as important factor controlling 5'°C.
However, this signal can be overwritten by other more pronounced environmental

variables.

At the large scale, previous studies suggest that leaf 8'°C is correlated mainly with mean
total annual precipitation over a range of climate conditions with mean annual precipitation
from 100 to about 2000 mm as shown in Figure 2.1 (data from Diefendorf et al., 2010;
Cernusak et al., 2011; Miller at al., 2001; Schulze et al., 1998; Schulze et al., 2006;
Sterwart et al., 1995; Turner et al., 2008). However, this relationship appears to be weak in

Europe and northern Australia.

26



-20

4 © Continent of Europe (from A)
-18 -22 4
© Different continents (Diefendorf et al., 2010) g 24 : o 4
>Continent of Australia (references in C) & ] <
§ 26 g8 & 8 o L3 o
£ o 8
O g < <
7 28 1 <& <
24 - © On RO
= -30 4 < 3 &
2 18
g 00 o -32 : : r
ag g 0 500 1000 1500 2000
o b4 o 8 Mean Annual Precipitation (mm)
] 0 © .20
0 30 | i % © Northern Australia (Schulze et al., 1998)
Northern Australia (Miller et al., 2001)
i -22 1 © Northern Australia (Cernusak et al., 2011)
8 = 4 West Australia (Schulze et al., 2006)
o o -24 4 & West Australia [Turner et al., 2008)
o -] g + East Australia (Stewart et al., 1995)
o =
36 42 . y . . y . & -28 1 % 80 o ¢
% <
0 500 1000 1500 2000 2500 3000 3500 400( © .30 - +
Mean Annual Precipitation (mm) C +
-32 T T T
0 500 1000 1500 2000

Mean Annual Precipitation (mm)

Figure 2.1 Pool leaf 5"%C of various tree genera vs. mean annual total precipitation for Europe, North
America, Asia, Oceania and Southern Africa (summarized by Diefendorf et al., 2010) as shown as black
diamonds while those for Australia (Cernusak et al., 2011; Miller et al., 2001; Schulze et al., 1998; 2006;
Stewart et al., 1995; Turner et al., 2008) are shown as blue diamonds in Panel A. More specmcally, continent
of Europe and Australia are shown in panel B and C respectively. Leaf & 3C values generally decrease with
increased precipitation except that of continent of Europe and Northern Australia.

Several possible effects and trends can be overlooked in large scale studies. First, in
some studies (e.g. Diefendorf et al., 2010; Cernusak et al., 2011) several genera and even
families were pooled together, what may dim otherwise possible stronger trends for
individual species (Farquhar et al., 1989). Second, many of these studies were based on
one-time sampling procedure disregarding possible seasonal and inter-annual variability,
which has likely diluted the correlation between leaf 8'°C and precipitation. Only a few
studies have reported seasonal variations in leaf 5'°C (e.g. Ehleringer et al., 1992; Gao et
al., 2006). Third, precipitation alone may not be the best option to represent plant water
stress which is controlled by both supply (soil moisture) and demand (PET) at the same
time. In some situation, local precipitation is not necessarily the sole water source for
plants. Turner et al. (2008) suggest that annual precipitation does not directly determine

leaf 8'°C of Eucalyptus species based on two samplings along a southeast to northeast
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transect from Perth to the centre of Australia. Third, topography can induce changes of
environmental conditions such as water availability and solar irradiance on the local scale.
Therefore, there is a need to investigate leaf 5'°C continuously with simultaneous
monitoring of environmental factors contributing to plant water stress over a range of

hydroclimatic conditions.

In the present study, we performed experiments on a native vegetation catchment with two
contrasting hillslopes, the north facing slope (NFS, more sunny on Southern Hemisphere)
and the south facing slope (SFS, more shady), across a ‘V’ shape valley in South Australia.
The two contrasting slopes provide a range of environmental conditions to examine the
influencing factors in leaf 3'°C. One-year leaf 5°C of two tree species, Eucalyptus (E.)
leucoxylon and Acacia (A.) pycnantha have been monitored monthly in this native
vegetation catchment. We also collected two transects across the catchment to capture
the spatial variations of leaf 5'°C after the dry season and the wet season. It is aimed to
understand the seasonality of leaf 3'°C variations of the two tree species and spatial
variations due to slope characteristics and varying local hydrological conditions. We also
evaluate the correlation between leaf 5'°C and aridity index, which is the ratio of potential
evapotranspiration to precipitation (PET/P), to check if this index is useful to quantify the

relationship between leaf §"°C and plant water stress.

2.2 Materials and methods

2.21 Study site
The study site is located in Mount Wilson (138.64° E, 35.21° S, 370 m a.s.l.) in the Mount

Lofty Ranges of South Australia (Figure 2.2). This study site is characterized with a
Mediterranean type climate, being cold and humid in winter and hot and dry in summer.
Long-term average annual precipitation (1982-2013) is 716 mm dominated by winter rain

events (http://www.bom.gov.au/climate/data/stations/). In this native vegetation site, there
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are four main tree species: Eucalyptus leucoxylon, Acacia pycnantha, Acacia notabilis and
Eucalyptus viminalis cygnetensis. Especially, Eucalyptus leucoxylon and Eucalyptus
viminalis cygnetensis are the dominant species. A transect including ten trees is selected
across two contrasting hillslopes, the north facing slope and the south facing slope to
conduct our monitoring work with five trees on each slope. It would be more representative
if we monitor more trees. Nevertheless, these ten trees, which include all the typical tree
species of the study site, gradually covered the change of environmental conditions such
as solar irradiance due to the two contrasting aspects of the hillslopes. One mast was

installed on each hillslope to monitor net radiation above the canopy.
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Figure 2.2 The study site and locations of ten sampling trees on the two contrasting hillslopes.

2.2.2 Field work and sample storage

The trees we chose were all around 13 m in height to avoid the uncertainty in data
interpretation resulting from the tree height and age effect (e.g. McDowell et al., 2011).

From 31 August 2012 to 2 September 2013, 16 batches (one batch refers to one time
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sampling) of leaf samples have been collected. In every batch, samples were collected in
four directions (east, south, west and north) for each tree except that the tree did not have
a developed canopy in desired directions. Each sample for isotopic analysis was prepared
from 10 to 20 leaves of the canopy in each direction. Leaf samples were sealed in zip-lock
bags and stored in a cold ice chest box. In the lab, the samples were dried at 70 °C in an
oven until a constant weight. Dry leaf samples were then grounded into powders and

stored in plastic sealed jars.

2.2.3 Isotopic analysis

The grounded leaf samples were analysed in West Australian Biogeochemistry Centre at
the School of Plant Biology, The University of Western Australia Perth for 8'>C using a
continuous flow system consisting of a Delta V Plus mass spectrometer connected with a
Thermo Flush 1112 via Conflo IV (Thermo-Finnigan/Germany). The measure &-values
were expressed with reference to VPDB (Vienna PeeDee Belemnitella americana) isotope
reference scale using multi-point normalization technique and four standards NBS19, L-
SVEC, NBS22 and USGS24 (Skrzypek et al., 2010). The 5'3C was expressed in parts per
thousand (%o, VPDB) (Skrzypek, 2013).

13 _ Rsample 0
stC —(R——I)XIOOO/OO (2.1)

VPDB

sample

where 8"Cgample is delta notation of the sample, Rsample is '°C/'*C ratio of the sample, and
Rvepg is the "*C/'?C ratio of the standard VPDB. The external analysis error for §"°C (1

standard deviation) is reported to be 0.10%o.

2.2.4 Calculation of potential evapotranspiration

PET lumps the demand control of plant water use and precipitation plays as an input
control, thus aridity index (PET/P) is very likely to represent the environmental conditions

than sums of precipitation only. It is easy to calculate from weather station data. To
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quantify the relationship between leaf 8'°C and plant water stress, daily PET (mm day™) is

calculated using Priestly-Taylor method (1972) as shown in equation (2.2).
A R, 10°

—Lx—>  (2.2)
A+y A p

PET =«

where a is the Priestly-Taylor coefficient assumed to be 1.26; A (kPa ‘C™) is the slope of
the saturation vapour pressure-temperature relationship; y (kPa °C'1) is the psychrometric
constant; R, (MJ m? day™) is the net radiation above the surface and A is latent heat of

vaporization, 2.45 MJ kg'1; p is water density, 1.0x10° kg m?.

As it is known that leaf 8'°C is time-integrated signal, correspondingly the aridity index for

each sampling batch is calculated using equation (2.3).
PET/P=YPET/>'P (2.3)

where 0 refers to the date as starting point which is one month ahead from the first batch

of the sampling and i refers to the date of the sampling batch of interest.

The way we do the calculation for this accumulation is because the beginnings of the
accumulating periods of the leaf biomass are not even. Usually, we do not have the
knowledge of how long "*C has been stored in the leaf biomass. Therefore, we have tried
three different ways to decode the life period of leaves using linear stepwise regression for
time series data of leaf 8'°C and PET/P. The main uncertain parameter is which date
should be used as the start point for calculation of the integrated values. First, we used the
period between the two consecutive sample batches as the accumulation time for the latter
sampling batch (/-1 to /). In average we have around 23-day sampling interval, and we set
one month period for the first sampling batch. Second, we applied two-month (61 days)

period prior to the sampling date for each sampling batch. In other words, we assumed
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that accumulating time period is 61 days until we did sample collection. Third, we apply the
integral method as we described in Equation (2.3). The first batch was collected on August

31st, 2012, the starting point (i=0) we use is August 1st, 2012.

2.2.5 Radiation inputs and topographic index

In order to quantify the relationship between leaf 5"3C and plant water stress spatially,
daily PET* (mm day™) was calculated using equation (2.2) as well. Specifically, the net
radiation we apply is calculated from the observation net radiation and the relationship
(linear regression) between global radiation at tree location and that at the mast location.
The global radiation is the sum of direct and diffuse radiation of all sun map and sky map
sectors for different locations of the ten trees, respectively. Simply, we used solar radiation
analysis tools in ArcGIS (ESRI Inc., 2003) to calculate the global radiation based on
methods from the hemispherical viewshed algorithm (Rich 1990; Rich et al., 1994; Fu and
Rich 2000; Fu and Rich 2002) with high resolution (1 m x1 m) based on Digital Elevation
Models (DEMs) of the study area. The daily global radiation data for each location of the
trees were then extracted for linear regression to get relationship between the tree location
and the mast location. The equation (2.3) was utilized for the calculation of spatially aridity

index for each tree location.

Topographic index (Beven et al., 1984), which may potentially relate to the soil moisture
conditions, was also calculated for each tree location as given in the following equation
(2.4).

A
tan S

Tl =In(—) (2.4)

Where Tl is topographic index, A is the upslope contributing area per unit length of contour,
and B is the topographic slope of the cell. T/ is derived from DEMs based on topographic

data using ArcGIS.
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2.2.6 Statistical analysis

To evaluate the correlation between leaf 8'>C and environmental factors, stepwise linear
regression was applied using IBM SPSS© software both in time and space. Analysis of

variance (ANOVA) table including significance level was also obtained for each regression.

2.3 Results and discussion

2.3.1 Seasonal variations of leaf 5'°C

The results of leaf 5'°C at the end of dry season (05/Mar/2013) and the end of wet season
(02/Sep/2013) are shown in Figure 2.3 (lower panel) in comparison to the precipitation
(upper panel in Figure 2.3). All leaf 5'3C of ten trees after wet season were all consistently
lower than that after dry season except tree i where no significant change was observed.

The difference in leaf 5'°C between the two batches for each tree can be as large as 1.2+

0.4%0, which shows significant seasonal variations.
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Figure 2.3 Daily precipitation from 1/Jan/2012 to 12/Dec/2013 of the Mount Wilson site (upper panel) and
two sets of leaf 8'C of the 10 sampling trees (lower panel) across the site on 05/Mar/2013 and 02/Sep/2013

separately.
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We focus on tree a, b, d and e on NFS and tree g, i and j on SFS for more detailed time
series analysis (Figure 2.4). Generally, leaf 8'>C has an increasing trend in the dry season
and decreasing trend in the wet season except tree j. The timing of the turning of these

two trends was also quite consistent among trees except for tree i.
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Figure 2.4 Time series data of leaf 5"%C of Eucalyptus leucoxylon and Acacia pycnantha on the two
contrasting hillslopes.

The above results confirm that precipitation is important in determination of the seasonal
variations of leaf 8'°C in general. However, it is not clear in what timescale the relationship
between precipitation and leaf 3'>C is robust. If we focus on NFS only, a decrease in §°C
(e.g. batch 5 to batch 6) can be found in the dry season and an increase (batch 9 to batch
10) can be seen in the wet season after rain events. The effects of precipitation on the

seasonal variations of leaf 8'°C of SFS are not as clear as that of NFS. The two
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contrasting hillslopes located no more than 200 meters one from another, precipitation is
similar (observed throughfall data). For this reason, precipitation cannot be considered as
the factor responsible for differences in 8'>C of leaves between the two slopes. Therefore,
other factors arising from topography, such as soil moisture storage and solar irradiance,
need to be considered. In general, the top part of the slopes receives more solar irradiation
and tends to be dryer as shallow soil and regolith water infiltrate downhill keeping bottom
of the valley wetter. An alternative index to sum of precipitation is needed to reveal the

relationship between leaf 8'*C and plant water stress in this study.

The statistics of leaf 5'°C of each tree are summarized in Table 2.1. Leaf 3'°C shows a
range of values from -32.6%o to -28.9%o. The span from maximum and minimum &'°C of
leaves for each tree is 1.2%0 to 2.7%0, which is similar to some species like Ambrosia
dumosa, Bebbia juncea, Gutierrezia sarothrae etc. in Sonoran Desert of Arizona
(Ehleringer et al.,1992). Mean values of leaf 3'°C may smooth the leaf 5'°C variation of
leaves as it is integrated over a certain period as discussed in section 2.2.4. Nevertheless,
it is still useful to examine the systematic trend in observation. For instance, leaf 3'>C of
wet season mean values are all consistently more negative than that of dry season
although the difference is less than 1.1%.. Specifically, tree i and tree e have a smallest

difference between seasons than other trees.

The observed leaf 5'°C values in this study are more negative (-30.4+1.1%o) in comparison
to Cs3 species (-26.4+1.4%0) presented on Figure 2.1 for similar precipitation regime (700-

750 mm/year). This indicates that local baselines are importantly related to local conditions.
Thus for detailed study trends, local conditions such as slope orientation needs to be

considered except precipitation.
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Table 2.1 Leaf 5"°C (in %o) at the Mount Wilson site from 31/Aug/2012 to 02/Sep/2013.

Annual global

Topographic

Leaf 513C Dry season* Wet season* radiation
Site Tree ID Tree species ra(;a e (%) Mean (+SD) Index
e (%o mean (#SD)  mean (£SD)  (x10°Wh/m?)
(T1)
a E. Leucoxylon -30.6 ~-28.9 -29.8 (20.5) -29.5 (£0.5) -29.9 (x0.4) 1.281 5.55
b E. Leucoxylon ~ -30.9 ~-29.0 -29.7 (+0.6) -29.3 (+0.3) -30.1 (+0.6) 1.270 4.06
North facing c A. Notabilis - - -30.4 312 1.262 5.78
slope
d A. Pycnantha  -31.6 ~-28.9 -29.7 (+0.8) -29.2 (+0.1) -30.1 (£1.1) 1.260 4.21
e E. Leucoxylon ~ -30.8~-29.2 -30.0 (+0.5) -30.1 (+0.4) -30.2 (+0.5) 1.282 4.36
f E. viminalis . ; -30.2 -31.3 0.934 5.70
cygnetensis
g E. Leucoxylon  -30.6 ~-29.1 -29.9 (x0.4) -29.4 (£0.3) -30.1 (£0.3) 0.806 5.66
. h E.viminalis - - -30.5 ; 0.785 5.43
South facing cygnetensis
slope
i A. Pycnantha  -32.4 ~-30.4 -31.6 (+0.6) -31.6 (+0.7) -31.7 (+0.6) 0.809 5.65
j E. Leucoxylon — -32.6 ~-31.4 -32.0 (+0.3) -31.8 (+0.4) -32.1 (+0.4) 0.775 3.95

*Dry Season is from Nov to Mar and Wet Season is from Jun to Oct. Tree c, tree fand tree h have twice sampling only.
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2.3.2 Spatial variations of leaf '°C

Trees on SFS had more negative leaf 5'°C than trees on NFS. This relative difference can
be as large as 3.4%o (Figure 2.4 and Table 2.1). Moreover 5'°C of trees on SFS start
decreasing earlier in the wet season than that on NFS. This is in agreement with expected
pattern as the trees on more shady SFS are subject to shorter water stress period due to

lower evaporative demand and therefore more negative 5'>C values.

Tree i on SFS and tree d on NFS are both Acacia pycnantha. They are located about 100
meters apart from another (Figure 2.2) at a similar elevation, but had a leaf 3'*C difference
by almost 2%.. Leaf 5'°C was similar for tree i (A. pycnantha) and tree j (E.leucoxylon) on
SFS. Tree j and tree g (both E.leucoxylon) on SFS had very different leaf 5'°C but almost
the same pattern in the seasonal variations. In general, trees on NFS all have similar

patterns and values in leaf 8'°C among them (Figure 2.4 and Table 2.1).

Both tree species and environmental related factors are possible to account for the
differences in leaf 8'°C observed between the two slopes. However, it seems that
environmental conditions are more important than the difference in species itself. Because
different species on the same hillslope, e.g. tree a and tree d on NFS or tree i and tree j on
SFS, show similar values and seasonal variations of leaf 8'>C through the monitoring year.
Moreover, the same species on the same hillslope, e.g. tree g and tree j, show similar

variations but very consistent different value (2.120.3%o) of leaf 3'>C all over the year

(Figure 2.4 and Table 2.1).

With better water availability, it is expected to have more negative leaf 5'°C as the better
conditions for transpiration and photosynthesis. With less irradiance, it will also cause the
decrease of leaf 5'°C as intercellular CO, pressure will increase at lower light levels
(Farquhar et al., 1989; Pearcy, 1988). As it shown in Table 2.1, T/ is calculated to serve as

the indicator for soil moisture condition. The larger T/ indicates potentially better soil
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moisture condition at the same slope. It is very likely better water condition, while
irradiance is less, at the bottom than at the top on both SFS and NFS, respectively.
Therefore, more negative values of leaf 5'°C of tree d, tree i and tree j were observed at

the bottom of the valley than that on the top (Table 2.1).

