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Abstract:

Tracer investigations were combined with a geographical information system (GIS) analysis of the 31 km? Girnock catchment
(Cairngorm Mountains, Scotland) in order to understand hydrological functioning by identifying dominant runoff sources and
estimating mean residence times. The catchment has a complex geology, soil cover and topography. Gran alkalinity was
used to demonstrate that catchment geology has a dominant influence on baseflow chemistry, but flow paths originating in
acidic horizons in the upper soil profiles controlled stormflow alkalinity. Chemically based hydrograph separations at the
catchment scale indicated that ~30% of annual runoff was derived from groundwater sources. Similar contributions (23-36%)
were estimated for virtually all major sub-basins. §'30 of precipitation (mean: —9-4%o; range: —16-1 to —5-0%0) and stream
waters (mean: —9-1%o; range: —11-6 to —7-4%o) were used to assess mean catchment and sub-basin residence times, which
were in the order ~4—6 months. GIS analysis showed that these tracer-based diagnostic features of catchment functioning
were consistent with the landscape organization of the catchment. Soil and HOST (Hydrology of Soil Type) maps indicated
that the catchment and individual sub-basins were dominated by hydrologically responsive soils, such as peats (Histosol),
peaty gleys (Histic Gleysols) and rankers (Umbric Leptosols and Histosols). Soil cover (in combination with a topographic
index) predicted extensive areas of saturation that probably expand during hydrological events, thus providing a high degree of
hydrological connectivity between catchment hillslopes and stream channel network. This was validated by aerial photographic
interpretation and groundtruthing. These characteristics of hydrological functioning (i.e. dominance of responsive hydrological
pathways and short residence times) dictate that the catchment is sensitive to land use change impacts on the quality and
quantity of streamflows. It is suggested that such conceptualization of hydrological functioning using tracer-validated GIS
analysis can play an important role in the sustainable management of river basins. Copyright © 2006 John Wiley & Sons,

Ltd.
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INTRODUCTION

The need to upscale hydrological understanding has
become a central research issue in recent years (Bonell,
1998). A number of initiatives have challenged hydrol-
ogists to extrapolate their understanding of runoff pro-
cesses from hillslope and small catchment (>1 km?)
scales to larger mesoscale basins (>10 km?), where
catchment and water management issues become appar-
ent (Sivapalan, 2003). International research programmes
have emerged, such as the International Association of
Hydrological Sciences (IAHS) Prediction in Ungauged
Basins (PUB) initiative, which seeks to develop new tools
to transfer hydrological conceptualization to sparsely
instrumented basins in order to underpin more robust
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modelling methodologies (Sivapalan et al., 2003). Simi-
larly, the UNESCO Hydrology, Environment, Life and
Policy (HELP) agenda urgently calls upon catchment
scientists to find tools that help translate their under-
standing of biophysical processes in ways that can aid
catchment and water managers develop more sustainable
approaches to resource utilization as required by legis-
lation such as the European Union’s Water Framework
Directive (Bonell, 2004; Takeuchi, 2004). In response
to such challenges, the catchment hydrology research
community is looking afresh at how the spatial arrange-
ment of watershed characteristics (i.e. topography, geol-
ogy and soils), or landscape organization, determines
the variability in water flow paths, storage and resi-
dence times at larger spatial scales (Beighley et al., 2005;
McGuire et al., 2005). Two approaches with particu-
lar potential to aid this upscaling involve the use of
readily available geo-spatial data, which can be easily
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integrated within a geographical information system
(GIS), and environmental tracer studies (Rodgers et al.,
2005a; Soulsby et al., 2006a).

Multiple digital data sets are often available for catch-
ments characteristics and GIS techniques are now widely
used to combine and integrate data layers in terrain
and landscape analyses, which facilitate visualization of
spatially distributed catchment features and processes
at larger scales (Fluegel, 1995; Richards and Brenner,
2004). In order to use GIS in upscaling the transfer of pro-
cess knowledge, simple tools are needed that allow gener-
alizations that aid the understanding of hydrological func-
tioning in a scale-independent manner (Bongartz, 2003).
For example, new high-resolution approaches to terrain
analysis have been used to consider topographic indices
of hydrological similarity in order to give more realistic
assessments of hillslope connectivity to improve the pre-
dictions of traditional rainfall-runoff models (Lane et al.,
2004). Similarly, digital soil data may have advantages
over topographic approaches alone, as soils (in addition to
topography) also integrate the influence of geology, land
use and climate in a way that helps define areas of hydro-
logical similarity (e.g. Scherrer and Naef, 2003; Weiler
and Naef, 2003; Uhlenbrook et al., 2004). In the UK, for
example, the Hydrology of Soil Type (HOST) classifica-
tion system (Boorman et al., 1995) is based on soil char-
acteristics, which infer aspects of hydrological response
and dominant runoff processes. This enables the delin-
eation of such information and allows it to be extrapolated
to a range of catchment scales to understand the con-
trols on catchment hydrological response (Soulsby et al.,
2006a). Other researchers have used geological maps to
characterize geological influences at different scales in
similar way (Smart et al., 2001; Beighley et al, 2005).

As it is often difficult to extrapolate from traditional
(typically hillslope scale) hydrometric process studies,
environmental tracers have been viewed as useful tools
in field studies that can provide an integrated insight
into hydrological functioning at larger catchment scales
(Kendall and McDonnell, 1998; Stutter et al., 2005).
Tracers, if their behaviour is close to conservative, can
provide insights into runoff sources and catchment resi-
dence times, and thus have proven utility in aiding con-
ceptualization of hydrological functioning at larger spatial
scales (Kendall and Coplen, 2001; Soulsby et al., 2004;
Uhlenbrook et al., 2004). Geochemical tracers such as
silicon (Si) and other weathering-derived elements can
be useful in identifying the provenance of waters; in
certain situations alkalinity can be also useful, as it is
reflects the integration of weathering reactions and can
be helpful in distinguishing acidic soil-derived waters and
more buffered groundwater (Neal ef al., 1997). Isotopes
ratios of hydrogen (*H) and oxygen (!80) within water
molecules themselves are also particularly useful, as com-
parison of stream waters with precipitation can indicate
the nature and timing of catchment flow paths. Clearly,
combining GIS and tracer studies has considerable poten-
tial in fulfilling the objectives of initiatives such as PUB
and HELP.

Copyright © 2006 John Wiley & Sons, Ltd.
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An advantage of using GIS in applied catchment
management is its obvious utility in allowing watershed
analysis with readily communicable understanding of
hydrological functioning as a visual mapped output
(Montgomery et al., 1995; Lyon, 2003). Mapping areas
of different types of environmental sensitivity can greatly
aid land managers in providing a rationale for zoning
certain activities (Montgomery et al., 1998). These are
extremely useful tools, given that preventative strategies
are often the key to avoiding and mitigating many
human impacts on water resources (Brooks et al., 2003).
Moreover, extensively managed headwater catchments
are increasingly identified as important source areas in
river basins that are subject to a range of pressures
that need to be carefully managed (Langan et al., 1997;
Brandt et al., 2004).