2.3.3 Time series of leaf §'°C and aridity index

From the results of the three exercises we described in section 2.2.4, the third approach

gave the best fitting results. As it shown in Table 2.2, the correlations between leaf 5°C

and PET/P are good based on the R-square (0.31+£0.11) and p-value (0.02+0.03, 0.05 is

the usual threshold value for significance) for trees on NFS. As we can tell from the
regression equations, one unit change of PET/P can cause around 0.19%. change on NFS
and around 0.06%o change (excluding tree i) on SFS in leaf 5"°C. From our calculation, the
integrated PET/P ranges from 1.3 to 7.5 on NFS and from 1.0 to 6.5 on SFS in the
monitoring year. Hence, PET/P, which quantitatively reflects plant water stress, works well
to quantify the correlation with leaf 8'°C. In other words, if the main environmental control

is water availability, PET/P can be a good index to correlate with leaf 5'°C.

Table 2.2 Linear stepwise regression results for time series data of leaf 5'°C and aridity index for the two
genera Eucalyptus Leucoxylon and Acacia Pycnantha.

. R . . R*
Site Tree ID Regression equations (adjusted) p-value

a(E.) 5'°C =0.16 x (PET/P) - 30.4 0.30 0.00

North b (E.) 5"C =0.20 x (PET/P) - 30.5 0.44 0.00

facing .

slope d(A.) 5"°C =0.27 x (PET/P) - 30.8 0.30 0.03
e (E.) 5'°C =0.14 x (PET/P) - 30.4 0.18 0.06
g (E.) 5'°C =0.11 x (PET/P) - 30.3 0.13 0.1

South )

facing i(A.) 5'°C =-0.04 x (PET/P) - 31.4 -0.07 0.73

slope
j(E.) 5"°C =0.10 x (PET/P) - 32.3 0.10 0.13

*Tree species are in brackets, E. for Eucalyptus Leucoxylon and A. for Acacia Pycnantha.
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Trees on SFS showing much less significant (all p > 0.05) relations between PET/P and
leaf 5'°C is consistent with our understanding that they suffered less water stress. PET/P
on SFS is smaller than that on NFS throughout the monitoring year. This difference can be
as large as 2 units. From the regression results of tree j, it seems that this plant has no
water stress. With better moisture on SFS but much less irradiance than NFS and quite
negative values in leaf 5'°C (Table 2.1), we may conclude that tree i mainly suffered

irradiance stress while tree g and tree j suffered both irradiance stress and water stress.

2.3.4 Spatial leaf 5'°C and aridity index

Linear stepwise regression is also performed on the two batches of transect sampling to
examine the spatial relations of leaf 3'°C and PET/P. In each regression, we use the re-
calculated PET/P for the trees on each slope (Table 2.3). For example, for batch on March
5th 2013, PET/P values are the integrated ones to this date as we described in section
2.2.4. A very similar idea using monthly P/PET has been added to adjust the ratio of
saturation vapour pressure of ambient air to the total atmospheric pressure (€a sat/Ptotal) fOr

evaluating ecological adaption (Comstock and Ehleringer, 1992).

Table 2.3 Linear stepwise regression results for spatial variations of leaf 5"C and aridity index including the
two genera, Eucalyptus and Acacia.

Date Regression equations R? (adjusted) p-value
2013-Mar-05 d'°C = 0.84 x (PET/P)-35.8 0.35 0.05
2013-Sep-02 5'°C =1.68 x (PET/P)—34.5 0.20 0.13

As it shown in Table 2.3, the spatial correlations between leaf 5'°C and PET/P has p-value
larger than or equals to the usual threshold value of 0.05 for the two batches. One possible
reason for that is we only have ten pairs of data in each regression. Nevertheless, we can

still have quantitatively understanding from the regression equations that one unit change
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of PET/P may cause 0.84%o to 1.68%. change of leaf 8'°C. This spatial change is much
larger than temporal change in leaf 5'°C caused by PET/P for this plot scale study.
Spatially, leaf '°C is affected by the combination of different environment conditions in

different locations while temporally it is smoothed by time integration.

Table 2.4 Linear stepwise regression results for spatial variations of integrated aridity index (PET/P) and
topographic index (T/) and leaf 5"C of Eucalyptus and Acacia separately.

Constant Topographic Adjusted
Genus Regression (%o) Index (TI) PET/P R? R?
Coefficient -34.0 0.60 0.24
Eucalyptus p-value 0.00 0.00 0.00 0.36 0.34
Coefficient -25.1 -1.10 0.13
Acacia p-value 0.00 0.00 0.12 0.68 0.65

In order to articulate the spatial relationship between leaf 5"3C and environmental water
conditions, linear stepwise regressions were also conducted for the two genera Both
topographic index and integrated aridity index were included in the exercise, with results
shown in Table 2.4. It should be noticed that only two trees have been applied the
regression analysis in genus Acacia while five trees were used in Eucalyptus. The
relationship between spatial leaf 5'C and PET/P may be buried by lack of data in Acacia.
Thus we focus on the result of genus Eucalyptus in Table 2.4. Tl has a coefficient of 0.60
and integrated PET/P has that value of 0.24. This suggests that the location of the trees
which may relate to soil moisture conditions is very important to determine the spatial leaf
5'3C. Integrated PET/P is also a key factor in this determination. Thus leaf 3'°C may be
used as a good indicator for vegetation stress resulting from spatial variability of

environmental conditions.

The larger dependence of spatial leaf 5'°C than temporal values on PET/P seems to be

good news for the studies (e.g. Cernusak et al., 2011) looking at the behaviour of
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ecosystem across complex climatic gradients using one time sampling plan. But without
considering timing (seasonal variations) or the location (slope effects) will surely induce
significant uncertainties from the results we reported. A careful sampling design is required
to examine the relationship between leaf 8'>C and water availability over a regional climate

gradient. Seasonal variations and slope aspects should be both kept in mind.

2.4 Conclusions and implications

Significant seasonal variations have been observed in leaf 3'°C for both studied Cs tree
genus up to 1.7%o for Eucalyptus leucoxylon and up to 2.7%o for Acacia pycnantha. On the
two contrasting hillslopes, the difference in leaf 5'°C was also significant and on average
between NFS and SFS was around 2%.. These results suggest that seasonal variations
and slope topographic effect should be considered while examining the leaf 5'°C and

ecosystem adaptions over a regional climate gradient.

Good correlations between temporal leaf 3'°C and aridity index was observed in location
exposed to the higher water stress (NFS). In contrast, correlations for wetter slope SFS
and downslope locations were not significant, suggesting that local soil conditions and
position in the landscape can be more important than weather parameters. On the
temporal axis, the correlation coefficients between leaf 5'°C and integrated aridity index
can be as high as 0.44, and on the spatial axis, the correlation coefficients can be 0.36 for
the examined Eucalyptus trees. These results suggest that PET/P may be a good indicator

to quantify the relationship between leaf §'°C and plant water stress.
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CHAPTER 3 ISOTOPIC COMPOSITION OF
THROUGHFALL IN PINE PLANTATION AND
NATIVE EUCALYPTUS FOREST?

3.1Introduction

Knowledge of the isotopic composition of precipitation is of importance for studies using
isotopic composition as hydrological tracers to investigate the origin of groundwater (e.g.
Ajami et al., 2011; Clark and Fritz, 1997; Frot et al., 2007), hydrograph separation (e.g.
Goller et al., 2005; Hooper and Shoemaker, 1986; Kendall and McDonnell, 1993; Wels et
al., 1991), and paleoclimate reconstruction (e.g. Darling, 2004; Steinman et al., 2012). A
great number of studies on precipitation isotope and its applications in hydrological
processes emerged in the last few decades (e.g. Rindsberger et al., 1990; Risi et al.,
2008b; Risi et al., 2010; Rozanski et al., 1992; Rozanski et al., 1993; Soderberg et al.,
2013; Uemura et al., 2012). However, in catchments with vegetation cover, major water
stable isotope inputs are throughfall instead of precipitation. Interception loss refers to a
part of precipitation evaporation from vegetation during or after rainfall while throughfall
refers to the remaining part of precipitation may or may not contact the canopy and falls to
the ground in vegetated area (Crockford and Richardson, 2000). Thus, it is necessary to
know how much precipitation isotopic composition is altered by vegetation canopy, and

how this alteration varies with different vegetation covers.

It is usually thought that throughfall isotopic composition is more enriched than the bulk
precipitation (Pichon et al., 1996). This is because of the isotopic fractionation during
partial evaporation of canopy intercepted water. There are two models based on partial
evaporation concept, Saxena (1986) and Gat (2010), to predict isotopic compositions of

throughfall. Saxena (1986) applied a Craig and Gordon (1965) type model to calculate

2 A revised version of this chapter was published in Journal of Hydrology , with co-authors Huade Guan and Zijuan

Deng.
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isotopic composition of evaporate vapour while Gat (2010) used a Rayleigh type model to
do the calculation. Because their focus is partial evaporation, certain assumption has to be
made. For example, Gat (2010) gave the special solutions assuming the input isotopic

signal of rain events is invariant, which is often not valid in reality.

However, Pichon et al. (1996) pointed out that the fractionation process in partial
evaporation is not the only mechanism altering throughfall isotopic composition. This is
supported by the fact that both enrichment and depletion of isotopic composition of
throughfall have been reported in published studies. Saxena (1986) found that throughfall
80 content was higher than open rainfall for most of the 24 summer rain events in a pine
forest in Sweden, but depleted throughfall was observed for a few events. In DeWalle and
Swistock (1994), Brodersen et al. (2000) and Kubota and Tsuboyama (2004), these two
different effects were also observed. DeWalle and Swistock (1994) showed in one event
under spruce, the throughfall isotope difference from precipitation can be as low as -0.65%o
and in another event that can be as high as 1.61%. in terms of "0 concentration. Similarly,
Brodersen et al. (2000) showed that the difference under spruce can be as low as -1.48%o
and as high as 1.26%.. Kubota and Tsuboyama (2004) showed two events with depletion
and four events with enrichment of "0 in throughfall isotopic composition in comparison to

that of bulk precipitation.

All these observations suggest that in addition to partial evaporation, other mechanisms
should have contributed to the alteration of the throughfall isotopic composition from bulk
precipitation. Because of canopy interception, part of rainfall (e.g. at the beginning or the
end of the event) can be completely missing in the throughfall. If this missing part has
different isotopic composition from the remaining rainfall, the throughfall isotopic
composition can be different from the bulk rainfall. This mechanism is now referred to the

selection process. Gat and Tzur (1967) first proposed that the selection process can affect
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isotopic composition when part of the event evaporates totally from the canopy. Following
this concept, Saxena (1986), DeWalle and Swistock (1994), Pichon et al. (1996), Gibson
et al. (2000) showed their throughfall isotopic results to support the existence of selection
process. Brodersen et al. (2000) summarized that the selection process is one important
process responsible for the alteration of isotopic signal by canopy. Intra-event variation of
precipitation isotopic composition is the key to understand the selection process. However,
none of these studies have utilized the intra-event isotopic composition to examine this
process. This is probably the reason why in some other studies like Liu et al. (2008) ,
Ikawa (2011) and Kato et al. (2013) the selection process is neglected. On the other hand,
the selection process can also occur between events if small rainfall events are completely
intercepted by canopy. This inter-event selection has not been clearly addressed in the

previous studies. The isotopic amount effect, if present, is useful to examine this process.

In addition to °H and 5'°0, the secondary isotopic variable - deuterium excess which
defined as d =6°H -8x6""0 (Dansgaard, 1964), is helpful to distinguish the selection
proccesses from partial evaporation. This variable cancel out the covariation of oxygen
and hydrogen isotopic compositions duing the equilibrium fractionation (Guan et al., 2013).
Selection processes have no effect on d while partial evaporation will decrease this
variable. Such useful informmation has been applied in only a few throughfall studies.
Using both 580 and d-excess to develop an operational framework will be useful to
examine different processes responsible for the alteration of throughfall isotopic

composition.

The objectives of this study are (i) to examine the isotopic composition of throughfall in
two typical vegetation surfaces, pine plantation and native eucalyptus forest, in South
Australia; (ii) to understand the mechanisms leading to alteration of precipitation isotopic

composition due to vegetation cover using a synthesized conceptual framework; (iii) to
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evaluate the significance of throughfall isotopic variations in the studies of groundwater

recharge sources, hydrograph separation and paleoclimate reconstruction.

3.2Study area

The study was conducted in Kuitpo Forest (138.68° E, 35.18" S, 335 m a.s.l.), 20 km east
of Gulf St. Vincent and 30 km south of the central business district of Adelaide, South
Australia (Figure 3.1). The study area is characterized with a Mediterranean type climate,
being cold and humid in winter and hot and dry in summer. Long-term average annual
precipitation (1971-2000) is 830 mm dominated by winter rain events, and monthly mean
temperature (1975-1995) ranges from 8 °C to 19.5 °C
(http://www.bom.gov.au/climate/data/). Three sites were selected including one bulk
precipitation sampling site in open field (hereafter referred to as O site) and two throughfall
sampling sites (Figure 3.1). One throughfall site is at a sampling plot under planted trees
(hereafter referred to as P site). Another throughfall site is at a sampling plot under native
eucalyptus trees (hereafter referred to as N site). The tree species at P site is Pinus
radiata and at N site are Eucalyptus camaldulensis, Eucalyptus leucoxylon and Eucalyptus

baxteri. More details of the study area can be found in Deng et al. (2013).
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Figure 3.1 Study area at Kuitpo Forest, South Australia.

3.3Methods

3.3.1 Field work

In the open field, four identical funnel collectors were placed to sample bulk precipitation.
In each vegetation site, twenty collectors were placed randomly in a plot of 20 x 20 m?.
Each collector was made of 15 cm diameter funnel connected to a bottle of 1.5 L capacity.
The funnel had coarse filters to stop leaf litter from falling into the bottle. The collector was
held up in a plastic tube 55 cm above the ground to avoid dirt splashing into the funnels.
To prevent water evaporation, each sampling bottle was filled with around 1 cm thick of
liquid paraffin (Ajax Finechem Pty. Ltd., Adelaide) before being placed in the field. From
September 29, 2009 to October 26, 2010, 17 batches of bulk precipitation and throughfall

samples were collected. In every batch, 44 samples were collected with a roughly 18-day
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interval depending on the event rainfall amount during the sampling period. For batch 10,

overflow occurred.

Understanding of intra-event variation of isotopic composition is a starting point to
understanding the isotopic composition of throughfall, thus more than 300 (34 events)
intra-event rainwater samples were collected using automated sequential samplers at two
sites: the Flinders University campus (elevation, 160 m a.s.l.) in Adelaide, and Bridgewater
(elevation, 435 m a.s.l.) in the Mount Lofty Ranges (Figure 3.1) from 4 Sep. 2009 to 28
Feb. 2013. 289 samples (28 events) were collected on campus and the rest were
collected at Bridgewater. Each sample was prescribed to collect a maximum of 2 mm,
whereas a few were set to collect 1 mm during an event. Monthly rain isotope data
collected at Global Network of Isotopes in Precipitation (GNIP) Adelaide site (#9467500,
34.97°S, 138.58°E, and 45 m above sea level) was also used for this study. The GNIP site

monthly data covers a period between 1962 and 1984.

3.3.2 Isotopic analysis

Water samples were filtered with 0.45 um filter paper (GN-6 Metrice Grid, Pall 186
Corporation) and kept in a cold room (4 °C) before isotope analysis. Both '®0O and
deuterium analysis of all samples were performed at Flinders Analytical Laboratory using
L2130-i Cavity Ring-Down Spectroscopy (CRDS) Isotopic Water Analyzer (Picarro Inc.,
Santa Clara, CA, USA). Delta notation is used to express the stable isotope ratios of

hydrogen and oxygen in precipitation and throughfall samples:

Rsample

0(%0) =] ————— —1[x1000 (3.1)
s tan dard

where Rsampie and Rgtandara represent the D/H or '®0/'°0 abundance ratios in sample and

standard, respectively, and the standard refers to the Vienna Standard Mean Ocean Water

(VSMOW). Four laboratory references have been applied to normalize the analysed
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results to VSMOW values. The isotopic composition 520 and 5°H of the four references

are 0.95%0 and 7.40%o, -10.36%0 and -73.80%0, and -2.07%. and -11.08%. named as

DESAL, EVIAN and SYNERGY, respectively. Precision (10) was reported to be 0.1%o
(A*®0) for 5'®0 and 1.0 %o (A?H) for 5°H of our analysis results. The uncertainty (Ad) is

od
06°H

A*H + ‘_6d

50 A"0O with a value of 1.8%.

calculated as Ad =‘

3.3.3 Leaf area index

Leaf area index (LAIl) was obtained with the hemispherical photography method at an
overcast day (Zhang et al., 2005). Each picture was taken vertically above each sampling
point with a fish eye lens mounted to a Nikon D4000 at a stand height of 1.3 metres. The
pictures were then processed with Gap Light Analyser (Frazer et al., 1997) and the leaf

area index was calculated according to Chen et al. (1991) for each zenith ring.

3.3.4 Calculation of mean isotopic composition

The volume-weighted mean value of precipitation and throughfall isotopes for each site

were calculated as shown in equation (3.2).

S M (3.2)

where 6, and P, are the isotopic composition of samples and water amount respectively at

Open field, P site or N site, n is the total number of sample locations for each of the three

sites, which is 4, 20 and 20 respectively.

3.4 Results and discussion

3.4.1 Isotopic composition of rainfall

Figure 3.2 shows 17 batches of isotopic composition of rainfall and throughfall. The trend

of 5'%0 in precipitation is reasonably consistent with that of GNIP monthly weighted mean
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values except that 4 batches of collections are more enriched and one batch is much more
depleted with O in summer. On the other hand, d-excess of rainfall of nearly all 15
batches, are higher than GNIP data in the corresponding month especially in winter. This
is likely because the study site (335 m a.s.l.) is higher in elevation than the GNIP site (45
m a.s.l.), thus tends to have a less degree of falling rain drops evaporation between the

cloud base and the ground surface (hereafter referred to as sub-cloud evaporation).

The seasonal difference between summer and winter is quite obvious from the results in
precipitation isotope and d-excess in the sampling period. 5'%0 of precipitation is higher in
summer than that in winter, while d-excess is lower in summer than that in winter. This
seasonal pattern of both 5'®0 and d-excess could be associated with the sub-cloud
evaporation. Guan et al. (2013) reported that January and February rainfall, often
associated with large trough synoptic weather patterns, could have very low §'°0, which
has been observed in the GNIP data, but not in our throughfall samples. This is likely
because that this weather pattern was less frequent than normal in the throughfall

sampling year.
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Figure 3.2 Isotopic composition of rainfall, throughfall at P site and N site respectively, and GNIP mean
monthly data in Adelaide.

3.4.2 Isotopic composition of throughfall

The details of rainfall and throughfall isotopic composition and d-excess are showed in
Table 3.1. For both P site and N site, 3'20 values of throughfall are depleted in half of all
batches in comparison to that of precipitation. However, at P site, d-excess values are
larger than that of precipitation while at N site d-excess values are smaller than that of

precipitation for most batches.
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Table 3.1 Climate characteristics and volume weighted mean of 3'°0 and d-excess in the open site (O), the pine site (P) and the native vegetation site (N) in Kuipto
Forest, South Australia. Air temperature and Relative humidity are mean daily values from the start day to the end day of the batch collection.