The Girnock Burn is a 31 km? experimental catchment
in northeast Scotland. Originally established to monitor
Atlantic salmon (Salmo salar) populations in the mid-
1960s, it is now the focus of a wide range of interdisci-
plinary freshwater research (Youngson and Hay, 1996).
Its landscape is typical of much of the Scottish Highlands,
and thus experiences a number of issues that result in
potentially conflicting land and water management con-
cerns (e.g. Soulsby et al., 2002). In recent years, a GIS of
the catchment characteristics has been developed and a
number of different investigations have provided a wealth
of tracer-based knowledge about hydrological function-
ing (Malcolm et al., 2004a; Soulsby et al., 2006b). This
paper attempts to extend this understanding of how catch-
ment characteristics and landscape organization influence
runoff sources and water residence times. In so doing, the
work also seeks to highlight some land-use issues that
are relevant to sustainable watershed management in the
Scottish Highlands. Thus, this paper has three specific
aims:

1.to develop a GIS approach to identify likely land-
scape controls on runoff dynamics and contribute to
the development of a transferable approach to con-
ceptualizing streamflow generation processes at larger
scales;

2. to use environmental tracers (stable isotopes and geo-
chemistry) to examine characteristics of streamflow
generation processes at the catchment and subcatch-
ment scale in relation to landscape controls hypothe-
sized from the GIS;

3.to use this information to assess the implications
of current land management activities in the Scot-
tish Highlands on catchment hydrology and water
resources.

STUDY AREA

Catchment characteristics

The Girnock Burn, a subcatchment of the River Dee,
is located in the Cairngorms National Park, northeast
Scotland and drains a catchment of 31 km? to the gauging
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site at Littlemill (L; Figure 1). For monitoring purposes,
the Girnock catchment was nested into three further main
stem sites and five subcatchments. Iron Bridge (IB) was
selected as the upper catchment of the Girnock stream.
Additionally, the main stem was sampled upstream
(S/EB) and downstream (at Hampshires Bridge, HB) of
South (SB) and East Burn (EB) tributary confluences.
Three further main tributaries drain into the Girnock
from the Bovaglie (Bov), Camlet (Ca) and Bruntland
Burn (BB) subcatchments. The characteristics of the
Girnock and its associated subcatchments are summarized
in Table I.

The altitude ranges from 230 to 862 m (Figure la),
although mean elevation is just over 400 m. The highest
elevations occur at the southwestern edge of the catch-
ment upstream of Iron Bridge. Slopes show more distinct
differences in the several subcatchments (Figure 1b),
with mean slopes ranging between 6-6° at Bovaglie
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and >11° in the steeper basins of East Burn, Camlet
and Bruntland Burn. The gently sloping valley bottom
is reflected by a modest average channel slope of
289 m km™! (Moir et al., 1998), though some of the
steepest hillslopes are found on the eastern side of the
lower catchment.

The geology is complex (Figure 1c), which results in
marked spatial variability in groundwater—surface water
interactions and stream chemistry (Malcolm et al., 2005).
Higher elevation areas are associated with granite and
granite-like rocks (granodiorite and diorite), whereas in
lower elevation areas the bedrock is composed of schists
and other metamorphic rocks (Soulsby et al., 2006b). The
northern edge of the catchment in the Bruntland Burn
also consists of granite. The granite is predominantly
fringed by formations of metasediments ranging from
base-poor quartzite and psammite, to more calcareous
strata, including bands of metamorphosized limestone
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Figure 1. Girnock catchment: (a) topography, Littlemill gauging site and sampling locations; (b) slope; (c) geology; (d) land use
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Table I. Characteristics of the Girnock and associated subcatchments (IB: Iron Bridge; S/EB: upstream of South and East Burn; HB:
Hampshires Bridge; L: Littlemill (catchment outlet) and tributaries Bovaglie (Bov), South Burn (SB), East Burn (EB), Camlet Burn
(Ca), Bruntland Burn (BB))

IB S/EB HB L Bov SB EB Ca BB
Area (km?) 9-11 12-58 20-42 31-05 1-84 4.21 3.25 0-99 3.62
Topography
Mean elevation (m) 469 445 432 405 397 415 420 396 354
Min. elevation (m) 350 321 311 233 329 320 321 304 248
Max. elevation (m) 852 852 852 852 500 552 593 517 536
Mean slope (°) 8.7 7-8 8-2 9.4 6-6 7-4 11 117 123
Max. slope (°) 28 28 28 46 14 24-6 279 24.2 35-8
Drainage density 1-16 1-23 1-17 1-10 1-42 1-12 0-96 1-36 1-01
Geology
Granite (%) 86-0 80-7 55-0 45.6 67-3 27-3 0-0 0-0 45.7
Granodiorite (%) 14-0 12-3 7-9 52 10-7 22 0-0 0-0 0-0
Diorite (%) 0-0 0-0 0-0 09 0-0 0-0 0-0 0-3 5-1
Amphibolite (%) 0-0 0-2 11-2 11-9 1-1 233 38-8 154 09
Serpentinite (%) 0-0 0-0 1-8 1-2 0-0 0-0 11-8 0-0 0-0
Quartzite/psam. (%) 0-0 0-0 12 0-8 0-0 56 0-0 0-0 0-0
Dior./amphibolite (%) 0-0 0-0 4-1 2.7 0-0 185 0-0 0-0 0-0
Quartz./psam./pelite (%) 0-0 3.8 12-1 16-3 15-0 99 47-5 1-4 45-3
Quartz./psam./calc. (%) 0-0 31 6-6 15-5 59 132 1-9 82-9 29
Landcover
Heather moorland (%) 77 74 66 63 75 40 69 35 20
Peat bog (%) 20 19 24 18 21 50 6 31 13
Woodland (%) 0 0 3 8 0 0 16 2 34
Grassland (%) 0 3 2 5 2 0 0 21 4
Rock, boulder field (%) 3 4 5 6 2 10 9 11 29
HOST type
HOST 5 (%) 0 0 0 2 0 0 0 0 0
HOST 15 (%) 86 88 78 60 94 84 38 11 20
HOST 17 (%) 7 4 11 24 0 1 49 75 34
HOST 22 (%) 0 1 3 5 6 0 14 14 23
HOST 27 (%) 7 5 3 4 0 0 0 0 18
HOST 29 (%) 0 2 5 4 0 15 0 0 6

and amphibolite. These predominate on the lower catch-
ment slopes downstream of Hampshires Bridge, and in
the subcatchments of Camlet and the South Burn. The
East Burn is distinct in having a large outcrop of ser-
pentinite in its headwaters. In most cases these rocks
have poor aquifer characteristics, and fracture flow seems
likely to be the main mechanism of bedrock groundwater
movement (Haria and Shand, 2004).

Much of the catchment bedrock in the valley bottom
is covered by glacial drift deposits with gleyed and
peat soils fringing the stream channel and sustaining
blanket bog vegetation (Figure 1d). However, land use is
dominated by heather (Calluna vulgaris) moorland used
for deer stalking and grouse shooting, with smaller areas
of abandoned rough grazing and a gradually increasing
coverage of forestry on the lower hillslopes. These
activities are common to much of the Scottish Highlands
and have historically involved the burning of moorland
to create a mosaic of habitats for grouse and deer
(Thompson et al., 2001).