Batch Sampling period 5"%0 (%) d-excess (%o) P site N site Rain Raining Air Rela.tiye

No. (mm) tempirature humidity
Start End 0 P N do dr  dy  ordo  drdo ox-00 dx-do days 0 %)
2 29-Sep-09 16-Oct-09  -3.88 -4.03 -3.98 137 14.5 13.8 -0.14 0.8 a(c) -0.10 0.1 - 58.9 9 13.0 63.3
3 16-Oct-09 2-Dec-09 -3.58 -3.64 -3.19 117 12.6 10.7 -0.06 0.9 a(c) 0.39 -1.0 b 60.8 14 232 44.9
4 2-Dec-09 18-Jan-10  -4.02 -4.19 -4.03  11.6 12.2 113 -0.16 0.6 a(c) -0.01  -0.2 a 39.9 9 23.7 41.1
5 18-Jan-10 15-Mar-10  -3.27 -3.30 -327 105 11.4 10.7 -0.03 0.8 a(c) 0.00 0.2 a 30.0 11 242 42.4
6 15-Mar-10 9-Apr-10 -3.67 -3.74 -3.66  13.0 13.7 13.3 -0.07 0.7 a(c) 0.00 0.2 a 53.1 11 22.7 47.9
7 9-Apr-10 5-May-10  -2.62 -2.51 271 169 16.6 16.9 0.10 -0.3 b -0.09 0.0 - 39.0 12 17.7 60.2
8 5-May-10 27-May-10  -7.55 =722 -7.62 148 13.9 14.0 0.32 -0.9 b -0.07  -0.8 a 42.0 12 15.3 60.9
9 27-May-10 12-Jun-10  -5.24 -4.49 -538 132 15.3 13.6 0.75 22 a -0.14 0.4 a(c) 47.9 15 11.9 76.3
10* 12-Jun-10 30-Jun-10  -5.24 -6.20 -5.64 182 18.3 17.9 -0.96 0.1 a -041  -03 a 91.2 10 11.7 69.4
11 30-Jun-10 16-Jul-10 -5.08 -5.74 -5.72 135 16.7 15.3 -0.65 3.1 a -0.64 1.8 a 76.1 11 10.9 73.8
12 16-Jul-10 31-Jul-10 -5.78 -5.56 -573  16.6 17.3 16.8 0.23 0.6 a 0.05 0.1 - 26.5 11 112 77.6
13 31-Jul-10 6-Aug-10 -5.72 -5.53 -5.61 169 17.2 16.8 0.19 0.3 a 0.10  -0.1 - 61.3 5 8.4 78.0
14 6-Aug-10 18-Aug-10  -4.04 -4.19 -4.03 143 14.6 14.0 -0.15 0.2 a 0.00 -0.4 b 45.1 7 11.2 68.7
15 18-Aug-10  27-Aug-10  -4.57 -4.52 -4.67 192 202 19.9 0.05 1.0 a -0.09 0.7 a 76.0 8 10.2 76.1
16 27-Aug-10 6-Sep-10 -5.90 -5.25 -5.76 128 12.4 12.4 0.65 -0.5 b 0.14 -04 b 65.2 6 10.9 76.5
17 6-Sep-10 18-Sep-10  -5.07 -4.96 -5.07 135 14.0 13.1 0.11 0.5 a 0.00 -0.4 b 49.9 6 12.3 69.6
18 18-Sep-10 26-Oct-10  -3.34 -3.64 -3.34 152 16.7 15.1 -0.30 1.5 a(c) -0.01  -0.1 - 32.1 17 12.1 69.3

Shaded for summer collections and white for winter collections;
a, b and c are corresponding to the conceptual framework;
* refers to overflowed sample collection and - refers to the batch which is hard to classify from our conceptual framework due to isotopic analysis errors.
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The lower 5'®0 at both P site and N site than that at the open site are more frequent in
summer than in winter. In summer, 6 out of 9 batches have lower 5'20 at P site as well as
that at N site. In winter, the lower or higher 5'%0 value than that of open precipitation does
not show obviously patterns. But for batches 10 and 11, the depletions are consistent at

both P site and N site.

From Figure 3.3, it shows that pine trees have larger canopy storage capacity than native
eucalyptus trees. In other words, more interception loss happened at P site than at N site

which is consistent with that the average LAI for P site is 2.11 and for N site is 0.56.
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Figure 3.3 Relationships between throughfall and rainfall for 17 batches of sample collection in Kuitpo Forest,
South Australia.

The results indicate more interception loss will not necessarily have higher 8'0 or smaller
d-excess because throughfall collections could be resulted from partial evaporation, intra-
event selection (complete evaporation of intercepted rain water), and inter-event selection
(some small event being completely intercepted and evaporated). That 5'°0 values of
throughfall are depleted in most batches in comparison to that of precipitation make it
invalid to apply Saxena’s (1986) or Gat’s (2010) model to estimate throughfall isotopes.

Both of their models are mainly based on the theory of partial evaporation. When intra-
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event selection happens, either depletion or enrichment can happen to throughfall but d-
excess is likely to increase due to the information loss of relative low d-excess part, which
is reasonable to explain our results. However, the situation is more complex when we had
monthly sample collections. The isotopic information of some small events (rainfall smaller
than canopy storage) is not reflected in throughfall collections. Due to the amount effect in
summer that small events tend to have high 5'°0 values and low d-excess, the inter-event

selection process can easily cause a depletion of 5'%0 values and an increase of d-excess

values in throughfall.

3.4.3 Variations of 50 and d-excess of intra-events and the amount effect

The intra-event variations of 3’20 and d-excess at nearby locations are shown in Figure
3.4. Over all events for 5'20, there is on average a decreasing trend within each event. For

d-excess, the value is low at the beginning and toward the end of a rainfall event, and is

relatively stable in between.
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Figure 3.4 Intra-event variations of 5'®0 and d-excess. 8'°0 variation (d-excess variation) is calculated as
the difference between 5'°0 (d-excess) of each intra-event sample and the weighted mean 5'%0 (d-excess)
of the corresponding event. Red line is hand drawn.

The decreasing of 5'®0 can be explained by the Rayleigh-type rainout process. The

Rayleigh-type model described the process that rain drops condense continuously from
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the limited vapour in isotopic equilibrium. The condensed rain drops become depleted in
isotopic composition due to isotopic fractionation. This trend is also very similar to many
other intra-event studies (e.g. Celle-Jeanton et al., 2004; Pionke and DeWalle, 1992;
Yoshimura, 2003). Because the sub-cloud evaporation effect (Dansgaard, 1964; Gat, 1996)
normally is strong at the beginning and the end of a rainfall event, d-excess has low values
at these two stages. The intra-event variations of §'°0 and d-excess are useful to develop
and examine a conceptual framework of isotopic composition of throughfall. Our
generalized pattern (red line in Figure 3.4) is to capture the major characteristics of the
variations of the intra-event isotopic composition although there are a few events do not

follow the pattern.

5'%0 and d-excess of summer events and monthly samples are shown in Figure 3.5a and
Figure 3.5b respectively. In summer season, the amount effect can be observed both in
the events we collected and in long term records from GNIP monthly weighted mean data.

Rainfall events of a larger size tend to have a lower 520 and a higher d-excess.
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Figure 3.5 The amount effect on 5'®0 and d-excess in summer. Event samples are collected during 2009-
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2013 (Figure a) and GNIP data are monthly volume-weighted mean data from 1962 to 1984 (Figure b).

This phenomenon is consistent with Dansgaard (1964) who found that the amount effect
is evident in summer time in mid-latitudes. One mechanism for the amount effect is that
sub-cloud evaporation of the raindrops and/or the vapour mixing with surrounding moisture
recondense to form the raindrops again (Lee and Fung, 2008; Risi et al., 2008a). Low
relative humidity (or high vapour deficit), which is the case in summer in the study area
(Table 3.1), can cause high sub-cloud evaporation. Another cause of the amount effect is
Rayleigh fractionation in cloud vapour condensation. As water vapour condenses in rain
clouds, heavier water isotopes become enriched in the liquid phase while the lighter
isotopes remain in the vapour phase. Thus large rain events tend to have lighter isotopic
composition (Dansgaard, 1964; Kendall and McDonnell, 1998). The amount effect in
summer is another useful pattern to examine the mechanisms for isotopic composition of

throughfall.

3.4.4 Conceptual framework of isotopic composition of throughfall

Three different dynamic processes may lead to the alteration of isotopic composition in
throughfall from that of rainfall. The first one is that the water has no contact with canopy,
without any isotopic alteration. The second one is that the water in contact with canopy
partly evaporates with the residual contributing to throughfall. The last is that the water
totally evaporates from the canopy without contribution to throughfall. In other words, the
throughfall isotopic composition lies on the degree of evaporation, on what part of event
rainfall being intercepted and evaporated. Based on the characteristics of event and intra-
event isotopic composition in the study area, we develop the following conceptual
framework to describe possible mechanisms influencing throughfall isotopic composition.
The principles described here should apply for other areas although the details in

throughfall isotopic composition in comparison to precipitation may vary if the event and
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intra-event isotopic patterns are different from this study.

1. Intra-event selection process - Part of precipitation that is stored in canopy may
evaporate totally which is more likely to happen in the beginning and the end of an event.
Because the relative humidity is low at the beginning and rain water is lack in the end. In
this case, throughfall isotopic composition selectively reflects part of precipitation. Since
isotopic signature varies during one event, this process can lead to enrichment or
depletion of heavy isotopes in throughfall, and more likely an increase in d-excess due to
the ‘disappearance’ of low d-excess values in the beginning and the end of the event as

shown in Figure 3.6a.

2. Partial evaporation in interception - The precipitation which reaches and is temporally
stored in the canopy can partially evaporate. This leads to a heavy isotopic enrichment in
throughfall and a decrease of d-excess because of isotopic fractionation as shown in

Figure 3.6b.

3. Inter-event selection process - When we collect cumulative samples of multiple events,
such as on the monthly time scale, events of a small size are intercepted totally thus do
not contribute to throughfall. This process will depend on the time scale of sampling and
can lead to either enrichment or depletion of heavy isotopes in throughfall. The depletion is
more likely than enrichment as small events normally have a higher isotope concentration

due to the amount effect as shown in Figure 3.6c.

4. |sotopic exchange - Molecular exchange processes with atmospheric water vapour will
be dominant only when relative humidity is nearly 100% and big difference of isotopic
composition between two vapours, vapour equilibrium with canopy water and vapour of the
surrounding atmospheric moisture. This process can enrich or deplete heavy isotope

concentration in throughfall. But the conditions are rarely observed in natural environments
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(Rodhe, 1987) and this process may be significant especially in humid climate, e.g.
(Kendall, 1993). Hourly (Tremoy et al., 2012) and daily (Deshpande et al., 2010)
measurements of isotopic concentration of both vapour and rain water during individual
event approaches to equilibrium as relative humidity increases. Nevertheless, high
humidity with temporally varying isotopic composition could result in water stored in the
canopy being isotopically different from the canopy air, creating potential conditions for
exchange to take place. Without simultaneous water vapour isotopic data, this mechanism

is difficult to quantify in the study.

5. Pre-event storage effect - Moisture retained between events can affect throughfall
isotopic composition (Allen et al., 2013; Ikawa et al., 2011). This effect either increases or
decreases 5'°0 or d-excess respectively depending on the isotopic composition and
residual amount of the previous event. Thus it is more likely to happen when time interval
is short between events. On the one hand, this effect rarely happens in hot and dry
summer in our study area. On the other hand, we lump several events as one batch

throughfall collection, thus this effect is undetectable for this sampling method.
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Thus we classified the major effects or processes for P site and N site in summer and
winter respectively by using both "0 and d-excess. The differences of 50 and d-
excess between throughfall and open precipitation are calculated separately as shown in
Table 3.1. The classification based on these differences (Table 3.1) and conceptual
framework (Figure 3.6) gives the most likely control process. Only 3 batches at P site and
4 batches at N site are possibly controlled by partial evaporation thus it is not as important

as the selection processes in the study area.

In summer, intra-event selection and inter-event selection cannot be completely
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distinguished in our study when the changes 5'®0 and d-excess in throughfall changes in
the same direction between the two selection processes. One or both of these two
processes is/are very likely to be the major control of the isotopic composition in
throughfall at P site and N site. In winter, which is the raining season of South Australia,
small events occur less frequently than that in summer as shown in Figure 3.7. The small
events are potentially to evaporate totally in summer while they may be preserved in
throughfall in winter. Thus intra-event selection is the most likely major control of the

isotopic composition in throughfall at P site and N site in winter.
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Figure 3.7 Histograms of daily rainfall and rain events in summer and winter, respectively from September
2009 to October 2010.

No matter how much enrichment or depletion, P site has more significant effects than N
site on isotopic composition of throughfall due to its much denser vegetation cover. For
5'80, the range of the effect (difference between throughfall and open site) at P site is from

-0.96%o to 0.75%o (£0.41%0, standard deviation), while at N site the range is from -0.64%o. to
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0.39%o0 (£0.22%0). In summer, the effect at P site ranges from -0.30%o to 0.75%o (£0.32%o),
while at N site that ranges from -0.10%o to 0.39%. (£0.16%o0). In winter, the effect ranges
from -0.96%o to 0.65%o0 (£0.52%0), while N site that ranges from -0.64%o to 0.1%o (£0.27%o).
The results indicate that denser vegetation can cause larger alteration of input isotopic
composition of precipitation as generally expected. The alteration is larger in winter than in
summer in our study area. Since major groundwater recharge happens in winter in South
Australia, the vegetation effects on isotopic composition of throughfall should be

considered when the catchment has a dense canopy cover.

3.4.5 Implications to groundwater recharge, hydrograph separation and
paleoclimate

Canopy alterations of throughfall isotopes are observed in both vegetated surfaces in the
study area, and can be attributed to three mechanisms. The question is whether this
alteration is significant and should be considered in studies with isotopic applications. In
studies about groundwater recharge sources, average isotopic values of seasonal or
annual precipitation are often used to compare with groundwater. For example, in Guan et
al. (2009), groundwater isotopic composition is compared with mean wet season rainfall to
determine whether groundwater is recharged by local or upslope precipitation. A 3'0
difference of 0.5%o is shown to be very sensitive in that examination. In this present study,
input 5'0 of throughfall at P site and N site is -0.14%o and -0.06%o, different from that of
rainfall when calculated from weighted mean difference for the whole monitoring year. In
wet season during which 70% rainfall happened from May to September, input 50 of
throughfall at P site and N site is -0.17%o0 and -0.10%. different from that of rainfall. The
difference is slightly larger than analytical uncertainty of liquid water sample which is 0.1%o
for 5'%0. The difference is more obvious in wet season which is considered as the main
recharge season in our study area. The effects of throughfall alteration on water stable

isotope can be significant especially when the catchment has very dense vegetation cover.
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In hydrograph separation studies, event sampling data of water stable isotope are usually
used (Hooper and Shoemaker, 1986; Ladouche et al., 2001; Laudon and Slaymaker,
1997). Using 8'%0 for an example, if baseflow isotope is -4.9%o, given a rain event -6%o, if
we have a value of -5.5%0. in runoff water after the event, the calculated new water
contribution for the runoff would be 54.5% from the event. If the rain event input in
throughall is altered to -6.5%o, then the calculated new water contribution would be 37.5%.
A 17 percentage point change happens with only 0.5%o alteration of the isotopic input. This
0.5%o alteration is likely in monthly throughfall (Table 3.1) and it is very likely larger at the
event scale. Thus for hydrograph separation studies vegetation effects cannot be

neglected.

Values of 3'%0 in tree-ring cellulose closely reflect the 3'®0 values in atmospheric
precipitation and hence mean annual temperature (Burk and Stuiver, 1981). The annual
mean of the cellulose 5'°0 data can be used to reconstruct paleoclimate. But do effects of
vegetation cover matter? In Liu et al. (2012), the standard deviation of tree-ring 5'%0 is
11.3%o in south-western China. The alteration in throughfall isotopic composition at annual
basis is quite small, similar to the analytical uncertainty of tree-ring cellulose which is
commonly +0.3%. (Berkelhammer and Stott, 2008; Burk and Stuiver, 1981). As it
mentioned that the input %0 of throughfall at P site and N site is -0.14%o and -0.06%o
different from that of rainfall when it is calculated from weighted mean difference for the
whole monitoring year. Thus vegetation effects of throughfall isotopic composition may be

negligible for paleoclimate reconstruction.

It should be noted that the above discussion is based on the results of this study.
Examination of these issues over other vegetation surfaces with different climate

conditions is recommended.
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3.5 Conclusions

Based on one year throughfall monitoring and using both 'O and d-excess at two
vegetated surfaces in Kuitpo Forest and previous studies we synthesized the conceptual
framework for studying throughfall isotopic composition. The framework serves as a useful
tool for studying effects of intra-event selection, partial evaporation and inter-event
selection. The results indicate that in summer, one or both of intra-event selection and
inter-event selection is/are very likely to be the major control of the isotopic composition in
throughfall at P site and N site. In winter intra-event selection is possible the major control
of the isotopic composition of throughfall at P site and N site. Partial evaporation is also
observed at both sites, but not as important as intra-event selection or inter-event selection.
P site has more significant effect on isotopic composition of throughfall than N site

because of its much denser vegetation cover.

In vegetated catchments, the input isotopic information is altered from precipitation. The
vegetation effects on isotopic input can be significant in densely vegetated catchments and
is important for hydrograph separation studies but can be negligible for paleoclimate

reconstruction and identification of groundwater recharge sources.
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CHAPTER 4 EXAMINATION OF ECOHYDROLOGICAL
PROCESSES ON TWO CONTRASTING
HILLSLOPES IN SOUTH AUSTRALIA USING 5'%0
AND &°H

4.1 Introduction

Water stable isotopes (5'®0 and &°H) are commonly applied as tracers in ecohydrology
studies such as the partitioning of evapotranspiration (e.g. Brunel et al., 1997; Good et al.,
2014; Wang et al., 2010; Wang et al., 2013; Yepez et al., 2005) and the sources of plant
water use (e.g. Dawson and Ehleringer, 1993; Ehleringer and Dawson, 1992) based on a
simple assumption that no fractionation happens in 3'0 and 5°H during root water uptake.
In other words, 3'®0 and &°H of twig (or stem) water reflect the mixed isotopic
compositions from different water sources. This assumption, which has been verified in
several laboratory and field experiments (Wershaw et al., 1966; White et al., 1985;
Zimmermann et al., 1967), results in many interesting studies. For example, Dawson and
Ehleringer (1991) reported a phenomenon that some streamside trees do not use stream
water. The method becomes easier and more popular to use when Phillips and Gregg

(2001; 2003; 2005) published the approach to deal with situations of multiple sources.