Soil cover and Hydrology of Soil Type classification

Soil cover is complex and reflects the organization
of topography, geology and drift cover (Figure 2). The
UK HOST system (Boorman et al., 1995) groups all
soils of the UK into 29 classes and characterizes them

Copyright © 2006 John Wiley & Sons, Ltd.

according to the dominant pathways of water movement
through the soil layer and underlying parent material.
Hence, HOST provides a convenient classification for
identifying hydrological similarities (Dunn et al., 2003;
Soulsby et al., 2006a). In the Girnock, the complex
geology and topography results in six different HOST
classes occurring (Figure 2). HOST class 15 (mainly
peaty gleys (Histic Gleysols), but some peaty podzols
(Histic Podzols)) is most extensive (covering 60% of
the catchment) and is found on the more subdued
hillslopes and interfluves. They have mainly developed
over granitic rocks, although some are also derived from
metasediments. The peaty gleys form on flatter areas and
valley bottoms and are generally saturated for much of
the year (Soulsby and Reynolds, 1993). On steeper slopes
within HOST class 15, peaty podzols form extensive
tracts of heather moorland, which is often subject to
regular burning. Over substantial areas, a long history
of both deliberate and accidental burning has resulted in
the severe depletion of organic horizons, and hydrophobic
conditions are prone to develop after dry periods. Blanket
peat (Histosols) (HOST class 29) also occupies small
valley bottom areas, fringing the stream channels in upper
Girnock, South Burn and Bruntland Burn. On steeper
hillslopes in the lower catchment, deeper, freely draining
brown soils (Cambisols), humus iron (Haplic Podzol) and

Hydrol. Process. 21, 1289-1307 (2007)
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Figure 2. Distribution of HOST classes in the Girnock catchment (5: humus iron podzol; 15: peaty gley, peaty podzol; 17: alpine soils, humus iron
podzol; 22: brown ranker; 27: peaty ranker; 29: peat)

subalpine podzols (Fragic Podzols) form HOST class 17,
the second most extensive class, covering around 24% of
the catchment. These soils have developed in drifts from
a wide range of bedrock types, including the serpentinite.
At the main river valley near the catchment outlet, freely
draining alluvial deposits and soils (fluvisols) (HOST
class 5) are to be found. On the upper slopes on the
northwestern and southwestern parts of the catchment,
shallow brown rankers (Umbric Leptosols) (HOST class
22) and peaty rankers (Histosols) (HOST class 27) occur.

Hydrology and runoff generation processes

Previous hydrological studies have shown that the
Girnock Burn is characterized by high variability in dis-
charge dynamics (Tetzlaff er al., 2005a; Soulsby et al.,
2006b). Catchment average annual precipitation is 1100
mm, with annual runoff about 700 mm (1961-1991,
Scottish Environmental Protection Agency, SEPA) with
the summer months (May—August) generally being dri-
est. At the gauging station at Littlemill (Figure 1) the
mean annual discharge is 0-52 m?® s™' (1969-2001),
although discharge between June and August is often
below 0-1 m? s~! (Moir et al., 1998). Instantaneous dis-
charges have varied between ~0-04 m® s~! in the sum-
mer (Malcolm et al., 2003) and >50 m® s™' during
floods (Tetzlaff et al., 2005b). Most high-discharge events
occur between late autumn and early spring, though they
can occur throughout the year (Tetzlaff et al., 2005b). The

Copyright © 2006 John Wiley & Sons, Ltd.

peaty gley and peaty soils that fringe the stream chan-
nel have been identified as contributing to the Girnock’s
responsive hydrological regime (Soulsby et al., 2005).

Previous investigations have shown that five dominant
runoff generation processes are characteristic of Cairn-
gorm catchments such as the Girnock (Soulsby et al.,
2004). These are shown in Table II. Overland flow can
occur by two mechanisms: saturation overland flow from
peats (HOST class 29) and peaty gley soils (HOST class
15) is most common, though infiltration excess over-
land flow can occur from burned peaty podzols (within
HOST class 15) where a depleted, thin organic horizon
(often in combination with hydrophobic conditions devel-
oping after dry periods) overlies a continuous iron pan
within mineral subsoil that restricts infiltration (Wheater
et al., 1991; Rodgers et al., 2005a). Overland flow and
shallow subsurface storm flow are dominant runoff pro-
cesses where upper organic soil horizons overlie low-
permeability rock, e.g. HOST classes 22 and 27 (Wheater
et al., 1993; Boormann et al., 1995), though recharge in
to bedrock fracture systems can also occur under these
soils. In freely draining soils, such as humus iron podzols
or subalpine soils (HOST classes 5 and 17), deep sub-
surface storm flow and groundwater recharge dominates
runoff generation (Davies et al., 1993).

In spite of the influence of overland flow or shallow
subsurface storm flow in dominating the storm hydro-
graph, Soulsby et al. (2005) have indicated that ground-
water recharge, mainly through more freely draining soils

Hydrol. Process. 21, 1289—-1307 (2007)
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Table II. Description of major runoff processes in the Girnock catchment

Process

Criteria description

Saturation overland flow

Low antecedent soil moisture deficit and limited storage capacity

Infiltration excess overland flow Precipitation intensity exceeds infiltration capacity of the soil (bedrock surfaces and soils with
impeded infiltration, e.g. burnt soils, shallow drift, road and track surfaces, etc.)
Shallow subsurface storm flow  Effective lateral flow paths in macropores and/or permeable surface horizons overlying less

permeable subsoils
Deep subsurface storm flow
soil—drift interface
Groundwater recharge

Soils with macropore-dominated vertical infiltration to permeable zones at soil—bedrock or

Permeable soils with vertical drainage to deeper water stores

(especially those in HOST class 17), occurs through-
out the catchment. A fraction of recharge may move
quickly through shallow fracture systems or freely drain-
ing glacial deposits, to discharge in valley bottom areas
either back to the surface of gleyed and peat soils (Shand
et al., 2006; Soulsby et al., 2006b) or through the bed
and banks of the stream (Malcolm et al., 2006). Ground-
water influence on runoff generation appears less impor-
tant than responsive hydrological flow paths. Chemi-
cal hydrograph separation showed an ~32% groundwa-
ter component of mean daily flows (10-year average,
1994-2004; Soulsby et al., 2005). This low groundwater
component also appears to contribute to a thermal regime
throughout the Girnock river system, which is prone to
strong climatic influence with cold winter and warm sum-
mer temperatures (Hannah ez al., 2004; Malcolm et al.,
2004b).

METHODOLOGY

Given the complexity of the Girnock catchment, it
would be unrealistic to carry out a large number of
traditional plot-scale investigations of hillslope hydrology
to develop an understanding of catchment functioning.
Thus, basic catchment hydrometrics were combined with
tracer studies, GIS analysis and a synthesis of previous
hillslope studies in the dominant soil types to develop a
process understanding at the catchment scale.