However, significant hydrogen isotope fractionation during root water uptake was observed
by Lin and Sternberg (1993) in coastal wetland plants both in the field and greenhouse
experiments. In their study, the depletion of 5°H in stem water ranges from 2~ 13%o
compare to sources water. More shrub and tree species of arid and semi-arid regions have
been examined by Ellsworth and Williams (2007) in greenhouse experiments. They
reported that in 12 species, 3~9%. depletion was observed in &°H of stem water in
comparison to that of soil water. Unlike 8H, the two studies above both showed that 5'0

of stem water can reflect that of soil water.
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Although the mechanisms have not been fully resolved (Ellsworth and Williams, 2007), we
can generalize two different patterns (A and B in Figure 4.1) of both 5'°0 and &°H in soil
water and twig water with known local meteoric water line (LMWL) if the tree absorbs soil
moisture only. Because oxygen isotope has larger kinetic fractionation effect than
hydrogen isotope during evaporation, soil water line has a smaller slope than LMWL.
Given that soil moisture at different depths and different times has been experienced
different degree of evaporation, it is expected that the soil water composition varies in a
range constrained by two soil water line (upper bound SWL or lower bound SWL). Without
any fractionation of hydrogen isotope from soil water to root water, the twig water line
should lie in between the upper SWL and lower SWL. With depletion of hydrogen isotope
in twig water, the twig water line very likely lies below the lower SWL. When a rain event
happens resulting in sufficient infiltration, the twig water without hydrogen isotope
fractionation will move toward and closely (A) to the event water line while the twig water
with hydrogen isotope fractionation will move to the event as well but vertically further (B)
from the event water line. Twig water of pattern B is also characterised with a very low

slope of the twig water line beyond the range that can be interpreted by soil evaporation

alone.
A N
A Rain event B Rain event
Upper SWL Upper SWL
I I e
P
© LMWL © LMWL
Twig water Twig water
Lower SWL Lower SWL
5150 - 5150 -

Figure 4.1 General performances of water stable isotopes of soil water line (SWL) and in twig water with
known local meteoric water line (LMWL). The crosses (theoretical values) show the changes of isotopic
compositions in soil water and twig water before (open crosses) and after (filled crosses) a rain event (the
blue circle). Very often, twig water is considering as a simple mixture of different water sources, e.g. water
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from different depths of soil (A). When hydrogen fractionation happens during root water uptake, twig water
line will be likely to lie below the soil water line (B).

Both A and B patterns can be found in the previous studies. For example, Brunel et al.
(1995) showed a typical A pattern to determine the water sources of plants in a semi-arid
environment. In Wang et al. (2010), some isotopic data of stem water lie below the soll
water line. But due to irrigation of deep groundwater, it is difficult to confirm that hydrogen
isotopic fractionation during root water uptake occurred. However, results from Brooks et
al. (2009) clearly follow a B pattern. Simple mixing is still able to be assumed for 3'°0 of

twig water, but for 3°H it needs to be interpreted carefully.

Under the background of the two patterns above, in this study, we conducted observations
on a native vegetation site on two contrasting hillslopes, the north facing slope (equator
facing slope, exposed to more sun light in the southern hemisphere) and the south facing
slope (pole facing slope) at a native vegetation catchment (Mount Wilson) in South
Australia. The two slopes provide different environmental conditions to understand plant
water use and infiltration processes. One-year twig sampling has been conducted for 5'20
and d°H analysis. From this investigation, we aim to evaluate twig water patterns in terms
of 5'®0 and &°H on the two hillslopes and examine how the root water uptake responds to

precipitation seasonally and specific rain events.

4.2 Materials and methods

4.2.1 Study site
The study site is located in Mount Wilson (138.64° E, 35.21° S, 370 m a.s.l.) in the Mount

Lofty Ranges of South Australia (Figure 4.2). This site is characterized with a
Mediterranean type climate, being cold and humid in winter and hot and dry in summer.
Long-term average annual precipitation (1982-2013) is 716 mm dominated by winter rain

events (http://www.bom.gov.au/climate/data/stations/). In this native vegetation site, there
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are four evergreen broad leaf tree species including Eucalyptus leucoxylon, Acacia
pycnantha, Acacia notabilis and Eucalyptus viminalis cygnetensis. Especially, Eucalyptus
leucoxylon and Eucalyptus viminalis cygnetensis are the dominant species. A transect
including ten trees is selected across two contrasting hillslopes, the equator facing slope
(hereafter referred to as NFS) and the pole facing slope (hereafter referred to as SFS) to

conduct our monitoring work with five trees on each slope.

E. Viminalis
Cygnefensis

£/ [ inin]

T
¥
SO
L. Viminalis
jgnetensis
A />

A, Pycnantha

South
Australia

4 . ~13m (+/-5)

: g’i.lth F?Ci_ng SlOpe . R Mean tree height
S

Tree ID

Figure 4.2 The study site and locations of 10 sampling trees on two contrasting hillslopes, the pole facing
slope (SFS) and equator facing slope (NFS).

4.2.2 Field work and sample storage

From August 31st, 2012 to September 2nd, 2013, 16 batches of twig samples have been
collected. In every batch, samples were collected in four directions (east, south, west and
north) for each tree except that the tree did not have a twig in a direction. The first order
twigs, 8 to 10 cm in length and 0.5 to 1.0 cm in diameter, were chosen to avoid back

diffusions of water stable isotopes from neighbour branch. Once cut down, the twig was
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sealed by wrap and tapes with care. Then the wrapped twig was stored in 120 mL vials
which were sealed with parafim. The vial was placed into a container to prevent
contamination before going to a cold ice chest box. The samples were all frozen until we

extract the water for water stable isotope analysis.

To characterize the input isotopic signal, 22 batches of bulk precipitation and throughfall
samples were also collected from March 12, 2012 to August 27, 2013. In an open field,
one funnel collector was placed to sample bulk precipitation. On each hillslope, twenty
collectors were placed randomly in a plot of 10 x 10 m?. Each collector was made of 15 cm
diameter funnel connected to a bottle of 1.5 L capacity. The funnel had coarse filters to
stop leaf litter from falling into the bottle. The collector was held up in a plastic tube 55 cm
above the ground to avoid dirt splashing into the funnels. To prevent water evaporation,
each sampling bottle was filled with around 1 cm thick of liquid paraffin (Ajax Finechem Pty.

Ltd., Adelaide) before being placed in the field.

To check how plant water use responds to precipitation, intra-event samples of 3 rain
events were collected at the open site in the study area. Each sample was prescribed to
collect a maximum of 2 mm rain water using an automatic rain water collector. To prevent
water evaporation, each sampling vial was also filled with around 1 cm thick of liquid
paraffin. Groundwater samples were collected from two boreholes which are 2 km and 4
km away from the study catchment. Water surface of these two boreholes are both 35 m
below the ground surface. Soil water samples were collected daily at depths of 20 cm and
50 cm on NFS and 30 cm and 50 cm on SFS, respectively. Detailed data information of

soil water can be found in Appendix |, Table A.2.

Capacitance probes (Sentek Pty. Ltd., Adelaide) were installed on SFS and NFS to
monitor volumetric soil moisture. To measure the transpiration rate (Tr), twenty four sets of

compensation heat pulse sap flow meters (Tranzflo NZ Ltd., New Zealand) (Green et al.,
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2003) were installed of the trees on two hillslopes. Leaf area index (LAI) on the two
hillslopes were obtained from digital photos using digital camera (DSC-F717 Cyber-shot,
Sony) with lens (Carl Zeiss Vario-Sonnar). The method based on which we calculate LAI
follows Macfarlane et al. (2007). Potential evapotranspiration are calculated from the
weather station data on each hillslope using Priestly-Taylor method (1972, section 2.2.4 of

Chapter 2).

4.2.3 Isotopic analysis

Cryogenic vacuum distillation method was used to extract twig water in West Australian
Biogeochemistry Centre (WABC, University of Western Australia, Perth). In this method,
two glass tubes were attached to a vacuum pump. The sample was placed in one tube
(sample tube) and frozen by submerging the tube in liquid nitrogen. A high evacuation was
conducted by the vacuum pump to suck the air out. The sample tube was then submerged
in boiling water and another tube (collection tube) was submerged in liquid nitrogen for
water collection. This distillation needs one hour for each sample. Four standard samples,
which need one hour and a half for distillation, went through the whole processes with

samples as quality control.

Precipitation and throughfall water samples were filtered with 0.45 um filter paper (GN-6
Metrice Grid, Pall 186 Corporation) and kept in a cold room (4 °C) before isotope analysis.
Both "0 and deuterium analysis of all samples were performed at WABC using L1102-/
Cavity Ring-Down Spectroscopy (CRDS) Isotopic Water Analyzer (Picarro Inc., Santa
Clara, CA, USA). Delta notation is used to express the stable isotope ratios of hydrogen

and oxygen in samples:

R
5(%@:( sample —1}1000 (4.1)

s tan dard

where Rsampie and  Rstandara represent the H/H or '0/'°0 abundance ratios in sample and
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standard, respectively, and the standard refers to the Vienna Standard Mean Ocean Water
(VSMOW). Given by Gonfiantini (1978), Rstandard = 155.76x10° for H*’HO and Rstangarg =
2005.2x10°® for H,'®0. Precision (10) was reported to be 0.1%o for 5'°0 and 1.0 %o for 5°H
of our analysis results. The secondary parameter, d-excess, is calculated as d = 3°H —

8x3'®0 (Dansgaard, 1964).

4.2.4 The slope of water line

To better understand the evaporation process effects on 5'®0 and 3°H of soil water, we
introduce the evaporation of a water column first. For an evaporated water column, the
total fractionation between the water column and the open air is the sum of the
fractionation for equilibrium water-vapour exchange (&) and the kinetic factor (&) (Clark
and Fritz, 1997). Under equilibrium conditions, the fractionation of 0 and ?H can be
determined by temperature (Horita and Wesolowski, 1994) with the current formulations

given as

. s 10° 10° 10°
10" Int,("0) = ~7.685-+6.7123(—) ~1.6664(5) +035041(=5)  (4.2)

10°

T3 T2
T

10°na,CH) =1 158.8(W) —1602.1(W) + 794.84(1%) —161.04+2.9992( (4.3)

where . is equilibrium fractionation factor for '®O (°H) in liquid water compared to that in

vapour water and T is the water temperature in K.

The liquid water would be enriched in "0 and ?H from the water vapour as large as
£, (%o) =(ax, —1)x10°  (4.4)

Under different humidity conditions, Gonfiantini (1986) described the kinetic factors as
£, ("0)=142x(1-RH)%o (4.5)
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& CH)=125x(1-RH)%o (4.6)
If we assume that evaporating water follows a Rayleigh process for both "0 and 2H:
0=0,+(g,+&)xInf  (4.7)

where & is 5'0 or 5°H of the evaporating water and & is the initial value, fis the fraction
of the residual water. The slope of evaporating water in terms of 5'®0 or d°H can be
estimated by

o (6=8)CH) _ (5,+2)CH)
(6-5)("0) (&, +5)("0)

(4.8)

Thus the theoretical slope of evaporation water line can be determined by temperature and

humidity.

However, evaporation can cause different enrichment of 3’20 and 3°H in soil profile than
those in water column since the kinetic factor (&) has been modified because of soil layers
(Allison et al., 1983). There are several choices for this value (Cappa et al., 2003; Horita et
al., 2008; Luz et al., 2009; Merlivat, 1978) but no agreement exists on which kinetic factor
performs better under which conditions (Braud et al., 2005; Soderberg et al., 2012).
Results in Allison et al. (1983) show that soil water line can have a slope of 2.64 after one
year evaporation. Nevertheless, the theoretical slope of evaporation water line based on
Eq. 4.8 can be seen as a reference for that of twig water line and it is certain that stronger

evaporation can cause a lower slope of the soil water line.

4.3 Results and discussion

4.3.1 Seasonal plant water use

The isotopic composition of input water may have been altered by vegetation compared to
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precipitation (Xu et al., 2014). In all the throughfall batches we collected, the 5'0 and d-
excess on the two hillslopes are very similar to that of precipitation except batch 1, 19, 21
and 22 (Table 4.1). The higher 3'0 and lower d-excess of throughfall on the two hillslopes
in batch 1 is very likely due to partial evaporation while the other three batches, which
characterized by the lower 50 and higher d-excess of throughfall, are more likely
controlled by selection process. The 5'°0 and d-excess on NFS and SFS are so close to

each other that makes the comparison between the two hillslopes much easier.
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Figure 4.3 Time series data of 5'%0in throughfall (crosses), groundwater (triangles) soil water at different
depths (circles) and twigs (diamonds) which are averaged for each hillslope, respectively.

Results of 8'°0 of groundwater and one-year observations for throughfall and twig water
are shown in Figure 4.3. It is evident that 5'°0 values of throughfall in the dry season
(November to March) are much higher than that in the wet season (June to October). 5'0
values of throughfall in the wet season are close to that of groundwater. These suggest
that the main groundwater recharge season of the study area is very likely in the wet
season. 5'%0 values of twig water are much more stable than that of throughfall, especially
in the dry season. This result suggests that plant water use in the dry season may not be

sourced from throughfall in the same period.
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Table 4.1 Volume weighted mean of 80 and d-excess of throughfall samples on north facing slope (NFS),

south facing slope (SFS) and that of precipitation at the open site.

Batch Sampling period 8"%0 d-excess
No. Start End NFS SFS Open NFS SFS Open
1 03-Mar-12 16-Apr-12  -5.60 -6.04 -7.07 14.9 17.2 23.0
2 17-Apr-12  20-May-12  -5.87 -5.73 -5.89 14.6 14.2 14.4
3 21-May-12 26-Jun-12 -6.21 -6.03 -6.50 12.2 12.2 14.3
4 27-Jun-12 18-Jul-12 -6.21 -6.28 -6.31 18.9 18.9 19.2
5 19-Jul-12 06-Aug-12  -5.22 -5.28 -5.50 14.7 14.8 15.1
6 07-Aug-12  19-Aug-12  -4.32 -4.40 -4.74 15.5 15.2 15.9
7 20-Aug-12  30-Aug-12  -5.12 -5.18 -5.31 19.5 19.8 20.2
8 31-Aug-12 02-Oct-12  -3.71 -3.49 -4.09 18.9 17.5 20.1
9 03-Oct-12 22-Oct-12  -6.23 -6.15 -6.50 22.6 22.4 22.7
10 23-Oct-12 20-Nov-12  -0.78 -0.79 -1.08 10.7 10.8 11.6
11 21-Nov-12 17-Dec-12 0.74 0.36 0.07 8.1 9.7 10.3
12 18-Dec-12 04-Mar-13  -2.55 -2.63 -2.75 9.5 9.5 9.9
13 05-Mar-13 03-Apr-13  -3.38 -3.33 -3.28 15.9 15.5 15.8
14 04-Apr-13 30-Apr-13  -6.66 -6.69 -6.59 18.1 17.5 18.0
15 01-May-13  16-May-13  -5.21 -5.11 -5.28 19.5 18.8 19.4
16 17-May-13 16-Jun-13 -8.99 -9.10 -9.21 14.8 14.7 14.5
17 17-Jun-13 23-Jun-13 -4.90 -5.09 -5.33 19.3 19.2 20.2
18 24-Jun-13 10-Jul-13 -3.90 -4.00 -4.21 20.7 21.1 21.1
19 11-Jul-13 25-Jul-13 -5.38 -5.57 -3.87 17.1 17.2 12.2
20 26-Jul-13 08-Aug-13  -3.43 -3.34 -3.27 17.3 16.7 16.2
21 09-Aug-13  26-Aug-13  -4.54 -4.71 -1.86 18.1 18.4 11.9
22 27-Aug-13 02-Sep-13 -2.17 -2.25 -0.17 11.3 11.3 8.1
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In the dry season, stronger soil evaporation (evaporation amount versus water availability)
was expected on both hillslopes due to dryer conditions than that in the wet season (Table
4.2), which is the reason that twig water has heavier '®0 in the dry season than that in the
wet season. Compare 8'0 and 5°H of twig to that of throughfall (Figure 4.3), tree water

use mainly relies on the wet season precipitation.

Table 4.2 Climate conditions including mean daily temperature (T) and mean daily relative humidity (RH)
obtained from sensors on the masts on each slope, and mean daily potential evapotranspiration (PET)
calculated by Priestley-Taylor equation in the dry season and the wet season of equator facing slope and
pole facing slope, respectively. Leaf area index (LAI) and mean daily transpiration rate (Tr) on each hillslope
are also given in this table.

Total NFS (LAI =1.43) SFS (LAI=1.43)
p T RH PET Tr T RE (%) PET Tr
o N o °
(mm) (C) (%) (mm/day) (mm/day) O (mm/day) (mm/day)
Dry 202 187 613 10.5 1.5 185 63.9 8.5 1.5
season
Wet 4714 113 767 4.8 1.4 1.2 79.3 3.4 1.6

season

Generally, both throughfall and twig water lines have smaller slopes in the dry season than
in the wet season (Figure 4.4), respectively. The twig water line on NFS has larger slopes
than that on SFS in both seasons. During the dry season, the slope of twig water line on
SFS is as low as 2.72 (beyond the range of the slope values of theoretical evaporation line
as shown in Table 4.3) with a weak correlation (R*=0.30) between '®0 and 2H, while the

slope is 5.03 on NFS and a R?>=0.72.
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Table 4.3 Theoretical slopes (S) of evaporated water line are calculated from the temperature (T) and
relative humidity (RH) for north facing slope and south facing slope. Minimum T and maximum RH can give
largest S while maximum T and minimum RH will have smallest S.

Location T (C) RH (%) £?0 £H &0 e’H S

53(min)  97.2(max) 112 103.6 04 035 89
NFS
34.6 (max) 18.6(min) 86  69.1  11.6 10.175 3.9

53 (min) 973 (max) 11.2 103.63 04 03 9.0
SFS
34.8 (max) 164 (min) 86 6890 119 105 3.9

Evaporation associated with larger kinetic fractionation can result in lower slope of the

water line, because ¢, ("*0) is larger thang, (*H). Smaller slopes in the dry season than

that in the wet season are consistent with our expectation. However, twig water line on
NFS has larger slopes than SFS in both seasons is opposite to what we thought even
without isotopic information of any soil profile. First, isotopic input information and amount
of throughfall is almost the same. Second, similar soil texture conditions (Table 4.4) should
have similar infiltration process on the two hillslopes. Third, tree species are the same and
canopy cover (LAl is the same) is similar on the two hillslopes. A larger potential
evapotranspiration on NFS than SFS (Table 4.2) would lead to smaller slopes of twig
water line on NFS than on SFS. Thus evaporation alone cannot be used to interpret the

small slopes of twig water line on SFS.
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Table 4.4 Soil texture for equator facing slope and pole facing slope using sedimentation method based on
Stoke’s law. Data for each depth are averaged from 5 soil columns on each slope at the same depth.