Hydrometric data

Discharge was calculated from a rated natural section
of the river, continuously monitored by SEPA, at Lit-
tlemill (Figure 1). Mean daily flow in the ungauged sub-
catchments was estimated from the mean daily gauged
flow at Littlemill, weighted by the topographic area con-
tributing to flow using

M

where Q (m? s™!') is mean daily flow, A (m?) is the
topographic area contributing to flow and the subscripts
‘v’ and ‘g’ refer to ungauged and gauged catchments
respectively. Previous studies have validated the general
utility of this approach to assessing ungauged flows in
the wider Dee catchment (Wade ef al., 1999). Current
metering at low and moderate flows confirmed that the

Qu = Qg(Au/Ag)

Copyright © 2006 John Wiley & Sons, Ltd.

method was accurate to within ££10%, which is around
typical gauging errors.

Rainfall data were derived from a ground station at
Hampshires Bridge, centrally located within the catch-
ment at 311 m, reasonably close to the mean catchment
altitude of 405 m. Estimated long-term annual catchment
precipitation from water balance considerations is around
1100 mm, whereas annual precipitation at Hampshires
Bridge (2001-2004) is about 900 mm. Therefore, to
derive a time-series of weighted catchment precipitation,
rainfall data at Hampshires Bridge were multiplied by a
factor of 1-22. Comparison with surrounding gauges from
the Meteorological Office UK network, using the auto-
mated optimization procedure of Tetzlaff and Uhlenbrook
(2005), suggested these estimates were representative of
the wider area around the catchment.

Geographical information system application and
landscape analyses

Catchment characteristics were analysed by applying
the GIS Arcview. This included an Ordnance Survey
Profile data set that is a 1:10 000-scale digital terrain
model (DTM). This dataset comprises 10 m x 10 m grid
cells each of which have an elevation value in metres.
Additionally, digital coverage of soil types, underlying
geology and land use were available from previous work
(Wade et al., 1999; Smart et al., 2001). The GIS provided
a means of assessing how the hydrological and hydro-
chemical functioning varied in each of the subcatchments
by allowing quantification of catchment characteristics. In
addition, analyses of aerial photographs, taken on June
1994 flights at a scale of 1:10000, provided further
insight into landscape organization that could be used to
validate aspects of the digital representation of catchment
characteristics from the GIS.

For specifying water flow directions within the GIS,
the ESRI GIS extension tool Hydrology Modelling was
used. Based on the elevation data grid, the flow direction
from each cell to its steepest downslope neighbour was
derived by using the slope and aspect values for each
grid cell to compute the direction of flow (Jenson and
Domingue, 1988). This was then coded using the summed
number of cells that are upstream from each cell. The
resulting flow accumulation grid defined the ultimate
downslope drainage point of water where it enters the
stream. This procedure requires a preprocess of the DTM
to identify any sinks in the DTM and fill these in

Hydrol. Process. 21, 1289-1307 (2007)
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by, for example, increasing the elevation of these grid
cells that are fictitious terrain pits (Wolock and Price,
1994). From the slope and upslope contributing area,
the distribution of topographic index (In(A/tan B)) was
determined, which predicts likely saturation areas (Quinn
et al., 1991; Wolock, 1995; Beven, 2001).

Rationale for linking hydrological process knowledge
and Hydrology of Soil Type classification

The methodology to combine the GIS and the existing
HOST classification was as follows:

1. The spatial delineation of HOST classes was validated
against land use, topography and geology maps and
aerial photographs.

2. As the HOST classification does not explicitly capture
topographic controls of hydrological pathways and
source areas, flow accumulation and slope maps were
combined to derive a topographic index assigned as
‘low’, ‘medium’ and ‘high’ and from this the likely
spatial patterns of water movement and saturation were
identified.

3. The distribution of HOST types and areas of differing
topographic index were used to produce a preliminary
map of likely dominant runoff processes that produce
storm flow generation under typical conditions.

This provided a means of assessing patterns of water
movement that could be compared with the insights
gained from the tracer monitoring to conceptualize
catchment-scale distribution of runoff processes, water
sources and residence times.

Tracer analyses to estimate runoff components and
indicative residence times

To establish the tracer characteristics of precipitation
and stream waters and assess the likely validity of the
inferences of hydrological functioning from the GIS,
an extensive sampling regime was put in place. Sam-
ples were generally taken from Littlemill at weekly or
biweekly intervals between October 2003 and September
2004. For certain periods, when staff were on site, daily
sampling was possible, and sub-daily sampling in a few
events. The additional main stem sampling locations (and
the five subcatchments) were also sampled at approxi-
mately fortnightly intervals. Samples were refrigerated
after collection and analysed within 7 days.

Samples were analysed for alkalinity by acidimetric
Gran titration to end points of 4-5, 4-0 and 3-0; the result-
ing Gran alkalinity closely approximates acid neutralizing
capacity (ANC, a conservative tracer) with proven utility
to distinguish hydrological sources in the UK uplands
(Neal, 2001). The Gran alkalinity data were used to
carry out chemically based hydrograph separations to
determine contributions of groundwater and soil-derived
waters. To provide an integrated estimate of groundwater
alkalinity, this end member was estimated from the three
lowest flows sampled for each site (Neal et al., 1997).

Copyright © 2006 John Wiley & Sons, Ltd.
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To give an indication of the uncertainty in the sepa-
rations, soil water alkalinity (which encompasses both
overland flow and shallow subsurface storm flow) was
estimated at 0 and —50 peq 17! following previous stud-
ies indicating that soil water from upland soils has a
low alkalinity typically in this range (Soulsby and Dunn,
2003; Soulsby et al., 2003a). The hydrograph was then
separated into soil water and groundwater contributions
at daily time-steps using a classic two-component mixing
model (Rodgers et al., 2004).

Given the time-steps and the coarse temporal sam-
pling, no attempt was made to distinguish ‘old’ water
and ‘new’ water. The focus was on distinguishing (more
generally) the relative importance of responsive hydro-
logical pathways over and through the acidic near-surface
soil horizons and the role of deeper flow paths that
sustain baseflows. Thus, the local heterogeneity in end-
member chemistry was recognized (Stutter et al., 2005);
but this appears to be damped at larger scales, as the
alkalinity of drainage water from peaty soils in the Cairn-
gorms is remarkably consistent (Soulsby et al., 2003a,
2004). Three-component approaches to end-member mix-
ing were considered, but earlier work indicated poor suc-
cess in characterizing a third (mineral soil) component
(Soulsby and Dunn, 2003). It was recognized that using
the three lowest flows to approximate a groundwater end-
member is arbitrary and provides additional uncertainty.
Again, there is an identifiability problem in characteriz-
ing groundwater at the catchment scale, particularly if
a number of groundwater sources of highly contrasting
chemistry are important (Shand et al., 2006). However,
earlier work in Cairngorm catchments has shown that the
three lowest flows provide at least a minimum approxima-
tion of groundwater contributions at larger spatial scales
(Wade et al., 1999; Rodgers et al., 2004, Soulsby et al.,
2004).

Quantifying the uncertainties associated with chemi-
cally based hydrograph separations has recently become
a major research theme (e.g. Genereux, 1998; Joerin
et al., 2002; Soulsby et al., 2003b; Uhlenbrook and Hoeg,
2003). In this study, given the paucity of data, the use
of variable soil water end-members, together with assess-
ment of the measurement error (Genereux, 1998), were
used to provide upper and lower boundaries for estimates
of groundwater contributions to stream flow. This gives
an indication of the uncertainty associated with the sep-
arations, though such simplification at these larger spa-
tial and temporal (daily) scales has still been shown to
provide meaningful differences in catchment responses
(Wade et al., 1999).

To provide additional insights into the hydrological
pathways routing precipitation to streams, samples were
also analysed for oxygen isotope ratios at the Scot-
tish Universities Environment Research Centre (SUERC)
using a gas-source isotope ratio mass spectrometer.
Ratios of '80/'°0 are expressed in § units, §'80 (%o, parts
per mille) defined in relation to Vienna standard mean
ocean water (V-SMOW). The analytical precision was
40-1%o. Additional to stream water, precipitation was
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collected for §'80 analysis at Littlemill. §'80 is a useful
passive tracer that can infer the time-scale over which
precipitation influences runoff generation by comparing
ratios.

A range of models are available for assessing catch-
ment residence times using tracer data (McGuire and
McDonnell, 2006). Given the basic data set available,
together with clear seasonal trends, the sine wave method
was used for the Girnock data. This compares the ampli-
tude of seasonal variations in §'80 in precipitation and
stream flow, and uses the degree of damping to estimate
residence time (Burns and McDonnell, 1998). It assumes
an exponential distribution of residence times and is par-
ticularly useful in catchments with a preponderance of
short residence time flow paths, such as overland flow
(Stewart and McDonnell, 1991; Maloszewski and Zuber,
1993; Rogers et al., 2005b). The short (1 year) run of data
precluded the application of the convolutional integral
approach, where antecedent precipitation inputs would
need to be modelled accurately (Vitvar and Balderer,
1998). In the context of the simpler sine wave method,
the short run of data was less problematic. Earlier work
in the region showed that the range and seasonal pattern
of 880 in observed precipitation during the study year
were representative of those in a total of five other years
(Soulsby et al., 2000).

Seasonal trends in §'80 were modelled using periodic
regression analysis to fit sine curves to seasonal §'80
variations in precipitation and stream water (DeWalle
et al., 1997), defined as:

80 = X + A[cos(ct — 6)] 2)

where §'%0 is the modelled 8'80, X is the mean annual
measured 6'%0, A is the measured §'80 annual ampli-
tude, ¢ is the radial frequency of annual fluctuations
(0-017214 rad day™'), ¢ is the time in days after the start
of the sampling period (1 October 2003), and 6 is the
phase lag or time of the annual peak §'30 in radians.
The mean residence time 7 of water leaving the system
is estimated as

T = c ' [(Az2/Az1)7% — 113 (3)

where Azl is the amplitude of precipitation, Az2 is the
amplitude of the stream water outputs (both estimated
from Equation (2)) and c is the radial frequency of annual
fluctuations.

Application of residence-time models to stream water
data is problematic. The models often assume some
steady-state condition in catchment function, which is
obviously unrealistic in dynamic upland catchments. In
some studies this results in high flow samples being
omitted from the analysis and baseflow residence times
being estimated (e.g. McGlynn et al., 2003). In this
context, the precipitation §'80 inputs are accordingly
weighted to try to reflect the signature of recharge,
particularly in catchments with marked seasonality (e.g.
Uhlenbrook et al., 2002). However, in a flashy catchment,
such as the Girnock, where precipitation is relatively

Copyright © 2006 John Wiley & Sons, Ltd.
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evenly distributed in most years, meaningfully defining
‘baseflow’ is difficult. Moreover, high soil moisture
deficits are not common in the wet, cool montane climate.
Given this context and the fortnightly sampling regime,
all the stream 8'80 data were used to fit curves to give a
snapshot first approximation of mean residence times at
the catchment scale.

RESULTS AND DISCUSSION

Identification of topographic controls on hydrological
functioning

Despite the utility of tracers in geographically sourcing
runoff and estimating residence times, the detailed spa-
tial distribution of flow paths, such as areas of overland
flow or shallow subsurface storm flow, will be unknown
from tracer data alone. Topographic gradients underpin
a number of other environmental gradients, and topog-
raphy, together with geology, is a major influence on
soil distributions and hydrological flow paths. This is
shown clearly if the DTM of the Girnock is used to map
out topographically induced areas of low, medium and
high flow accumulation (Figure 3a). Validation against
aerial photographs and field mapping suggests that even
this simple topographic analysis can provide a reason-
able indication of the distribution of saturated and near-
saturated areas in the Girnock.

As a precursor to the interpretation of tracer data
and the distributed modelling of catchment hydrology,
these areas of topographic index were combined with
HOST classes within the GIS to provide a preliminary
delineation of units for which similar dominating runoff
processes can be assumed (Table III). This simple deci-
sion scheme allows mapping areas of dominant runoff
processes, i.e. the main runoff process in typical storm
events, at the catchment scale (Figure 3b). The spa-
tial distribution of dominant runoff processes helps to
explain the flashy, responsive nature of the Girnock, as
saturation overland flow prevails in many parts of the
catchment, most notably where peaty gley and peaty
soils fringe the channel network. Shallow subsurface flow
from upslope areas contributes to this. Additionally, peaty
podzols (within HOST class 15) can generate large vol-
umes of infiltration-excess overland flow where burning
has reduced the extent of organic horizons that over-
lay impermeable iron pans. In contrast, low flows are
probably sustained by groundwaters, which are primar-
ily recharged through more freely draining soils (e.g.
humus iron podzols and alpine soils, HOST class 17)
and exposed/near-surface bedrock in the areas of rankers
(regosols) in HOST classes 22 and 27.

Catchment-scale tracer hydrology

Daily precipitation, mean daily flow, Gran alkalin-
ity and the estimated groundwater contribution (from
chemically based hydrograph separation) during the
2003-2004 hydrological year at Littlemill are shown in
Figure 4. Gran alkalinity and its relationship with flow
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I Saturation overland flow
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(with Infiltration excess
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storm flow

I Deep sub-surface
storm flow

B Groundwater recharge
(incl. limited GW recharge)

3 Kilometers

Figure 3. (a) Topographic index in the Girnock catchment. (b) Distribution of dominant runoff processes in the Girnock using topographic index and
HOST class distribution

Table III. Determination of dominant runoff processes in the Girnock catchment from HOST type and topographic index

HOST Soils Responsiveness Topographic Percentage area Dominant runoff process
(BFD)?* index topographic index
per HOST class
5 Humus iron Freely draining Low 45 Groundwater recharge
(0-9) podzol Medium 7 Groundwater recharge
High 49 Deep subsurface storm flow
17 Alpine soil/ Freely draining Low 66 (Limited) groundwater recharge
(0-69) humus iron Medium 13 Deep subsurface flow
podzol High 21 Shallow subsurface storm flow
15 Peaty gley/ Responsive/ Low 60 Shallow subsurface flow
(0-38) peaty podzol freely draining Medium 11 Saturation overland flow (with
infiltration excess overland flow)
High 29 Saturation overland flow
22 Brown ranker Responsive soils Low 78 (Limited) groundwater recharge
(0-315) Medium 9 Shallow subsurface storm flow
High 13 Saturation overland flow
27 Peaty ranker Responsive soils Low 67 Shallow subsurface storm flow
(0-259) Medium 10 Shallow subsurface flow
High 23 Saturation overland flow
29 Peat Responsive soils Low 52 Shallow subsurface storm flow
(0-26) Medium 8 Saturation overland flow
High 40 Saturation overland flow