NFS SFS
Depth (cm)
Clay (%) Silt (%) Sand (%) Clay (%) Silt (%) Sand (%)
0-20 133 40.1 46.6 14.9 36.9 48.1
20-40 25.7 35.8 46.3 15.7 314 52.8
40-60 19.3 34.4 46.2 15.4 31.2 53.3
60-80 10.6 322 57.1 9.5 28.9 61.5
80-100 13.8 29.7 56.5 11.0 28.5 60.5
100-120 19.5 33.1 47.4 11.0 335 55.5

In detail, the difference in 3°H in twig water of the two seasons on SFS is much smaller
than that on NFS. Correlation (square root of R?) between '®0 and ?H are both smaller in
two seasons on SFS than that on NFS (Figure 4.4). It means that a possible process
‘prevents’ the ?H to become enriched in twig water and behaves differently from '®0. This
process is very likely to be hydrogen fractionation during root water uptake (Ellsworth and
Williams, 2007). Hydrogen fractionation during root water uptake can deplete ?H in the twig
water compared to source water. But no significant fractionation in this process has been
reported for %0 (Lin et al., 1993; Ellsworth and Williams, 2007). Thus 5'®0 and &°H of the

twig water is possible to follow the B pattern as we hypothesized in Figure 4.1.
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Figure 4.4 Isotopic compositions of throughfall, groundwater at the study site and twig water of the 10
sampling trees from 31/Aug/2012 to 02/Sep/2013. More specifically, isotopic compositions of twig water are
shown in mean values (ospen diamonds) with error bars based on data clouds in light colours. Linear
relationships between 5'®0 and &°H of throughfall (upper part) and twig water (lower part) in wet season and
dry season for pole facing slope and equator facing slope are also given separately. Wet season is from
November to March and dry season is from June to October.

As shown in Figure 4.4, all the data points of the dry season tend to locate on the upper-
right corner while those of the wet season distribute in the lower-left of the plot. 5'®0 and
5°H of throughfall in the dry season are much larger than that in the wet season. "0 and
5°H of twig water in dry season are also more enriched than that in the wet season for
both hillslopes. As seen from the mean values, the differences of 5'°0 and 5°H of twig

water between the two seasons are much larger on NFS than those on SFS (Table 2.1).

The depletion caused by root water uptake is positively correlated with transpiration rate
(Lin et al., 1993). In the wet season, mean transpiration rate is 1.5 mm/day on NFS and
1.4 mm/day on SFS while in the dry season mean transpiration rate is still 1.5 mm/day on
NFS but 1.6 mm/day on SFS (Table 4.2). The difference between the two hillslopes, which
is only 0.1 mm/day, has different effects in the two seasons in terms of 5'®0 and &°H in

twig water for the two hillslopes, especially in the dry season. The dry season has more
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than double potential evapotranspiration and almost only 1/5 amount of precipitation than
the wet season resulting in very different soil water availability in the two seasons. Soil
moisture should be much lower in the dry season than in the wet season. Under such
conditions, the difference of transpiration rate which is 0.1 mm/day is more important in the

dry season when we normalize it by soil moisture.

4.3.2 Rain event and plant water use

If we know the 8'%0 and 5°H of twig water before and after a rain event, we may be able to
track how plant water uses response to the event. Three intra-events and the 3'0 and
5°H of twig water are shown in Fig. 4.5. Generally, the change of the 5'°0 and &°H of twig
water after the three rain events is similar between the two hillslopes. Similar isotopic input
information (Table 4.1), similar soil texture and similar fractional vegetation cover, it is
reasonable that the plant water use respond similarly to the same rain event from the 5'°0
and 5°H of twig water on the two hillslopes. However, the situation is different from event

to event in terms of how precipitation is used by the plant.
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Figure 4.5 Isotopic compositions of twig water before (in green) and after rain events (in red) for SFS (left
panel A, C and E) and NFS (right panel B, D and F), respectively. Rain events were collected in 2 mm
(maximum) increment thus named as intra-event. Three events (A and B, C and D, E and F), 2/May-16/May,
12/Jul-15/Jul and 16/Aug-26/Aug of 2013, are given here respectively. Different trees are shown in details in
panels C and D when event from 12/Jul/2013 to 15/Jul/2013 has very different values of isotopic composition
from those of twig water before the event. Tree ID (e.g. ) is the twig water before while Tree ID_after (f_after)

is the twig water after the event.

The event in May happened in the very end of the dry season. It can be traced from the



580 and &°H of twig water (A and B in Figure 4.5), even the weighted mean isotopic
composition of the event (5'%0 is -5.13%0 and 5°H is -22.6%o) is very close to that of the
twig before the rain event makes it hard to identify the water plant water sources. The
distribution of data points of 3'°0 and 5°H of twig water become closer to each other after
the event. We also notice that it follows sort of the B pattern as d°H are horizontally

moving to the intra-event but not vertically closer to the event especially on SFS.

The event in July (C and D in Figure 4.5) occurred in the early stage of the wet season.
This event is plotted in detail as it has much higher content of 0 and ?H than the pre-
event twig water. This event, which is 24.6 mm, has been used by the plant as the data
points of twig water all move to the direction but parallel to the rain event. The change

follows the B pattern.

The event in late August (E and F in Figure 4.5) took place near the end of the wet season.
This event has little effect on the 5'°0 and &°H of twig water. Even the weighted mean
isotopic composition of the event is very different from that of the pre-event twig water. No
significant alteration in isotopic composition of twig water has been observed after the
event. In other words, this large rain event (54.2 mm) does not contribute to the plant

water use.

In summary, the 8'0 and &°H of twig water are significantly affected by the rain events
following the dry season. But the response of 5'°0 and &°H of twig water to the
precipitation indicates that not all events contribute to immediate plant water use even it is

quite large.

4.3.3 Root zone moisture replenishment

The understanding of 50 and &°H of twig water can help us to study the root zone

moisture replenishment on the two hillslopes. As we discussed above that the large event
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in late August has not contributed to the soil moisture of the root zone. During the same
event, soil moisture (Figure 4.6) at depths of 30 cm and 50 cm does not show much
change on August 15th, 2013 on the two hillslopes. However, at the depth of 100 cm on
the same day on SFS, the soil moisture shows a significant increase. This response of soil
moisture change to the rain event suggests that, if a rain event occurs when the soil is
already very wet the rain water infiltrates as preferential flow into the deep soil in the study
area with not too much contribution to the root zone soil moisture. Such wet soil may be
close to the field capacity and the timing when the event occurs determines its efficiency
as the sources of soil moisture. This regime of infiltration is very similar as the thorough
investigation in a Mediterranean climate upland humid watershed in Brooks et al. (2009)

and the study using 5'20 of soil water in Gazis and Feng (2004).
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Figure 4.6 Daily precipitation from and soil moisture data at different depths for NFS (A) and SFS (B) from
05/Aug/2013 to 02/Sep/2013.
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Some isotopic signals of throughfall are rare found in twig water, especially in the dry
season (Figure 4.3 and Figure 4.4). It indicates that the main season for root zone
moisture replenishment is the wet season and so as the possible groundwater recharge.
More specifically, from the results of the three events (Figure 4.5) at the different stages of
the wet season shows that the root zone moisture replenishment mainly reflects the
isotopic signal before mid-period of the wet season. Toward the later-period of the wet
season, isotopic signals are also rare can be found in the twig water either. The results
from isotopic signal and soil moisture data suggest that piston flow is not dominant but
preferential flow may play a significant role for the root zone moisture replenishment. This
mechanism may also important for groundwater recharge when we compare the isotopic

composition of groundwater and throughfall.

4.4 Conclusions and implications

We have generalized two typical patterns of 8’0 and 5°H of tree water use with or without
hydrogen fractionation by root water uptake. The slope of twig water line on pole facing
slope is much lower than that on the equator facing slope in the wet season (5.4 to 6.0)
and particularly in the dry season (2.7 to 5.0) suggests that hydrogen isotopic fractionation
may take place during root water uptake. This information re-emphasizes the problem of
using water isotope (particularly 3H) to study the sources of plant water use. We should
also keep in mind that the low slope of twig water line for different tree species may not
necessarily resulted from soil evaporation. This also calls for attention in using both 5'0

and 5°H for evaporation and transpiration partitioning over vegetated surfaces.

The response of 3'0 and 5°H of twig water to the rain events indicates landscape water
storage capacity of winter rain is important for plant growth and survival during dry summer.
The timing that the events occurs when the soil is dry or wet, determines its efficiency as

the sources of soil moisture. By comparing the results of the §'°0 and &°H of groundwater
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with a mean value -5.1%o0 and -27.5%o respectively and that of throughfall in the wet season
with a mean value -5.1(£1.7)%o and -23.4(x13.3)%. correspondingly, groundwater recharge

is dominated by events in the wet season.
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CHAPTER 5 DYNAMIC GROUNDWATER RECHARGE
ESTIMATION USING STORAGE-DISCHARGE
RELATIONSHIPS®

5.1 Introduction

Groundwater recharge estimation is a challenge for groundwater resources management
(Scanlon et al., 2006). Recharge estimation in mountainous catchments is quite difficult
due to hydrogeological and hydrometeorological complexities and limited observational
data (Green et al.,, 2011; Manning and Solomon, 2005; Taylor et al., 2012; Wilson and
Guan, 2004). However, reliable recharge estimates are essential in mountainous
catchments. Mountainous areas provide significant sources of fresh water for adjacent
lowlands (Manning and Solomon, 2005; Viviroli et al., 2007; Wilson and Guan, 2004),

particularly for regions where water supply is vulnerable from seasonal water shortage.

Various approaches based on groundwater models and tracer techniques such as the
chloride mass balance (CMB) method, have been widely utilized to estimate groundwater
recharge in mountainous catchments (e.g. Bazuhair and Wood, 1996; Gee et al., 2005;
Somaratne and Smettem, 2014). However, scarcity of observation wells and
hydrogeological complexity of bedrock aquifers have caused practical difficulties in using
groundwater models for mountainous catchments. Studies have shown that performance
of groundwater models is greatly degraded if hydraulic conductivity cannot be well
characterized for the catchment (Cook, 2003; Scanlon et al., 2006). Manning and Solomon
(2005) improved recharge estimation from groundwater modelling by incorporating
environmental tracers , as shown in a study based on the Salt Lake Valley in northern
Utah. Due to a lack of data, common for many mountainous areas, they had to assume a
relatively uniform hydraulic conductivity and circulation depth, which inevitably caused

uncertainties in recharge estimation.

s A revised version of this chapter is under review in Water Resources Research, with co-authors Huade Guan, Hoori
Ajami and Craig T. Simmons.
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Inter-annual variability of mountain recharge in response to climate variability and changes
is important for water resources management particularly in regions where mountain
system recharge constitutes a major component of the water budget. Application of tracer
based techniques (e. g. CMB) to estimate inter-annual variability of recharge is limited as
these methods usually give long-term average recharge estimates at a temporal resolution
from years to decades. For example, Aishlin and McNamara (2011) estimated net
groundwater recharge of Dry Creek Experimental Watershed on the Boise Front in south-
western Idaho using the CMB method, which was thought to have an integration period of
at least 5 years. However, to understand how groundwater recharge responds to input
(precipitation) or is affected by drought spells, this long-term average value provides
limited information. In addition to the time-scale related limitation, spatial variability of the
groundwater recharge which can occur in a small area causes another difficulty in using
tracer-based method for areal estimation. Cook et al. (1989) estimated ground recharge in
an area of about 14 ha near the town of Borrika in the southern Australia, having a range
from 0.04 to over 33 mm/year using 13 chloride profiles. In such a case, it is difficult to
obtain an areal average recharge based on just a few point data. Considering the above
limitations to estimate catchment groundwater recharge in mountainous regions, it is
necessary to develop an alternative method which is relatively easy to apply and provides

representative estimation over the whole catchment.

Among different components of catchment water balance, stream discharge is the only
aggregated measurement of the catchment response to changes in atmospheric and land
cover conditions (Brutseart and Nieber, 1977; Kirchner, 2009). In catchments with gaining
streams, stream discharge has been found to be a good indicator of changes in catchment
water storage (e.g. Creutzfeldt et al., 2014; Gan and Luo, 2013; Hassan, 2012). Given this
relationship, the storage-discharge (S-Q) functions have been developed in many

catchment hydrology studies for long-term basin scale evapotranspiration (ET) (Palmroth
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et al., 2010) and precipitation estimation (Kirchner, 2009), and characterizing variability of
catchment storage for water resources management (e.g. Krakauer and Temimi, 2011;
Pena-Arancibia et al., 2010; van Dijk, 2010). In addition, the storage-discharge
relationships have been applied to quantify the lower-bound of mountain block recharge in
areas with distinct precipitation seasonality (Ajami et al., 2011). Using the S-Q functions
developed from daily streamflow during dry seasons, the method estimates dynamic
mountain block recharge without requiring other field observations than streamflow and
precipitation data. However, in Ajami et al., (2011), baseflow and net subsurface lateral
outflow during dry seasons are not considered in the recharge estimation. Without
considering net subsurface lateral outflow, it is very likely to underestimate catchment
recharge, and neglecting baseflow in dry season would potentially result in overestimation
of catchment recharge. Therefore, the wet season recharge rate estimated from the
storage-discharge relationship during the dry season does not necessarily give the lower
bound of annual groundwater recharge. Further improvement to the storage-discharge

relationship method is needed to better quantify groundwater recharge.

Before introducing the improved recharge estimation method, we firstly need to clarify the
different terms of recharge in mountainous regions. For a mountainous catchment,
mountain block includes all the mass composing the mountains, including vegetation, sall,
bedrock and water (Wilson and Guan, 2004). Instead of using mountain front recharge,
mountain block recharge (e.g. Ajami et al., 2011; Kao et al., 2012) or mountain system
recharge (e.g. Ajami et al., 2012) which is sometimes incomparable between studies, we
focus on the catchment itself. Simply we use direct water-table recharge to describe the
part of infiltrated water that has reached the fractured bedrock storage and refer net
recharge, which equals to net subsurface lateral outflow, to the water amount that left from

direct water-table recharge after the baseflow discharge.
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In this study, an improved method based on the storage-discharge relationship (hereafter
referred to as SQR) is proposed for groundwater recharge estimation in mountainous
catchments. The improvement from the original model includes that groundwater
discharge in dry seasons is considered in the SQR to estimate net catchment recharge,
and net subsurface lateral outflow from the catchment is considered in the water balance
equation. The research questions are: (i) How does the improved SQR method work for
mountainous catchments in the Mount Lofty Ranges in South Australia? (ii) Is the recharge
estimated from the SQR method comparable with that from the CMB method? (iii)) How
does the recharge respond to the variability in climate conditions? The paper is structured
as follows to answer these questions. The conceptual model theory is given in Section 5.2,
followed by descriptions of study catchments and data collection in Section 5.3. The
results and discussion are presented in Section 5.4, and the limitations of the improved

SQR method are summarized in Section 5.5. Conclusions are given in Section 5.6.

5.2 Theory

5.2.1 Conceptual model

In order to understand groundwater recharge in mountainous catchments, we need to
understand precipitation seasonality (input characterization), the dynamic storage changes
of the catchments, and streamflow patterns (output characterization). In a typical
mountainous catchment with semi-arid climate, groundwater recharge is dominant during
the wet season while there is little recharge in the dry season. Groundwater recharge in a
wet season replenishes groundwater storage of the catchment, leading to an increase in
the baseflow component of the streamflow. In a dry season, when the recharge rarely
happens, groundwater storage of the catchment is depleted by continuous loss of water

via baseflow (Figure 5.1, left), net subsurface lateral outflow and potential loss due to ET in

areas of shallow subsurface. The response of streamflow ( mainly composed of baseflow )
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to catchment storage changes as shown in the hydrograph (Figure 5.1, right) in turn can
be utilized as an indicator of catchment storage status. If the storage changes before and
after a wet season can be quantified from the storage-discharge relationship, and
groundwater discharge through baseflow in the dry season can be estimated, the annual

net groundwater recharge rate of the mountainous catchment can be quantified.
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Figure 5.1 Conceptual diagram to illustrate groundwater recharge processes for areas of distinctive dry and
wet seasons. On the left panel: two conditions (one in wet season and the other in dry season) are
demonstrated, where P is precipitation, ET is evapotranspiration, Q is streamflow, and L is net subsurface
lateral outflow. The magnitude of Q is controlled by groundwater storage S through baseflow. The detail of
change in streamflow is shown in the right panel for a typical year. Period 1 refers to the dry condition of the
catchment before the recharge season (wet season), period 2 refers to the recharge season, period 3 refers
to the beginning of dry season (drying period) after the recharge of the year, and period 4 refers to the dry
period of the next year in which catchment storage releases water recharged in the previous year. Thus
period 3 and 4 constitute the dry season of the year and period 5 refers to the beginning of the next recharge
season. Simply, periods 2, 3 and 4 is considered as a hydrological year in this study.

We will demonstrate this conceptual framework based on several catchments in the Mount
Lofty Ranges, South Australia. This study area has one distinct raining season from April
to October (corresponding to period 2 in Figure 5.1, right) dominated by winter frontal
storms. Groundwater recharge occurs in this wet season and dynamic storage changes of
the catchment during this season will be estimated by measuring changes in streamflow
(mainly baseflow) before and after the recharge season using a hydrographic recession
analysis outlined by Brutsaert and Nieber (1977) and Kirchner (2009). To explain the
dynamics of catchment storage in response to precipitation, we define different periods of

a calendar year according to precipitation and streamflow rather than the subsurface
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moisture conditions because continuous and representative observations of the catchment
storage are not available. We have identified three periods to present a hydrologic year in

our catchments (periods 2, 3 and 4 in Figure 5.1). The hydrologic year starts from a dry

1

catchment state where baseflow is minimum (Q_,,, in period 1). As a result of precipitation

3

and recharge in period 2, baseflow reaches its maximum value (Q_. , in period 3).

Therefore, changes in catchment storage between Q.. and Q3 can be used to estimate

changes in groundwater storage of the catchment after recharge. Similarly, dynamic
storage changes of the catchment from the wet period (period 2) to the dry period (period

4) can be estimated by using Q’

max

and minimum baseflow before the next recharge

season (Q_. , period 4) based on the same S-Q function of the given catchment.

5.2.2 Recharge estimation

5.2.2.1 Derivation of the storage-discharge (S-Q) function
Changes of the water storage in a catchment over a given period can be described by the

mass conservation:

ds
=2 -P-ET-Q-L (5.1
m Q (5.1)

where S is catchment storage, P is precipitation, ET is evapotranspiration, Q is streamflow,
and L is the net subsurface lateral outflow to the regional aquifer. When streamflow is a
function of catchment storage, the catchment sensitivity function can be obtained from the

streamflow time series data in the condition that P <K Q, ET « Q, L < Q, according to

dQ/

dQ _~ /dt

Q)=—"Z~—*~L= (5.2

9(Q) aS Q (5.2)

where g(Q) (T") is the catchment sensitivity function following Kirchner (2009). This

relationship only applies when Q is primarily composed of baseflow.