4 BFI: base flow index = the fraction of annual runoff totals that are ascribed to more slowly responding hydrological stores.

are also shown. The investigation period followed an
unusually dry summer and early autumn in 2003, where
precipitation had been 50% of the long-term average.
Initial base flows, therefore, had Gran alkalinities of
~700 peq 17!, To re-wet the catchment, a few periods

Copyright © 2006 John Wiley & Sons, Ltd.

of rainfall were necessary before flows increased in late
October. Gran alkalinities were slowly reduced and then
markedly decreased during November in higher flows.
After a substantial flood yielding a mean daily flow of

1

over 4.5 m3 s ! in January 2004, the catchment was
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Figure 4. (a) Mean daily precipitation, (b) mean daily flow, groundwater contribution and Gran alkalinity and (c) flow concentration plot of Gran
alkalinity at Littlemill

moderately wet in late winter and early spring and rela-
tively small rain events resulted in a sustained period of
flows above the mean of 0-52 m? s~!. In the peak flow of
January, the Gran alkalinity dropped close to 0 peq 17!
and generally remained below 200 peq 17!, until higher
concentrations were observed as flows receded in May
and June. Following a modest event in early May, the
early summer was characterized by a sustained period
of low flows, with only small events (<1 m®s™!) in
late June and early July quickly lowering stream water
alkalinity. Low flows in late July subsequently produced
alkalinities exceeding 600 peq 17!. Rapid re-wetting of
the catchment occurred in early August, which preceded
the largest instantaneous flow of the year in mid-August.
Following two further events in late August, stream
flows commenced a late-summer recession, though some
detectable increases in flow occurred in mid-September.

Copyright © 2006 John Wiley & Sons, Ltd.

In many parts of the British uplands, these temporal
patterns of alkalinity variations with flow are common, as
alkaline groundwater dominates streamflows during drier
periods. This is diluted by large volumes of acidic soil
waters during hydrological events (Wade et al., 1999).
At Littlemill, the groundwater contribution is relatively
low: hydrograph separation suggests 27-33% for this
particular year (Table IV). The flashiness in the hydro-
graph is likely to be explained by source areas deliv-
ering soil-derived overland flow and shallow subsur-
face storm flow into the stream, which is consistent
with the well-connected network of flow paths shown
in Figure 3b.

To gain further insights into the dynamics of catch-
ment response, runoff coefficients (the fraction of event
precipitation that is equivalent to event runoff) were
calculated on an event basis for 10 storms (Figure 5).

Hydrol. Process. 21, 1289-1307 (2007)
DOI: 10.1002/hyp



CONCEPTUALIZATION OF RUNOFF PROCESSES USING GIS AND TRACERS

1299

Table IV. Estimated percentage groundwater contributions in the main subcatchments of the Girnock calculated from
chemical hydrograph separations with groundwater end-member equal to the mean Gran alkalinity of the three lowest
flows and soil water range of —50 to 0 peq I~

Subcatchment Gran alkalinity groundwater GW contribution (%)
(neq 1)
Hed Soil water = —50 peq 17! Soil water = 0 peq 1™
1B 269 41 30
SEB 348 39 31
HB 465 36 29
L 625 33 27
Bov 372 32 23
SB 496 36 30
EB 934 32 28
Ca 597 59 55
BB 440 32 24
10 0
2 g 0 E
E =
© S
U) b
G 6 - - 20 2
5 a
2 8
o] —_
> 4 -30
g 3
c
c
S 2 - 40
= s
0 50
01/10/03 01/01/04 01/04/04 01/07/04 01/10/04
Event | 1 2 3 4 5 8 7 8 9 10
Runoff coefficient 0.15 0.26 0.38 067 | 0.76 | 0.56 0.38 | 0.56 | 0.09 0.61
Peak precipitation (mm/d) 20.98 | 21.23 | 20.25 | 3416 | 537 | 11.47 | 19.03 | 9.38 | 18.06 | 43.19
Peak runoff (mm/d) 1.36 3.42 577 | 12.18 | 5.01 3.47 535 | 578 | 1.55 9.19

Figure 5. Runoff coefficients and event characteristics for selected events

Although the relationships between precipitation amount,
intensity and antecedent conditions dictate that the pre-
cise nature of stream response is complex, some general
patterns emerge. These show a seasonal pattern being
low (<0-3) after dry periods (events 1, 2 and 9), then
gradually increasing (>0-38) with increased catchment
wetness (events 3, 4, 5 and 8). In particular, during winter
months, when the catchment is very wet, even relatively
small rainfall events can result in high runoff coefficients
(event 5). These decrease again after a short drier period
in March (prior events 6 and 7).

The runoff coefficients are consistent with the alkalin-
ity data, suggesting that (particularly with wet antecedent
conditions) the responsive soils of the Girnock catch-
ment generate significant volumes of overland flow and
rapidly route water via hydrologically connected hillslope
drainage networks to the stream channel and limit levels
of groundwater recharge. In general, this is also indicated

Copyright © 2006 John Wiley & Sons, Ltd.

in the response of the §'%0 of stream water at Littlemill
relative to precipitation (Figure 6). In October 2003,
stream 8'80 under baseflow conditions was —8-6%o, grad-
ually falling in response to depleted §'%0 inputs in early
winter precipitation. The most §'30-depleted stream sam-
ples of —11-7%0 were observed in response to the large
event in January 2005, when antecedent precipitation
was also depleted at —16-1%0 and event precipitation
averaged —11-2%o. Stream §'80 levels then recovered,
as the 8'80 of spring and summer precipitation was
more '80 enriched. The subarctic climate of Scotland
and the potential influence of polar air masses through-
out the year mean that there is often variability around
the general seasonal patterns in precipitation §'80 that
can influence stream waters (in this case, most notably
in the depleted precipitation sample in May). Never-
theless, enriched summer storms in August 2005 were
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Figure 7. Hydrochemistry of the Girnock (mainstem, nested: 1B, SEB, HB, L) and associated subcatchments (SB, EB, Ca, BB) showing median,
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(b) 8'30 (%0)

clear, when precipitation 6'0 in large events peaked at
—6-1%o, yielding stream waters of —7-4%oc. Unlike the
highly damped rainfall-runoff relationships of §'%0 in
some other catchments in the UK uplands (e.g. Neal
and Rosier, 1990; Kirchner et al., 2000; Soulsby et al.,
2000), where annual §'80 in stream waters is within 2%,
the response of the Girnock showed there to be lim-
ited damping at Littlemill, with annual variability of 4%eo.
This implies a relatively direct, rapid link between pre-
cipitation and stream flow, with responsive hydrological
pathways dominating in the catchment as a whole.