98



To derive the catchment sensitivity function g(Q), the hydrograph recession analysis of
Brutsaert and Nieber (1977) is applied by using daily streamflow data for the periods when
precipitation and ET are much smaller than streamflow. Thus, data in rainy days and wet
season should be excluded from this analysis. ET may still be important in the remaining
days (dry season) but its effect on dry season baseflow is very limited. This is because soll
moisture storage during dry season does not contribute to groundwater recharge and

therefore is disconnected from the groundwater storage.

The recession plot (-dQ/dt vs dQ) is used to obtain the catchment sensitivity function. In
Brutsaert and Nieber (1977), the recession plot is constructed with streamflow

measurements of two consecutive days, which is —dQ/dt=(Q,_; -Q)/(t; —t_;) where j=1

day. However, the use of a constant (t-tj) can lead to situations that both upper and lower
boundaries are purely numerical artifacts in the recession plot (Rupp and Selker, 2006).
Especially the lower envelope, which is used to determine g(Q) in Brutsaert and Nieber
(1977), is heavily affected by the precision level of the measurements, including the
precision at which Q is recorded and the precision of stage height records (Rupp and
Selker, 2006). In order to minimize the effects of streamflow measurement errors in
recession plot, we use the scaled-At method of Rupp and Selker (2006) to estimate
recession slopes for each Q; when the difference between two measured streamflow

values is larger than a threshold value:

Qi—j _Qi 2 C(Qmax _Qmin) (5-3)

where i is the data point taken at time step /, j is the number of time increments depending
on the magnitude of measurement error in streamflow, and C is a constant equal to or
larger than one which is determined empirically. Qmax and Qmin are the maximum and

minimum Q respectively for a given stage value in the time series of streamflow data.
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After correction for the stream flow measurement error, the recession plot presents
—dQ/dt =(Q_;—-Q)/(t ~t_;) as a function of (Zik:i_ij)/(jH) and mean value is applied

for the estimation of g(Q) (Kirchner, 2009). Brutsaert and Nieber (1977) suggested to
obtain the S-Q function from the lower envelope as they stated that the lowest (-dQ/dt)
data points were solely determined by the change of groundwater at a given Q. However,
in practice this lower envelope is more likely influenced by the resolution-induced
measurement errors mentioned above. More importantly, g(Q) should representatively
capture the catchment behaviour in terms of catchment storage change and streamflow.
The scatter of data points in a recession plot often shows randomly in different directions
around an average recession trend to a certain degree (Kirchner, 2009). The lower
envelope may lead to biased estimation of g(Q). Therefore, the recession flow data are
binned using the quantile method (Ajami et al., 2011; Kirchner, 2009), and only the data

where the standard error of -dQ/dt = (Q,_; -Q))/(t; —t_;) is less than half of the mean for

each bin are selected for the scatter plot of In(-dQ/dt) vs InQ (Kirchner, 2009).

Depending on the pattern of this scatter plot, linear or quadratic fitting is performed to
derive the S-Q function. In this study, linear fitting is used according to the data pattern in
the study area. The following formulation is derived based on this linear regression.

Formulation for nonlinear fitting functions can be found in Kirchner (2009).

If this fitting results in a slope and intercept of a linear function, they can then be used to

produce the catchment sensitivity function g(Q):

_4Q_
dt

aQ® (5.4)
where b is the slope of the linear fitting based on the scatter plot of In(—dQ /dt) vs InQ.

Equation (5.2) can be re-organized and transformed into,
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which leads to

_ (2-b)
S-S, = a2 b)Q (5.6)

where Sy is the initial water storage in the catchment.

Catchment properties, e.g. characteristic recession time (CRT) and storage depletion

response, can be reflected in the sensitivity function (Kirchner et al., 2009). Reciprocal of

the sensitivity function (1/g(Q)=1/a*Q"™) is the CRT (r:g—é) of the catchment. The

parameter b reflects the steepness of the CRT function. For a given streamflow value
which is commonly less than 1 mm/day, a larger a is corresponding to a lower value of

CRT, and a larger b is corresponding to a higher value of CRT.

5.2.2.2 Groundwater recharge estimation from the S-Q function
Based on the S-Q function (equation (5.6)), storage change of the catchment in the wet

season (AS,) is obtained by using measured streamflow values before (Q! , minimum

min ?

streamflow in period 1, Figure 5.1) and after (Q’ , maximum streamflow in period 3,

max

Figure 5.1) wet season. Similarly, to estimate storage change in the dry season (AS;)

stream flow values corresponding to period 4, Q. and Q! as shown in Figure 5.1 are
used:
AS @b _ e (5.7-1
W= (2 5y @) (2 o5 @ 67
AS @-0) _ e (5.7-2
d a(2 b) (Qmm) (2 b) (Qmax) ( )
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Mountain catchments are very often composed of fracture rocks with thin root zone soil
layers overlying thick vadose zone. Catchment water storage changes inferred from
equation (5.7) is disconnected from evapotranspiration, and changes in storage can be
regarded as potential direct groundwater recharge or discharge. Considering potential
groundwater recharge will eventually join the aquifer by direct water-table recharge, we
assume that the result from equation (5.7) approximates groundwater storage change of
the catchment. Changes in groundwater storage which is replenished by direct water-table
recharge and depleted by baseflow and net subsurface lateral outflow from the catchment

can be expressed for wet and dry seasons as follows:

AS,=R,-B,-L, (5.8-1)

AS,=R,-B,-L, (5.8-2)

where ASis catchment storage change, R is direct water-table recharge, B is baseflow
and L is net lateral subsurface outflow of the catchment. The subscript w and d refers to

wet and dry season respectively.

Lateral subsurface outflow is determined by across catchment hydraulic gradient and
transmissivity. Generally speaking, the hydraulic head in the aquifer changes
symmetrically in wet and dry seasons. Without better knowledge, we assume that the net

subsurface lateral outflow does not differ too much between the two seasons.

L=l (59

Little is known about the quantitative role of net subsurface lateral outflow in the mass
balance equation in complex mountainous catchment. The net subsurface lateral outflow is
also termed as mountain block recharge (Manning, 2002) which is difficult to be quantified.
Following the above assumption (equation 5.9) and based on the mass balance equations
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described above, it is possible to quantify the amount of net subsurface lateral outflow of a

mountainous catchment, as shown below.
From equation (5.8-1), (5.8-2), and (5.9), we eliminate net subsurface lateral outflow:
AS,—-AS,=R,-B,+B;, (5.10)

The net catchment recharge defined as the difference between direct water-table recharge

and baseflow is:
R,=R,-B,+R,—-B; (5.11)

Direct water-table recharge in dry season is often very limited. By assuming R, ~0 and

combining with rearranging equation (5.10) and (5.11), net recharge can be expressed as:
R, =AS,—-AS,-2B;, (5.12)

Based on calculated net groundwater recharge (R,) from equation (5.12), we are able to
back estimate direct groundwater recharge (R,) from equation (5.11) and the net

subsurface lateral outflow (L, or Ly) from equation (5.8-1) or (5.8-2).

5.3 The study area and methods

5.3.1 Study site and hydrogeology

Six catchments examined in this study are located in the Mount Lofty Ranges (MLR) of
South Australia as shown in Figure 5.2. They include streamflow and precipitation data for
all six catchments over various periods as shown in Table 1. Isotopic and major ions data
are only available for catchment 3. Catchment 1 and 2 are located in the eastern flank of
the MLR and catchment 3, 4, 5 and 6 are situated at the western MLR. More details of the
catchments can be found in Table 1. The catchment areas range from 5 km? to 227.3 km?,
with annual precipitation from 725 mm to 973 mm. The climate is Mediterranean with dry
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summers and wet winters. The types of dominant land use are grazing modified pastures
along with irrigated sown grasses and native vegetation (according to the landuse map
supplied by Department of Environment, Water and Natural Resources of Government of

South Australia).

Table 5.1. The area, gauge elevation, and annual precipitation of 6 catchments in the study area.

Area Elevation Precipitation

No. Catchment site Gauge ID
(km?®) (m) (mm/year)
1 Finniss River near Yundi A4260504 192.2 203.3 832.5
2 Hindmarsh River at Hindmarsh Valley A5010500 55.8 90.0 870.9
3 Onkaparinga River at Hahndorf A5031001 2273 312.0 921.4
4 First Creek at Waterfall Gully A5040517 5.0 283.4 973.0
5 Chambers Creek at Coromandel Valley A5040521 9.8 194.0 724.7
6 Sturt River upstream catchment A5040530 60.0 152.0 762.2

The six catchments are mainly composed of fractured rocks. Bedrock is primarily late
Precambrian metamorphic sedimentary rock composed of shale and sandstone, and some
limestone (Preiss, 1987). In the MLR, the sedimentary aquifers of lower catchments are
recharged by the fractured rock aquifer system of mountainous catchments according to
the potentiometric observations and catchment topography (Banks et al., 2007; Green et

al., 2007; Radke et al., 2000).
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Figure 5.2 The study area showing six catchments chosen for storage-discharge relationship analysis
because of data availability.

5.3.2 Data

Time series of daily streamflow and precipitation for the six catchments are downloaded
from the Surface Water Data of Government of South  Australia

(https://www.waterconnect.sa.gov.au) and Bureau of Meteorology of Australian

Government (https://www.bom.gov.au) covering the periods which vary with catchments

as shown in Table 1. In order to understand how climate conditions affect recharge
processes, we obtain the reference ET values from the SILO climate database calculated
using the Food and Agriculture Organization (FAO) method which is Penman-Monteith

equation for the reference grass surface (http://www.longpaddock.gld.gov.au/silo/).

105



In order to verify our assumption that groundwater recharge predominantly occurs in the
wet season, stable isotopic signature of groundwater and precipitation are examined in
catchment 3, for which data are available. Isotopic data of catchment 3 include data from
42 out of 51 groundwater samples collected from 1994 to 1995 by Radke et al. (2000), and
multi-month precipitation samples (11 collections) from 2004 to 2006 in summer and winter
by the Department of Land Water and Biodiversity Conservation of South Australia
(DWLBC, which is now merged into the Department of Environment, Water and Natural

Resources).

The recharge estimate from the S-Q method is compared to the independent chloride
mass balance method. In the Mount Lofty Ranges, historical forest clearance has made it
difficult to apply the CMB method. A recent development using principal component
analysis of major ions in groundwater provides a tool to identify groundwater samples
resulting from post-clearance chloride equilibrium conditions (Guan et al., 2013). Of the six
studied catchments, only catchment 3 has available hydrochemical data for this analysis.
Groundwater hydrochemical data in this catchment collected from 51 locations between
1994 and 1995 are obtained from the Australian Geological Survey Organization database
(Radke et al., 2000). Standard major ionic species Ca®*, Mg, Na*, K*, HCOs, CI,, SO,*

and NOs3™ are used for principle component analysis.

5.3.3 Recharge estimation

To estimate net recharge in the Mount Lofty Ranges, storage change and baseflow
(equation (5.12)) are the two components that need to be estimated. We firstly separated
different periods for the study area corresponding to our conceptual model. According to
long term averaged hydrograph, April 15" was used to separate period 1 and period 2
while a day roughly around October 15" was to separate period 2 and period 3. The month

followed the peak monthly streamflow was selected to determine Q’ . The duration of
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time after a peak in daily streamflow during which the components of streamflow due to
surface runoff and interflow are significant can be estimated from the empirical relation by

Linsley et al. (1982) as follows:

N =(0.386*A)"*  (5.13)

where N is the number of the days after the peak in the selected month and A is the

catchment area in km?. Then Q°

max

is the streamflow value of the day N+1after the peak.

Streamflow values which are the indicators of water storage change of the catchments:

1

minimum streamflow in period 1 (Q,,, ), maximum streamflow after wet season in period 3

4

(Q...), and minimum streamflow in period 4 (Q! , as Q!  for the following year) are

summarized in Table 5.3. Then, the catchment sensitivity function is obtained for every
catchment using the mean value of the recession flow data from the recession plot (e.g.
Figure 5.3). Storage-discharge relationships are derived from the catchment sensitivity
functions. Finally, dynamical storages of both wet and dry seasons are estimated (e.g.
Table 5.3) from our summarized streamflow values and the storage-discharge

relationships.
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Residuals
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Figure 5.3 A recession plot for the catchment of Onkaparinga River at Hahndorf (catchment 3) based on
daily streamflow data of January to mid-April and mid-October to December from 2002 to 2013 excluding
rainy days. Black dots represent binned values obtained using the quantile method, and error bars represent
bin standard errors. Standard error of (-dQ/df) for each bin is less than a half of its mean (dQ/dt). Residuals
are shown for linear fits of In(-dQ/df) and Q. Recession plots for other catchments are provided in the

Appendix.

In recession analysis, both the extraction procedure to select data points and fitting model
for the S-Q function can have certain effects on estimating catchment recession
characteristics (Stoelzle et al., 2013). Stoelzle (2013) pointed out that Kirchner’s extraction
procedure (mean value of the recession) considers early stages of recession period and
binning of the recession flows for the regression leads to a higher a and lower b than those
from the Vogel method (Vogel and Kroll, 1992) and the Brutsaert method (Brutsaert, 2008).

However, we excluded streamflow in wet season and all rainy days during our analysis
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and the problem of early stages of recession which may not reflect the real storage-
discharge relationship should not be significant in our analysis. Before binning the data, we
applied scaled-At method of Rupp and Selker (2006) to reduce the effect of measurement
error on derivation of the sensitivity function. Thus the binning method, which may cause a

problem that lower —dQ/dt with lower Q gains more weight in the regression model,

should not be significant for our recharge estimation. More importantly, this scaled-At

method has greatly improved the model performance in Ajami et al. (2011).

Baseflow of wet season or dry season is estimated by the recursive digital filtering of

hydrographs (Eckhardt, 2005; 2012):

B _ [(1_ BFImax)*c*Bi—l +(1_C)* BFI *yl]
‘ (1-c*BFI_ )

(5.14)

where B, is baseflow at day /i, B, ,is baseflow at day i-1, vy, is total streamflow at day i, BF/

is baseflow index (ratio of baseflow to the total flow), BFI_, is assumed to be 0.25 as

suggested by Eckhardt (2005; 2012) for hard rock aquifers, and c is the filter parameter
which is estimated to be 0.98. Based on this method, we are able to obtain daily baseflow
estimation. Total baseflow after the recharge season can be obtained by summing the
daily baseflow from November 15" to March 15™ of the next year. This estimation window
is one month after the wet season to avoid the disturbance from perched aquifer water
release to the streamflow, and one month before the next wet season to avoid the

variation in the beginning of wet season for certain years. The error (an error Ac and an

error ABFI ) propagation into the calculated baseflow index BFI is estimated by the

max

partial derivatives of BF/ with respect to ¢ and BFlnax (Eckhardt, 2012). Instead of detailed

derivatives (see Eckhardt, 2012) we simply present the equations here:
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S(BFI|C):ACBFI/AC:(I—BFImaX)(BFI—ZBFImaX) ¢ (5.15-1)
BFI / ¢ (1-cBFI ) BFI
Ag BFI _ _
S(BFI[BFI_ )= "o ABFl,,, _ (c—1)(cBFI 21) BFI__ (5.15-2)
BFI BFI_.  (1-cBFI_)* BFI

S|(BFl|c) is the sensitivity index for the parameter c. In this notation, S stands for
“sensitivity index”, the first symbol in the parentheses (here BF/) indicates the output that is

assessed, and the second symbol (here c) the uncertain input. Similarly the sensitivity

index S (BFI|BFlnax) is for parameter BFln.x. The value of S(BFI|C), for example -0.75,

means that a relative error of X percent in parameter ¢ causes a relative error of -0.75
times X percent in BFI. By means of equation 5.14, the additional information of

uncertainties for this baseflow separation technique can be provided.

5.3.4 Recharge estimation using the CMB

The independent CMB method provides a good reference to evaluate the SQR method.
With the assumption that the whole catchment is under chloride steady state condition, the
net catchment recharge is equal to direct water table recharge with losing stream while the
net catchment recharge is less than direct water table recharge with gaining stream. The

detailed CMB equations using catchment 3 as an example should be:
P*C,=R*C,+Q*C, (5.16)
Q*Cy=Q,*C,+B*Cy (5.17)

where P is precipitation, R is direct water-table recharge, Qe is event quickflow, B is
baseflow and Q is total streamflow. Cp, Cr, Ce, Cg and Cq are chloride concentration for
the corresponding component. In practice, we usually have the observation data of total
streamflow and combine the two equations without separating the event quickflow and

baseflow as follows:
110



P*C,=(R*C,-B*Cy)+Q*C, (5.18)

Thus net catchment recharge by CMB is R, = R—B which is consistent as what we

calculated from SQR method.

The atmospheric chloride input for the study area is estimated by a de-trended residual
kriging model (Guan et al., 2010b). Chloride concentration of groundwater recharged at
the steady state condition is identified by principal component analysis (PCA) of the major
ions in groundwater samples (Guan et al., 2013). The PCA analysis provides a good
solution to check the steady state of the chloride concentration in groundwater rather than
simply using an averaged chloride concentration value from all observation wells. To
perform the PCA analysis, standard major ionic data (Ca?*, Mg**, Na*, K*, HCOs, CI,
S0,* and NO3) for each observation well are required. Therefore, this analysis can be

only applied in catchment 3 which has available data.

PCA can be applied to distinguish different physical processes that affect hydrochemical
signals (Likens and Buso, 2006; Price et al., 2012; Ouimet and Duchesne, 2005). By
examining the correlation coefficients between principal component scores and original
variables, certain specific process(es) can be connected with each principal component
(PC). For instance, if a PC score, such as PC1 in Table 5.4, has similar correlation with all
ion concentrations, the PC should correspond to the effect of ET concentrating process.

More detailed application of PCA can be found in Guan et al. (2013).

5.4 Results and discussion

5.4.1 Hydrological seasonality of the study area

Characterizing seasonality of recharge and discharge of a catchment is the first step for
recharge estimation. Isotopic composition of precipitation usually has a seasonal pattern

(Dansgaard, 1964; Kendall and McDonnell, 1998) in mid-latitude area. This seasonal
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pattern has been used to characterize the seasonality of groundwater recharge (Craig and
Gordon, 1965; Kendall and McDonnell, 1998). In the study area, winter precipitation tends
to have more negative delta values of oxygen-18 and deuterium while summer
precipitation tends to have less negative delta values (Xu et al., 2014). For example in
catchment 3 (Figure 5.4), water stable isotope ratios of groundwater and winter
precipitation, are very close to each other and they are more negative than that of summer
precipitation. This result indicates that groundwater recharge in the study area is
dominated from winter precipitation. The hydrological seasonality can also be identified by
long term average of monthly precipitation and pan evaporation as shown in Figure 5.5. As
can be seen in Figure 5.5, the raining season from April to October corresponds to low pan

evaporation while the period from November to March is the dry season.

O Groundwater
A Summer precipitation
< Winter precipitation

82H (%o, VSMOW)
)
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-30 1 A Mean of summer precipitation
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Figure 5.4 Water stable isotopic composition of groundwater (42 samples, open circles), summer
precipitation (6 multiple-month samples, open triangles) and winter precipitation (5 multiple-month samples,
open diamonds) in the study area. The blue fitted shapes with error bars are the mean value for the
corresponding water body.
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Figure 5.5 Long-term average precipitation and pan evaporation for each month at sample site 23801 (1967-
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2007, catchment 3 marked on figure 5.2) in the Mount Lofty Ranges.

5.4.2 Storage-discharge relationships and recharge estimation

The derived S-Q functions for the six catchments are shown in Table 2. Linear regressions
of In(—dQ/dt) vs InQ for the catchments show very good coefficients of determination.
They are all larger than 0.92, with small root mean square errors. Parameters a and b are
similar among the catchments except for catchment 4. These two parameters are related

to catchment hydraulic properties, particularly b plays the controlling role in the relationship

between catchment storage and stream discharge.

Table 5.2 Derived stora%e

b=0.97 for catchment 3) of the linear fitting respectively.

-discharge functions for 6 catchments in the Mount Lofty Ranges. The values of a
and b as in —dQ/dt = aQ" are estimated from the intercept (e.g. a = €% for catchment 3) and slope (e.g.

Catcl\?:lent S:et;l;llgz?)t a b S-Q Function Adjﬁzs ted RMSE
1 192.2 0.21 1.01 5-S¢=4.81Q"” 0.96 0.29
2 55.8 0.12 0.86 $-5=7.31Q"" 0.96 0.23
3 2273 0.13 0.97 5-S=7.47Q"*” 0.99 0.17
4 5.0 0.34 1.41 $-5y=4.99Q"* 0.96 0.19
5 9.8 0.18 1.10 5-S¢=6.17Q"° 0.92 0.31
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6 60.0 0.12 0.89 5-Sp=7.51Q"" 0.99 0.12

Based on the storage-discharge relationship and observed streamflow, we estimated
direct water-table recharge and net groundwater recharge for each studied catchment
(Table 5.3). Net groundwater recharge ranges from 0.38 mm yr' to 10.09 mm yr"' which
accounts for less than 25% of direct water-table recharge of each catchment. Storage
changes in both dry season and wet season are almost equal to each other. Net recharge
and net subsurface lateral outflow are equal to each other. Estimated baseflow in the wet
season ranges from 9.43 mm yr' to 29.17 mm yr"'. The amount of baseflow in the dry
season is small (0.65 mm yr to 4.93 mm yr™") but significant in comparison to the amount

of net groundwater recharge.
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Table 5.3 Annual average values for streamflow, storage changes, and base flow in the dry period and wet
period respectively. The last three columns present net groundwater recharge (R,), net subsurface lateral

outflow (L) and direct water table recharge (Ry). It should be noticed that values of Q;ﬁ;“ are all larger than
zero but only two digits are shown here.

Catch- ¢ min Qhax 454 ASy B, B, Ry L Ry,
ment 3

1 0.00 0.80 -3.84 3.84 0.88 16.51 591 5.92 23.31
2 0.01 0.77 -5.62 5.61 2.97 23.5 5.30 5.30 31.77
3 0.00 0.55 -4.13 4.13 0.65 943 6.96 6.96 17.04
4 0.05 1.79 -5.61 5.58 4.93 26.59 1.28 1.32 33.33
5 0.01 1.63 -9.29 9.29 2.67 29.17 13.48 13.48 44.70
6 0.00 1.04 -8.00 8.00 1.93 15.73 11.86 11.86 30.07

For most catchments in our study, parameter b is close to one. In other words, these
catchments have approximately linear relationship between catchment storage and stream
discharge. This is consistent with the results in Brutsaert and Nieber (1977), Clark (2009),
Harman (2009), and Rupp and Selker (2006) who applied streamflow recession analysis at
the hillslope scale. However, the situation is different for catchment 4 which has the largest

a and b compared to other catchments. A large a means that catchment 4 has a small
CRT (1/a*Q"™). This is reasonable given that it is the wettest and smallest catchment of

the six (Table 1). A large b suggests that a large recession of streamflow is related to a
small depletion of catchment storage. Thus discharge in catchment 4 may be more

sensitive than other catchments to the catchment storage depletion.

Although catchment 4 has the largest annual precipitation among the six examined ones,
net recharge is very small in this catchment due to large baseflow in the dry season (Table
5.3). Contrary to catchment 4, catchment 5 is also small in size but has the least average

precipitation and highest net recharge. Given the averaged value of Q.. and indicated
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streamflow Q’

max

for catchment 4 (0.78 mm/day) and catchment 5 (0.61 mm/day) (Table

5.3), the CRT (1/a*Q"™) is calculated to be 3 days and 6 days for the two catchments,

respectively. Thus, according to the CRT and net groundwater recharge estimates,
catchment 4 may be good for water renewability while catchment 5 may have the
advantage of storage capacity. But this inference is not conclusive without further
verification. Especially, recursive digital filtering algorithm (Eckhardt, 2005; 2012) for
baseflow estimation is based on the assumption that discharge is linearly proportional to
catchment storage. This baseflow estimation may not be appropriate for catchment 4. Due
to depleted water storage in the dry season, baseflow values become very small right
before the start of the wet season. Average baseflow in catchment 1 and 3, is 0.001 mm d°
1, and for catchment 2 and 5, is 0.01 mm d™'. Even for catchment 4 which has the largest
baseflow, it is only 0.05 mm d™'. These observed values of baseflow further support our

conceptual model for the separation of different hydrologic periods.

Without quantifying catchment baseflow in a dry season, the recharge estimation from
Ajami et al. (2011) approach only provides a lower bound estimates. Even though initial
catchment storage is unknown (S, in equation (5.5)); dynamic storage change can be
estimated by storage-discharge relationships using streamflow values before and after the
raining season. The difference between the two provides the storage change resulting
from direct water-table recharge, baseflow and net subsurface lateral outflow of the
catchment. With little recharge in dry season, continuous baseflow and net subsurface
lateral outflow in dry season are neglected in the algorithm of Ajami et al. (2011). From our
results (Table 5.3), baseflow after the raining season is quantitatively important compared

to net groundwater recharge.

To assume that net subsurface lateral outflow is the same between the wet period and dry

period may cause some error in the estimation. However, larger uncertainties for recharge
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estimation are surely induced if we totally neglect this process. Ajami et al. (2011) also
suggested more evidence was needed about the overall flow path in the mountain bedrock.
But knowledge of water flow path in mountainous areas is difficult to obtain in practice.
Based on our assumption about the net subsurface lateral outflow, we have a rough
quantitative understanding of how water distributes into each component of the catchment
water balance (equation (5.1)). Taking catchment 3 as an example, under the multiple-
year average condition, water storage change is almost zero and precipitation input is
921.4 mm; ET which is calculated from the residual of the balance consumes most of the
water which is 92.4% (851.4 mm), while streamflow accounts for only 7.3% (67.2 mm) and

net subsurface lateral outflow is only 0.3% (2.83 mm).

5.4.3 Comparison between the SQR and the CMB

The PCA results are summarized in Figure 6 and Table 5.4. The first four PCs account for
91% of the variance in the data and reflect major physical processes influencing
hydrochemistry of the catchment 3. The related physical process(es) can be detected by
the loadings of major ions in each PC. PC2 has significant positive loadings for Na* and CI,
and negative loadings for Ca?* and Mg?*. It represents the process(es) leading to changes
in Ca®* and Mg2+concentration in an opposite direction as Na* and CI concentration. In
catchment 3, a large proportion of native vegetation cover has been replaced by orchards,
grazing pasture and irrigated sown grasses (Radke et al., 2000). Thus PC2 is very likely
related to the release of soil chloride after anthropogenic disturbance along with the
exchange of cations. Groundwater samples with PC2 very close zero indicate that they are
least influenced by forest clearance induced historical soil chloride release. They are
chosen to calculate groundwater CI° concentration for CMB calculation. The averaged
groundwater CI” concentration is 92.3 mg L™. Precipitation and discharge along with CI
concentrations in catchment 3 are presented in Table 5.5 and 5.6, respectively. Using the

CMB method, we estimate net groundwater recharge of catchment 3 to be 3 mm/year
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which is very close to 2.83 mm/year estimated from the SQR method. It should be noted
that a different net groundwater recharge rate (27 mm/year) was reported for this
catchment in Guan et al. (2010a). This difference is due to that a wrong stream gauge data

was used for the CMB estimation in Guan et al. (2010a).
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Figure 5.6 Selected PCA results of observed borehole hydrochemical data. Red dots are used to calculate
groundwater CI' concentration for Hahndorf catchment (catchment 3).

Estimated recharge values from SQR and CMB are net groundwater recharge estimates
and theoretically they should be equivalent. But the two methods represent different spatial
and temporal aspects of groundwater recharge. While the S-Q method estimates annual
net recharge values, the CMB estimate represents long term average recharge value
ranging from years to decades. Streamflow is an aggregated measure of the entire
catchment response (Kirchner, 2009). To what spatial extent the CMB estimation
represents is dependent on the number and spatial distribution of valid groundwater

chloride concentration data.

Table 5.4. Principle component loadings (correlation coefficients between principal component scores and
original data) of the first four PC.

Principal Components PC1 PC2 PC3 PC4
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(variance interpreted) 48%) (17%) (16%) (10%)

Ca*' 0.74 -0.51 -0.28 0.05
Mg 0.80 -0.45 0.26 -0.06
Na* 0.72 0.62 0.02 0.16
K* 0.82 0.17 -0.06 0.19
HCO;y 0.57 -0.31 -0.71 -0.10
Cr 0.84 0.46 0.01 0.17
SO,* 0.46 -0.36 0.78 0.10
NO;y -0.46 -0.23 -0.13 0.84

Sources of uncertainties to estimate net groundwater recharge are also different for the
two methods. For the CMB method, spatial variability of precipitation can affect the
accuracy of the CMB method. Chloride deposition to catchment 3 was calculated from a
previously published data (Guan et al, 2010b) to account for this spatial variability.
Groundwater chloride concentration has significant impact on the accuracy of net
groundwater recharge estimation. We applied the PCA method (Guan et al.,, 2013) to
select the points which are more likely to have reached the steady state. Dry deposition of
chloride which can be enhanced by vegetation (Deng et al., 2013) also induces uncertainty
in the chloride input to the catchment. Without considering canopy enhanced chloride
deposition in the catchment, recharge may be underestimated but further investigation of
this problem is beyond the scope of this study. Both streamflow measurements and its
chloride concentration affect the accuracy of the CMB method. In catchment 3, the
standard deviation of annual streamflow chloride load (over 9 years) is 2 g m? yr". Adding
this uncertainty to the CMB calculation, it gives a range of net recharge of 0~24 mm yr™".
One can tell that a small change in the streamflow chloride load can result in quite different
recharge estimation. For the SQR method, streamflow measurement error has an impact

on the model fit especially for low flow rates. The impact of ET on streamflow recession
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especially in the period we used to derive the sensitivity function can cause steeper
recessions and decreases in parameter b. Uncertainty of baseflow estimation is another
major source of uncertainty in net recharge estimates. More details of the uncertainties
and limitations of the SQR will be discussed in section 5.5. Nevertheless, the good
agreement between the recharge estimates from the two independent methods provides
us some confidence to apply both net catchment recharge estimation methods in the study

area.

Table 5.5 Water input (precipitation) and output (streamflow) of Onkaparinga River at Hahndorf (catchment
3).

Catchment . Catchment Precipitation Streamflow
Catchment site 2 1 -1
No. area (km") (mm yr™) (mm yr™)
Onkaparinga River at
3 Hahndorf 2273 921.4 67.2

Table 5.6 Chloride input (precipitation) and output (streanflow) of Onkaparinga River at Hahndorf (catchment
3) and annual groundwater recharge based on CMB method.

Catchment Cl deposition Stream C1 Groundwater Cl Groundwater
No. (g m?yr") (g m?yr") (mg L™ recharge (mm yr™)
3 43 4.0 923 3

5.4.4 Dynamic recharge and climate

Catchments with long term observational records, 44 years for catchment 1 and 2, and 29
years for catchment 4, are chosen to reveal the relationship between dynamic recharge
processes and climate conditions (Figure 5.7). To detect the time lag between precipitation
and recharge, the windowed cross regression method (Boker et al., 2002) was used to plot
Figure 5.7. In this method, annual recharge and climate values from the same period (e.g.

April to March of the next calendar year) were first used. Then annual climate values were
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calculated by shifting the time window by one month backward each time, for three times.

The best correlation was chosen from the four exercises, as shown in Figure 5.7.

90 90
1
sl ® Rw (mm) Catchment 1 Catchment
o o] 75 o
® Rn(mm) o
— 60
£ . o E 60 1 °
E 45 a3 £ A o
45 - .
& 304 y=0.054x-27.71 4 o & S B O
R=0.28 g2 @ y=39.1x7%
- P=0.000 ° 30 1 c e 0 R?=0.42
o o y=0.003x+3.42 o y=7.195"" & o . P=0.000
0 - < _? -------- R'=-0.02 154 'r?=p29 - 0 e < e
.---""'"\. o r 88 0° P07 P=0.090 f.d@% O o8 @i ®
-15 0
300 600 900 1200 1500 0.5 1.0 1.5 2.0 2.5
Precipitation (mm) Aridity index
90 90
Catchment 2 Catchment 2
754 754
_. 604 .
= o E60 4
E 451 ) E o9 o%%j
2 o
g’ 30 y=0.084x-40.41 o o — %45 Do &
2_0.35 y=0. x=-1. 295 a 2 204
8 15 & 20.000 SE e R*=-0.003 gan- T o0 i g
o P P=0:354 P=0.000 ® 0% O« P =0.000
0 o 6.0 D L i 15 (] R
o O b == e® %y .3'1;‘9‘!:1:!' s
& o ®0® ®oe % L] L] i L 0 ®e 5 O ° 8
300 600 900 1200 1500 0.5 1.0 1.5 2.0 2.5
Precipitation (mm) Aridity index
90 a0
Catchment 4 Y. Catchment 4
Ly o o 75 5
60 p o
T Re) 60 . o
545- 3 o E, o
y=0.058x-22.53 45 y=8.58x"%
830 R*=0.16 o & R=046 T 00 Y=41.37x%
P=0.020 _ P=0.004 o o Bl
" 0 y=0.020x-18.14 30 R'=0.23
4 R*=0.16 Bt P =0.001
= o° P=0.157 __ &= ¥ o8
‘ o s R 15 'Y oo o o o
L] g T -
15 RIS L B | : 0 Tl et
300 600 900 1200 1500 0.5 1.0 1.5 2.0 2.5
Precipitation (mm) Aridity index

Figure 5.7. Inter-annual variability of direct water-table recharge and net recharge versus precipitation and
aridity index for the three catchments with long time series data. The net recharge values (5 points) that are
much smaller than -5 mm/year were excluded in the fitting of catchment 2 because of unreasonable high
baseflow estimation in dry season.

Generally, larger annual recharge corresponds to larger annual precipitation although the
rate of net groundwater recharge increase is much smaller than that of direct water-table
recharge (Figure 5.7, left panel). Overall, relationships between recharge and aridity index
(the ratio of annual potential evapotranspiration to annual precipitation, PET/P) are

improved (higher R?) compared to recharge and precipitation alone and it shows that more
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severe drought condition can result in a rapid decrease in recharge (Figure 5.7, right
panel). However, there are still scatter points of direct water-table recharge and net
recharge deviated from the major trend, which may be associated with different
antecedent catchment soil moisture conditions. Long term average relationship between
recharge and climate conditions among catchments is shown in Figure 5.8. Precipitation
solely cannot be used to explain recharge process while aridity index which combines PET

and precipitation can be used to explain the recharge better.

Apparently, direct water-table recharge appears to be more sensitive than net recharge to
the climate conditions. This is because net recharge is more controlled by the subsurface
outflow from the catchment which is related to catchment hydrogeological properties, while
direct water-table recharge is more controlled by the deep drainage process in the vadose
zone which is related to water inputs to the catchment. The deep drainage is determined
by the excess soil moisture left by ET and it depends on the climate conditions like solar

radiation, air temperature, air humidity and wind speed.

Long term average of recharge and precipitation should eliminate the impact of antecedent
moisture conditions and reveal the effect of climate conditions on different catchments
(Figure 5.8). As can be seen in Figure 5.8, precipitation alone does not show significant
effect on recharge, but aridity index shows good correlation with direct water-table
recharge. Although precipitation plays a significant role in recharge process, the aridity
index which lumps precipitation and potential evapotranspiration should better explain
variability in recharge compared to precipitation alone.Net recharge, as mentioned earlier,
is more likely to be determined by catchment hydrogeological properties like capacity of
water storage, catchment hydraulic transmissivity, and topography-induced cross
catchment hydraulic gradient, thus it shows a weaker association with the catchment

aridity index than direct water-table recharge. The improved correlation from that between
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direct water-table recharge and aridity index at an annual (Figure 5.7, right panel) to that of
long term average (Figure 5.8, right panel) time scales, indicates the influences of
antecedent moisture conditions on the inter-annual variability of recharge. The infiltrated
water partly becomes potential recharge as it may or may not reach the water table
because of unsaturated zone processes (e.g. ET) or the ability of the saturated zone to
accept recharge (Scanlon et al., 2002). The time lag from potential recharge to recharge is
possible to be longer than a hydrological year. Thus, direct water-table recharge is better
interpreted by the aridity index based on long term average data across catchments

(Figure 5.8) than that based on multiple year data within a catchment (Figure 5.7).
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Figure 5.8 Inter-catchment variability of mean direct water-table recharge and net recharge versus
precipitation and aridity index for the six catchments. Data labels show catchment numbers from Table 5.1.

5.5 Limitations and difficulties

Although the improved SQR method has potential to provide estimation for different water
balance components (particularly groundwater recharges) on annual and seasonal time
scales, limitations and difficulties applying this method should be noted. First, the effect of

ET on the parameterization of the sensitivity functions cannot be completely avoided in the
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SQR method. In order to check how ET affects the sensitivity functions, Kirchner (2009)
re-estimated the sensitivity functions based on daily data under certain criteria, and got
similar results as those data that were entirely based on rainless night-time data. Thus it is
important to set the criteria according to the climate conditions such as days when ET « Q
and P = 0. To derive the storage-discharge relationships for the catchments in this study,
only rainless data of dry periods were included, as dry season ET is often assumed to be

much less than the baseflow itself.