Subcatchment-scale tracer hydrology

Focusing on the subcatchments gives a more direct
insight into the influence of spatial differences in

Copyright © 2006 John Wiley & Sons, Ltd.

landscape organization on hydrological and tracer res-
ponse. Gran alkalinities show a marked spatial variability
in low flow chemistry, and alkalinities at high flows
are relatively similar (Figure 7a). This reflects the strong
influence of subcatchment geology on stream chemistry
at low flow conditions (Smart et al., 2001; Soulsby et al.,
2004). Most obviously, East Burn (EB) and Camlet (Ca)
appear to be well buffered because of the high percentage
of calcareous geology. The downstream change in geol-
ogy from granite to calcareous metasediments is evident
in the systematic increase in baseflow alkalinity along the
main stem from Iron Bridge (IB) to Littlemill (L). High
flows, in contrast, are relatively uniform and low, sim-
ilarly reflecting the common origins of storm runoff in
acid soil horizons (Soulsby et al., 2003a).
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Temporal variations in §'80 responses at the subcatch-
ment monitoring sites were comparable to Littlemill.
However, in contrast to alkalinity, spatial differences in
880 of stream waters are less well-marked, implying
similar §'80 in precipitation inputs across the catch-
ment (Figure 7b and Table IV). Littlemill has the largest
880 range, though this primarily reflects the greater
sampling frequency of high flow events. From the fort-
nightly samples at all sites, the range in §'%0 is gen-
erally 3—4%o. Although substantially damped compared
with the 11-1%crange in precipitation, the stream water
ranges are relatively large, consistent with a significant
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proportion of rainfall reaching the stream rapidly during
and shortly after precipitation events.

The seasonality of the §'%0 response at each site is
evident when plotted against alkalinity for equivalent
sampling dates (Figure 8). Within the plots the data
points are spread in a roughly triangular manner: high
flow (low alkalinity) samples separate into winter and
summer events on the basis of depleted and enriched
8180 signatures respectively. In contrast, baseflow (high
alkalinity samples) exhibit much lower variability in
880, implying a groundwater sources with less variable
8180 characteristics.
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Figure 8. Mixing plots for streamwater §'30 (%o), showing flow (alkalinity, ueq 17!) related variation for the Girnock (mainstem, nested: IB, SEB,
HB, L) and associated subcatchments (SB, EB, Ca, BB)
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The resulting spatial patterns are evident in Figure 9,
which maps out the seasonality of Gran alkalinity and
8'80 response throughout the stream network in relation
to hydrological variability. Under summer low flow
conditions the alkalinities reflect the highest buffering
in the East Burn and Camlet and the lower buffering
upstream of Iron Bridge (Figure 9a). The geological
imprint is most clear at such times. Spatial variability
of §'80 is restricted to between —9-6 and —8-8%o under
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baseflows (Figure 8b). Under both two summer and
winter high flows that were sampled, the alkalinity at
all sites is low, though again the geological influence
of the East Burn and Camlet is evident (Figure 8c and
e). Under high flows, the patterns of §'80 in stream
water reflect the seasonal variations in inputs. Under
winter high flows, the §'%0 of the river network was
restricted to —10-7 to —9-6%c; the range is similarly
low under summer high flows, but the 880 values
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Figure 9. Spatial distribution of Gran alkalinity (ueq 171 and §'80 (%o) during (a, b) summer low flow conditions (28 July 2004); (c, d) winter high
flow conditions (30 January 2004) and (e, f) summer high flow condition (13 August 2004)
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are enriched to between —8-7 and —7-6%0 (Figure 8d
and f).

Estimating groundwater contribution and stream
residence times

Table IV shows the results of the chemically based
hydrograph separations for each of the subcatchments
during the study year. In general, most subcatchments are
predicted to have 23—40% of flows derived from ground-
water sources. These lower groundwater contributions are
similar to Littlemill, again implying that surface and near-
surface hydrological pathways dominate the catchment
response. The highest groundwater contributions are pre-
dicted for the Camlet Burn, with approximately 60% of
flows being attributed to groundwater. This subcatchment
has a high coverage of freely draining humus iron pod-
zols and freely draining alpine soils, which would be
consistent with higher groundwater recharge (Table I).

Figure 10 shows the fitted sine wave regressions (from
Equation (2)) to weighted monthly precipitation (to show
seasonal changes more clearly) and the Littlemill stream
water data. Mean residence times calculated according
to Equation (3) from modelled amplitudes and weighted
means come out at 4-1 £ 3.3 months for Littlemill
(Table IV). Mean residence times for all other main
stem sites are estimated at around 4-7—-5-9 months. These
slightly higher figures partly reflect the less intense sam-
pling at these sites, but still indicate low residence times,
which, given the approximate nature of the sine wave
method and the large 95% confidence limits, indicates
statistically similar mean residence times to Littlemill.
The same was evident for the subcatchments. It is inter-
esting that, despite the major differences in subcatchment
size and characteristics, the mean residence times of the
Girnock sites were all so similar, and (with the exception
of Camlet) consistent with the low groundwater contri-
butions predicted by the chemically based hydrograph
separations. The Camlet anomaly indicates that, despite
higher groundwater contributions, this groundwater flow
path is relatively rapid and not causing a difference in the
seasonal patterns of §'80 variations. This may reflect the
combination of freely draining soils and steep catchment
gradient at this site. As with recent work by McGuire
et al. (2005) and Soulsby et al. (2006a), it appears that
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catchment characteristics are better indicators of mean
residence time than scale.

WIDER IMPLICATIONS AND CONCLUSIONS

This paper aimed to develop a GIS approach to identify
likely landscape controls on runoff dynamics and then
use environmental tracers to assess streamflow generation
processes independently at the catchment scale in rela-
tion to the landscape controls hypothesized from the GIS
analysis. In so doing, it was hoped that this would con-
tribute to the development of a transferable approach to
conceptualizing streamflow generation processes at larger
scales and allow this information to be used to assess
the implications of current land management activities
on catchment hydrology and water resources. The com-
bination of tracers and landscape analysis within a GIS
has provided a preliminary (though apparently effective)
conceptualization of hydrological processes at the catch-
ment and subcatchment scales. The Girnock appears to be
very responsive to precipitation events, with hydrometric
and tracer data inferring high runoff coefficients, limited
(~30%) groundwater contributions to stream flow and
relatively short mean residence times (~4-—5 months).
Dry spells are generally quite short and replenishment of
soil and groundwater storage is relatively rapid. Consid-
eration of these results in the context of the GIS analysis
suggests that landscape organization (particularly the spa-
tial distribution of soils and hillslope topography) interact
as the first-order controls on catchment flow paths, res-
idence times and storage (e.g. McGlynn et al., 2003;
Uhlenbrook et al., 2004).