Besides the limitation mentioned above, it is also difficult to accurately prescribe the
parameters in the baseflow estimation equations (equation (5.13)). Both recession
constant ¢ and the maximum value BFln. of the baseflow index are difficult to be
calibrated due to the lack of catchment scale observations, e.g. tracer-based hydrograph
separation (Gonzales et al., 2009). Nonetheless, Eckhardt et al. (2012) proposed the
method to evaluate the mean error of baseflow estimation by calculating the ratio between
the relative error of BFI and the relative error of the parameter ¢ or BFlnhax. This method
provides a preliminary idea of uncertainty in baseflow estimation using recursive digital
filtering of hydrographs (Table 5.7). Of the two parameters, uncertainty in ¢ is more
significant in leading to the uncertainty in the baseflow estimation. For example, a 10%
relative error in ¢ for catchment 1 causes a relative error of -7.3% in baseflow estimation.
But according to the analysis proposed by Eckhardt (2008), parameter ¢ usually has only
about 2% deviations from the theoretical value of 0.98 when the catchment follows the
linear reservoir (parameter b=1 in storage-discharge function) and streamflow mainly

composed by baseflow.

Table 5.7 The results of analytical sensitivity analysis of the two parameter recursive digital basflow
separation filter. S (BFI|c) is the sensitivity index for the parameter c. In this notation, S stands for “sensitivity
index”, the first symbol in the parentheses (here BF/) indicates the output that is assessed, and the second
symbol (here ¢) the uncertain input. Similarly as the sensitivity index S (BFI|BFl ) for parameter BF/ ..
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Catchment

No. ¢ BFlmx BFI S (BFIjc) S (BFIBFI.)
1 098 025 0.166  -0.73 0.04
2 098 025 0200  -0.34 0.04
3 098 025 0.172  -0.65 0.04
4 098 025 0220  -0.18 0.03
5 098 025 0221  -0.18 0.03
6 0.98 0.25 0.206 -0.29 0.03

5.6 Conclusions

We improved the storage-discharge relationship method to estimate groundwater recharge
in mountainous catchments. Compared to the Ajami et al. (2011) approach which provides
lower-bound recharge estimates, the improved SQR method has two advantages: 1) it
incorporates net subsurface lateral outflow in the recharge estimation; and 2) net

groundwater recharge and direct water-table recharge are estimated on annual basis.

The application of the SQR method was performed over six catchments of various aridity,
size and hydrogeological conditions in the Mount Lofty Ranges, and compared with an
independent method (CMB) on one catchment. The net recharge estimated from the
proposed methods (7.0 mm/year) is close to that from the CMB (3 mm/year). The results
indicate that the improved SQR method provides an alternative solution for catchment
recharge estimation in mountainous catchments. Good correlation between annual direct
water-table recharge and aridity index has been found in this study, suggesting this
method can also be used to examine dynamic responses of groundwater recharge to the

climate conditions in mountainous regions.
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CHAPTER 6 CONCLUSIONS

Environmental stress on native vegetation, vegetation precipitation use, and groundwater
recharge characteristics using isotopic tracers have been examined in this dissertation.
The study is based on upland catchments in the Mount Lofty Ranges in South Australia.
The summary of each chapter in the dissertation is given as follows, particularly showing
the main findings, uniqueness or improvements, and recommendations for future work. |

also emphasize the roles of 3'°C, 5'0 and &°H in (eco)hydrological studies.

6.1 Leaf 8'°C and water stress

From the experiments we performed on the two contrasting hillslopes of the native
vegetated catchment — Mount Wilson, Significant seasonal variations have been observed
in leaf 5'°C for both studied Cstree genus up to 1.7%. for Eucalyptus Leucoxylon and up to
2.7%0 for Acacia pycnantha. The difference in leaf 8'°C between the two hillslopes is
around 2%.. These results suggest seasonal variations and slope effect due to aspects
should be considered to examine the leaf 3'°C and ecosystem adaptions over a regional

climate gradient.

Reasonable quantitative correlations have been obtained between leaf 5'°C and plant
water stress in both temporally and spatially when we apply aridity index, which is the ratio
of potential evapotranspiration to precipitation (PET/P), instead of the precipitation for
environmental conditions. On the temporal axis, the correlation coefficients between leaf
5'°C and integrated aridity index can be as high as 0.44, and on the spatial axis, the
correlation coefficients can be 0.36 for the examined Eucalyptus trees. These results
suggest that PET/P may be a good indicator to quantify the relationship between leaf 5"°C
and plant water stress. This index has the potential to be the indicator for further studies to

relate Cz vegetation and water stress in different regions.
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As drought induced tree mortality has been found all around the world (Allen et al., 2010),
it is worth to ‘documenting’ the vegetation responses to the environmental conditions
through leaf 5'°C. The success in associating the aridity index with leaf 8"°C in this study
suggest leaf 8'°C can be used as a good dynamic water stress indicator, and to identify
spatial niche for vegetation survival over a prolong drought. Future study to explore this

potential should focus on more tree species in different climate zones.

6.2 Canopy alteration of throughfall isotopic composition

In vegetated catchments, the input water isotopic composition is altered from precipitation.
Based on one year throughfall monitoring and using both 'O and d-excess at two
vegetated surfaces in Kuitpo Forest we have synthesized a conceptual framework for
studying throughfall isotopic composition. The framework works as a useful tool to
understand the effects of intra-event selection, partial evaporation and inter-event

selection.

The results indicate that in summer, one or both of intra-event selection and inter-event
selection is/are very likely to be the major control of the isotopic composition in throughfall
at plantation (P) site and native vegetation (N) site. In winter intra-event selection is
possible the major control of the isotopic composition of throughfall at P site and N site.
Partial evaporation is also observed at both sites, but not as important as intra-event
selection or inter-event selection. P site has more significant effect on isotopic composition

of throughfall than N site because of its much denser vegetation cover.

Our results show the vegetation effects on isotopic input can be significant in densely
vegetated catchments and is important for hydrograph separation studies but can be
negligible for paleoclimate reconstruction and tracing groundwater recharge sources,
which supports our conceptual model of groundwater recharge in the Mount Lofty Ranges

(Chapter 5). Simply, the importance of the isotopic alteration highly depends on the density
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of vegetation cover.

6.3 Ecohydrological processes of two contrasting hillslopes

Based on the evidence of previous studies that ?H can have fractionation or not during root
water uptake, | have generalized two typical patterns of 5'°0 and &°H of tree (twig) water.
With this background, | compared one-year '°0 and 5°H of throughfall and twig water on
two contrasting hillslopes in a native vegetation catchment. The slope of twig water line on
pole facing slope is much lower than that on the equator facing slope in the wet season
(5.4 to 6.0) and particularly in the dry season (2.7 to 5.0) suggests that it is very likely that
hydrogen isotopic fractionation takes place during root water uptake. This result calls for
caution in using water isotope (particularly 5°H) to study the sources of plant water use.
We should also keep in mind that the lower slope of twig water line from that of throughfall
may not necessarily resulted from soil evaporation. This also calls for attention in using

both 580 and &°H for evaporation and transpiration partitioning over vegetated surfaces.

580 and 5°H of twigs are also able to be the indicators to understand the root zone
moisture replenishment. The response of 5'®0 and &°H of twig water to the rain events
indicates that only part of the event can be used by the study trees. The timing of the
events with respect to the soil moisture condition determines its efficiency as the sources
of soil moisture. The similar results of the 520 and 3°H of groundwater with a mean value
-5.1%o0 and -27.5%o respectively and that of throughfall in the wet season with a mean value
-5.1(x1.7)%0 and -23.4(x13.3)%. correspondingly indicate that groundwater recharge of the

study area is dominated by events in the wet season.

50 and &°H of twigs show a good potential to examine the root zone moisture
replenishment. With this advantage, continuous observations for a specific site will provide
useful information for (eco)hydrological processes. Further applications, like how long it

takes for root zone moisture to be replenished can be explored with a careful experiment
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design.

6.4 Groundwater recharge estimation for catchments of complex
topography and vegetation cover

Based on the understanding of groundwater recharge gained from the above water
isotopic study and more isotopic data of precipitation and groundwater of the catchments
we are interested, we conclude that the groundwater recharge is dominated by
precipitation in the wet season for six catchments in the Mount Lofty Ranges. The isotopic
compositions of groundwater are close to that of the precipitation in the wet season. The
alteration of isotopic composition of precipitation due to vegetation cover can be neglected
for recharge studies as we addressed in Chapter 3 and Chapter 4. This seasonality helps
us to construct the conceptual model of groundwater recharge and to improve the storage-
discharge relationship method to quantify groundwater recharge in mountainous
catchments. Compared to the Ajami et al. (2011) approach which provides lower-bound
recharge estimates, the improved method (named as SQR) has two more advantages that
it incorporates net subsurface lateral outflow in the recharge estimation and net

groundwater recharge and direct water-table recharge are estimated on annual basis.

Our application of the improved method have been performed over six catchments of
various aridity, size and hydrogeological conditions, and compared with an independent
method (CMB) on one catchment. The net recharge estimated from the proposed methods
(2.8 mml/year) agrees fairly well with that from the CMB (3 mm/year). The results indicate
that the improved SQR method provides an alternative solution for catchment recharge
estimation in mountainous catchments. Good correlation between annual direct water-
table recharge and aridity index has been found in this study, suggesting this method can
also be used to examine dynamic responses of groundwater recharge to the climate

conditions in mountainous regions.
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The SQR method is relative easily for application of groundwater recharge estimation as it
mainly uses daily streamflow records. But it has difficulty to accurately prescribe the
parameters in the baseflow estimation which is worth for further improvements.
Nevertheless, more applications of this method in mountainous catchments will be very

helpful for their water resources management.

6.5 Recommendations for future work

There are several major challenges which are also the good opportunities in ecohydrology
studies (Asbjornsen et al., 2011; Wang et al., 2012). First, a central research topic in
ecohydrological is scaling plant water use data from individual leaves and whole trees to
stands and landscapes. Leaf 5'°C seems to be a powerful tool in this area. As it shown in
our study (chapter 2), the good correlation between leaf 3'°C and water stress which can
be quantified as aridity index has the potential for upscaling from plot scale to landscape

scale.

Second, interactions and feedbacks between plant water use and soil moisture can have
certain ecohydrological triggers such as the shifts of ecosystem states with different
ecohydrological functions. The regime behind these shifts has not been well understood. It
is necessary to have a long term monitoring to trace the plant water use and the dynamic
of soil moisture changes. '°0 and 3°H of twig water provide one choice for these studies

similarly as | applied in Mount Wilson (chapter 4).

More systematic understanding of upland vegetation and groundwater recharge and its
interactions needs more studies like how plant water use, streamflow and groundwater
table fluctuations affect or response to each other. These studies require diurnal, seasonal
and annual dynamics of different time scales and stands, catchment and landscape spatial

explorations in those three components.
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APPENDIX |

Table A.1 Leaf 3'°C [%0 VPDB] data of all the tree species at Mount Wilson site. These data have been used
in Chapter 2. S is for south in direction, W is for west in direction, E is for East, N is for north and N/A is for
not available in Direction column.

13
Date Tree ID | Direction GVP%EA]N
20120831 a S -30.26
20120831 a w -30.56
20120831 b E -30.89
20120831 b N -29.54
20120831 d E -30.97
20120831 d S -31.39
20120831 d w -31.01
20120831 q E -30.33
20120831 q N -29.09
20120831 i N/A -32.39
20120831 i N/A -30.92
20121003 a E -30.45
20121003 a N -30.40
20121003 a W -30.17
20121003 b E -30.83
20121003 b w -30.69
20121003 d w -31.64
20121003 g E -29.94
20121003 g N -30.38
20121003 i E -31.00
20121003 i W -30.63
20121030 a N/A -30.21
20121030 a N/A -30.37
20121030 b E -30.93
20121030 o] N/A -30.55
20121121 a N/A -29.94
20121121 a N/A -29.98
20121121 b E -29.97
20121121 b N -30.02
20121121 b W -29.82
20121121 d E -28.62
20121121 d N -30.69
20121121 d w -30.89
20121121 o] N/A -30.93
20121121 o] N/A -29.41
20121121 i N/A -30.03
20121121 i N/A -30.71
20121218 b E -29.63
20121218 d E -29.56
20121218 d N -28.62
20121218 q E -29.79
20121218 o] N -29.30
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20121218 i E -30.49
20121218 i S -31.57
20130126 a E -29.49
20130126 a N -29.56
20130126 a S -30.16
20130126 a w -30.37
20130126 b E -29.54
20130126 b w -28.85
20130126 d E -29.79
20130126 d N -29.27
20130126 d w -28.74
20130126 g E -29.13
20130126 g N -29.12
20130126 i N -31.23
20130409 b E -29.41
20130409 d N -29.25
20130409 d w -29.28
20130409 g E -30.44
20130409 i E -31.69
20130501 a E -29.37
20130501 a N -29.03
20130501 a S -30.04
20130501 a w -28.97
20130501 b E -29.20
20130501 b W -29.10
20130501 d E -28.33
20130501 d W -30.61
20130501 g E -29.40
20130501 g W -29.89
20130501 i E -31.90
20130501 i N -31.25
20130517 a E -29.29
20130517 a N -29.57
20130517 a S -28.44
20130517 a w -29.15
20130517 b E -29.56
20130517 b N -29.02
20130517 d S -29.62
20130517 d w -28.16
20130517 g E -30.09
20130517 g w -29.09
20130517 i E -32.03
20130517 i S -31.86
20130619 a E -31.57
20130619 a N -29.43
20130619 a S -30.66
20130619 b N -29.40
20130619 d E -29.96
20130619 d S -28.94
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20130619 d w -29.33
20130619 i E -32.01
20130619 i S -30.95
20130711 a E -29.11
20130711 a N -29.11
20130711 a S -29.53
20130711 a w -29.51
20130711 b E -29.72
20130711 b N -29.62
20130711 d N -30.03
20130711 d w -28.93
20130711 g E -30.31
20130711 g w -29.84
20130711 i E -31.38
20130711 i S -30.85
20130726 a E -29.05
20130726 a N -30.17
20130726 a w -30.07
20130726 b N -30.09
20130726 b w -29.87
20130726 d N -28.81
20130726 d S -29.52
20130726 d w -28.75
20130726 g E -30.03
20130726 g N -29.87
20130726 i E -31.37
20130815 a E -29.22
20130815 a w -30.34
20130815 b E -29.62
20130815 g N -29.99
20130815 i N -31.99
20130815 i S -32.46
20130827 a E -29.04
20130827 a S -29.56
20130827 b E -29.26
20130827 d N -28.89
20130827 d S -29.82
20130827 g E -30.57
20130827 i E -32.34
20130827 i S -31.75
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Table A.2 Water stable isotopic compositions of soil water samples which were collected daily at depths of
20 cm and 50 cm on NFS and 30 cm and 50 cm on SFS, respectively. N/A for data is not available.

Sampling | &0 5°H 50 5°H 50 5°H 5"°0 5°H
Date | VSMOW | VSMOW | VSMOW | VSMOW | VSMOW | VSMOW | VSMOW | VSMOW
At At At At At At At At

NFS_20 | NFS_20 | NFS_50 | NFS_50 | SFS_30 | SFS_30 | SFS_50 | SFS_50

cm cm cm cm cm cm cm cm

20130716 | N/A N/A -0.87 -5.77 N/A N/A -4.03 -22.09
20130801 N/A N/A N/A N/A N/A N/A -5.50 -27.60
20130815 | NJ/A N/A N/A N/A N/A N/A -5.66 -29.72
20130827 | -3.53 -17.30 N/A N/A -3.41 -12.27 -5.70 -26.48
20130828 | -4.57 -20.86 -4.65 -21.82 -4.55 -20.55 -5.57 -28.19
20130830 | -4.82 -22.25 -4.61 -23.21 -4.75 -20.31 -5.60 -27.34
20130831 | -4.80 -23.64 -4.65 -22.17 -4.87 -20.67 -5.37 -27.48
20130901 | -4.90 -23.42 -4.71 -23.28 -4.73 -20.22 -5.56 -27.85
20130902 | -4.82 -22.99 -4.79 -22.81 -4.70 -18.86 -5.39 -27.43
20130903 | -4.91 -24.74 -4.87 -23.33 -4.66 -20.90 -5.53 -26.54
20130904 | -4.95 -24.89 -4.82 -24.32 -4.63 -20.34 -5.39 -26.87
20130911 N/A N/A -4.74 -23.77 -4.69 -20.35 -5.46 -27.41
20130919 | N/A N/A N/A N/A -4.62 -21.02 -5.45 -28.29
20130922 | -4.86 -24.94 -5.03 -26.74 -4.39 -19.82 -5.35 -27.47
20131003 | N/A N/A N/A N/A -4.33 -18.95 -5.33 -27.16
20131014 | N/A N/A N/A N/A -4.32 -18.52 -5.36 2712
20131019 | N/A N/A N/A N/A -4.31 -18.63 -5.40 -27.50
20131024 | N/A N/A N/A N/A -4.32 -18.73 -5.39 -27.67
20131031 N/A N/A N/A N/A -4.39 -19.10 -5.45 -28.12
20131103 | NJ/A N/A N/A N/A -4.24 -19.27 -5.31 -28.15
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APPENDIX I
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Figure A.1 Recession plot of the Finniss River catchment near Yundi (catchment 1) based on daily
streamflow data of January to mid-April and mid-October to December from 1969 to 2012. Black crosses
represent binned values obtained using the quantile method. Residuals are shown for the linear fit of In(-

dQ/dt) and Q.
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Figure A.2 Recession plot for the catchment of Hindmarsh River at Hindmarsh Valley (catchment 2) based
on daily streamflow data of January to mid-April and mid-October to December from 1969 to 2012. Black
crosses represent binned values obtained using the quantile method. Residuals are shown for the linear fit of

In(-dQ/df) and Q.
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Figure A.3 Recession plot of the First Creek catchment at Waterfall Gully (catchment 4) based on daily
streamflow data of January to mid-April and mid-October to December from 1977 to 2005. Black crosses
represent binned values obtained using the quantile method. Residuals are shown for the linear fit of In(-

dQ/dt) and Q.
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Figure A.4 Recession plot of the Chambers Creek catchment at Coromandel Valley (catchment 5) based on
daily streamflow data of January to mid-April and mid-October to December from 1979 to 1988. Black
crosses represent binned values obtained using the quantile method. Residuals are shown for the linear fit of

In(-dQ/dt) and Q.
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Figure A.5 Recession plot of the Chambers Creek catchment at Coromandel Valley (catchment 6) based on
daily streamflow data of January to mid-April and mid-October to December from 1980 to 1988. Black
crosses represent binned values obtained using the quantile method. Residuals are shown for the linear fit of
In(-dQ/dt) and Q.
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