This spatially explicit conceptualization of runoff sour-
ces and hydrological flow paths provides a much more
effective approach to understanding catchment function-
ing than can be gained from tracer studies alone. Inter-
estingly, the analysis shows that the short residence
time, dynamic soil-influenced hydrological response that
is apparent for the catchment as a whole, and most
subcatchments, depends on subtle interplay of different
aspects of landscape organization. For example, the South
Burn and East Burn have quite different catchment char-
acteristics (Table I) but very similar mean residence times
and groundwater contributions, which are comparable to
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Figure 10. Fitted annual sine wave regression models to 8'80 in precipitation and stream water at Littlemill
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Table V. Weighted mean and range of §'0 in the Girnock precipitation and streamwaters together with modelled residence times
(£95% confidence limit) from sine wave method

880 (%o) Mean +95%
residence confidence
time interval
Mean Min. Max. Modelled Amplitude (months) (months)
mean

Precipitation —9.36 —16-10 —5.02 —9.36 4.20 — —
1B —9.35 —10-90 —7-79 —9.35 1-31 59 3.1
SEB —-9.31 —10-76 —7-90 —9.31 1.34 5-8 3.7
HB —9.29 —10-34 —8.27 —9.29 1-31 59 3.5
L —9.11 —11-65 —7-42 —-9-10 1-81 4.1 3.3
SB —9.00 —10-92 —7-65 —-9.01 1-38 5-6 3.2
EB —-9.10 —10-98 —7-14 —9.15 1-59 4.7 2:6
Ca —9.52 —10-80 —7-63 —9.53 1-49 5-1 3.1
BB —9.34 —10-70 —7-83 —-9.37 1-33 5-8 3.5

the Girnock as a whole (Tables IV and V). The South
Burn has a high coverage of responsive peat and peaty
gley soils (99%) and the East Burn has 49% coverage
of freely draining podzols of HOST class 17. Despite
a lower coverage of responsive soils, the East Burn is
the third steepest subcatchment with a highly connected
flow path network (Figure 3b); thus, the soil and topo-
graphic characteristics together help to account for the
hydrological characteristics. Camlet has a similar low
residence time, despite 75% coverage of freely drain-
ing soils of HOST class 17, which seems to help explain
the 55—-59% groundwater contribution. However, Camlet
has the second steepest catchment, and this, together with
the free-draining soil dominance, may explain the para-
dox of high groundwater contributions but low residence
times.

In general, however, the Girnock is notable for its
responsive hydrological characteristics. Previous tracer-
based work in the other montane catchments in the Cairn-
gorm region of Scotland by Soulsby et al. (2006a) and
Rodgers et al. (2005a) has shown that differences in soil
cover (mapped by HOST classes) can be a powerful
predictor of catchment hydrology at a range of scales.
Where hydrologically ‘responsive’ soils, such as peats
(HOST class 29), rankers (HOST classes 22 and 29)
and peaty gleys (HOST class 15) are prevalent, catch-
ments have a more ‘flashy’ hydrological regime. Thus,
like the Girnock, mean residence times are generally in
the order of a few months and groundwater recharge
is low, typically resulting in groundwater contributing
<40% of annual runoff (Rodgers et al., 2005b). In con-
trast, where more freely draining soils, such as humus
iron or subalpine podzols (HOST classes 5 and 17) pre-
vail, the hydrological response is characterized by longer
mean residence times, perhaps of a year or so, and greater
groundwater contributions (>50%) to the annual hydro-
graph (Soulsby et al., 2000, 2004). Recent work in the
Plynlimon catchment has showed that groundwater in
bedrock fractures may play an important role in storm
runoff generation (Haria and Shand, 2004). Here, freely
draining soils on steep hillslopes facilitate rapid ground-
water recharge and lateral movement of groundwater to

Copyright © 2006 John Wiley & Sons, Ltd.

river channels during storm events. Paradoxically, catch-
ments with steeper hillslopes often have such freely drain-
ing soils, so clear positive correlations between slope
gradients and residence times, which have been demon-
strated in other montane areas (McGuire et al., 2005), are
not always evident in the Scottish UK uplands.

The conceptualizations from combined GIS and tracer
analysis provide us with a platform for advancing a
number of research questions. First, the interrelation-
ships between catchment characteristics and hydrologi-
cal descriptors, such as mean residence time, or aver-
age groundwater contributions to flow offer potential
in understanding being transferred to ungauged basins
(McDonnell, 2003). In particular, use of the HOST sys-
tem appears to provide a means of transferring process
understanding across a range of spatial scales and to
ungauged sites, where (as emphasized by the PUB ini-
tiative) predictions are increasingly required (McDon-
nell, 2003; Sivapalan et al., 2003). Additionally, the
tracer-based conceptual model of catchment hydrolog-
ical functioning provides a framework for subsequent
distributed modelling (Uhlenbrook et al., 2004). Further
research is needed to improve the spatial and temporal
resolution of tracer responses to allow a more com-
prehensive understanding of the hydrological function-
ing of catchments like the Girnock. However, exist-
ing hydrological models can play an important role in
assessing how the temporal variability in hydrological
response would change the distribution of runoff gener-
ation processes shown in Figure 3b (Soulsby and Dunn,
2003).

A final use of the conceptualization of catchment func-
tioning, such as presented in this paper, is to aid catch-
ment management. As with many UK upland catchments,
a striking feature of the Girnock is the dynamic nature
of the hydrological response, the high degree of catch-
ment connectivity and the relatively short residence times
between hillslopes and the stream network. Such upland
catchments will be sensitive to management activities,
because any impacts can rapidly affect the quantity and
quality of water reaching the river network (Lane et al.,
2004). This is a pertinent issue, as there is increased
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awareness that both traditional and new management
activities in upland catchments may adversely impact
upon water courses. Historically, much of the Girnock
catchment (like large areas of upland Scotland) would
have been forest covered (Smout, 2000). Forest clear-
ance was followed by grazing by deer and sheep, which
has prevented regeneration over the past few hundred
years. Traditional burning of moorlands to create habitat
for grouse has inhibited forest regeneration and in some
areas has contributed to severe soil erosion and proba-
bly enhanced runoff (Watson, 1990). Road construction
to access hunting grounds has also probably increased
the hydrological responsiveness of catchments by inter-
cepting flow paths and routing water more rapidly to
streams, as well as generating infiltration-excess over-
land flow. Of course, the cumulative impacts of this long
history of human management on watercourses are not
well understood, though it is recognized that montane
rivers of Scotland are highly simplified compared with
the past (Montgomery et al., 1998; Soulsby and Boon,
2001). Historic land management was generally carried
out without any awareness of impacts on water resources,
and even now the traditional burning regimes and land
management activities often fail to recognize their poten-
tial impacts (Brogan and Soulsby, 1996). Clearly, tracer-
validated GIS output has tremendous potential in aid-
ing management in terms of understanding past and
future impacts. Brandt ef al. (2004) have already demon-
strated this with respect to the afforested Plynlimon
catchments, where, as with many traditional UK planta-
tions, the forest is being restructured, and more sensitive
protection and management of key hydrological source
areas is being advocated as a means of avoiding prob-
lems, such as acidification, increased runoff rates and
enhanced sediment delivery. Approaches such as those
presented in this paper have considerable potential to
contextualize land management decisions and foster pre-
cautionary approaches that can underpin more sustainable
approaches to catchment management in upland water-
sheds.
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