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Chapter 3

Thesis Rationale and Scope

3.1 Chapter Purpose

From the preceding uncertainty review, it is clear that no shortage of research opportunities

exists. Chapter 1 already established that the specific research opportunities to be exploited

in this thesis are concerned with uncertainties surrounding morphological sediment budgeting.

This chapter focuses on elucidating the scientific rationale and scope of this work1 in relation

to the focus of this thesis. Specifically, this chapter’s purpose is to provide a scientific rationale

for each objective, identifying:

• What is already known and where are the knowledge gaps?

• How this thesis will extend the body of existing work, thereby establishing its original

contributions.

Secondarily, this chapter seeks to articulate more clearly the links between geomorphological

changes and physical habitat for salmon and explain how this lends itself to a focus at particular

spatial scales. The latter of these secondary chapter aims will be the starting point. The two

objectives will then be worked through to develop the justifications defined above. Finally,

the selection of study sites will be discussed. Upon conclusion, the reader should have a clear

understanding as to why Parts II and III unfold the way they do.

3.2 Introduction - An Appropriate Scale

No theme unites geomorphologists in their quest to better understand the Earth quite like

scale (Schumm & Lichty 1965). The selection of appropriate space and time (spatiotemporal)

scale(s) is fundamental to all geomorphological inquiry. Church (1996, p. 153) pointed out

1Recall that Chapter 1 provided a practical and societal justification in terms of PHR for salmonids.
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that ’it is perfectly reasonable for more than one spatiotemporally delimited paradigm to be

pursued within a science at any given time.’ Thus, the section sub-heading (an appropriate

scale? ) may be misleading insofar as it could suggest a single spatio-temporal scale of inquiry is

most appropriate. Different spatio-temporal scales of inquiry are going to yield different types

of insight into particular questions as well as present their own limitations (Levin 1992). When

considering scale, both the extent and resolution need to be identified. In the context of space,

extent refers to the total volume, area or length under consideration; whereas in temporal terms

extent is synonymous with total duration of analysis. In spatial terms, resolution refers to the

length scale of the smallest resolved unit within a measured area (e.g. the grid cell size in

a raster image or dataset). With respect to time, resolution refers to frequency at which

something is observed, recorded or calculated over the entire duration under consideration. In

this section the spatiotemporal scales used in this thesis are explained and justified.

3.2.1 Spatial Scale

The primary spatial scales examined within this thesis span the hydraulic unit (patch) to the

reach scale (Figure 3.1).2 These scales are inherited partly by the morphological method itself,

which involves topographic surveying over reach scale extents but resolves habitat features at

the hydraulic unit and geomorphic unit scale. However other justifications include the scale

of PHR, and the scale at which individual salmonids experience and utilize habitat. Each of

these are discussed briefly in the following paragraphs.

The morphological method is usually applied at reach scales. It can be deployed using one

dimensional (e.g. cross-section and long profiles) or two dimensional (e.g. topographic survey)

perspectives (Fuller et al. 2003, Leclerc et al. 1995). Previously, the cost (in survey and

computational time) of two-dimensional methods was often deemed too expensive to warrant

its application, even though the resulting spatially distributed results yielded much more useful

information (Wheaton et al. 2004c). With recent improvements in computational power and

surveying technology,3 the relative cost of higher-dimensional methods has become practically

affordable in research and many applied settings. As such, the focus in this thesis is on two-

dimensional morphological methods applied over the reach scale (102 to 104 m), and resolved

at the hydraulic unit scale (10−1 to 100 m).

The spatial scale at which restoration is carried out is predominantly the reach scale (Wheaton

et al. 2006, Bernhardt et al. 2005). Even if PHR projects are placed in a catchment-scale

context, their implementation will still largely be at reach scales and subsequent long-term

2Throughout this thesis, the River Styles Framework will be used for descriptions of spatial scales, such as
hydraulic units (Brierley & Fryirs 2005, Thomson et al. 2001). The framework is based on a nested hierarchy
of geoecological associations. The scales in order are ecoregion (largest), catchment, landscape unit, reach,
geomorphic unit, hydraulic unit, and microhabitat (smallest; e.g. patch). Each spatial unit is comprised
of an assemblage of the units from the next smaller scale (e.g. a reach may comprise bar, riffle and pool
geomorphic units). Moreover, the classification system has been shown to be ecologically meaningful, with
different assemblages of macroinvertbrate communities selecting for specific microhabitat and hydraulic unit
assemblages (Thomson et al. 2003).

3See § 3.3.1 for explanation of improvements in surveying technology.
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monitoring will likely also be primarily conducted at this scale. Repeat topographic, habitat,

and habitat utilization surveys are likely to form part of post project appraisals and monitoring

for PHR (Downs & Kondolf 2002). It follows that the morphological method will be one of the

more prominent methods for analysing this monitoring data and assessing project performance

(Pasternack et al. 2004, Wheaton et al. 2004c). Thus, PHR and its monitoring act to provide

a pragmatic justification for focusing on reach scales in this research. Moreover, the restoration

science community is likely to play a key role in implementing these monitoring programmes

(Wohl et al. 2005, Palmer & Bernhardt 2006, Newson & Large 2006).

The spatial scale at which a salmon (Atlantic or Pacific) experiences its habitat is minimally

defined (resolution) by the size (fork length) of the fish itself and maximally defined by its range

(extent). Thus, when studying salmon, the spatial scale most appropriate for studying salmon

varies with lifestage.4 Before aelvins emerge out of their natal gravel substrate, they measure

only about 1.5 to 2.5 cm in length and tend not to venture any further than the extent of

the interstitial pore space within the egg pocket of the redd their mother constructed. Upon

emerging as fry, fork lengths vary from roughly 3 to 7 cm but their spatial range expands

dramatically (up to the length-scale of the accessible river) as generally they make their way

downstream feeding as frequently as permissible and trying to avoid predation. Through their

juvenile development (parr), eventually they can reach fork-lengths of up to 12 to 20 cm

before entering the oceans as smolts. Once in the ocean, their range grows dramatically by

several orders of magnitude (Figure 3.2). By the time salmonids make their journey back

to freshwater as adults they are typically 30-80 cm in length, with some well over 100 cm.

Depending on the size and physiographic setting of the river system, adult salmon may travel

anywhere from 5 kilometers to 500 kilometers (e.g. Columbia River) upstream to reach their

natal spawning grounds.

From a riverine physical habitat perspective, only the embryonic and adult spawning life-stages

will be considered in this thesis. As most ecohydraulic models are driven by computational

fluid dynamics (CFD) hydraulic flow models that do not account for hyporheic exchange,

ecohydraulic modelling is usually restricted to rearing and adult life-stages.5 The resolution

at which salmon experience their habitat during spawning lifestages is on the order of 100

cm to 102 cm (i.e. microhabitat to hydraulic unit in Figure 3.1) and their range tends to be

within the reach scale that they are migrating through.6 During spawning, the female will

construct a redd that is between 1 and 17 square meters in size (Figure 3.3), but she may

inhabit multiple adjacent geomorphic units (e.g. a pool and a riffle) while guarding her nest

(McPhee & Quinn 1998, Moore et al. 2004). Egg pockets are typically found at depths from 8

to 43 cm beneath the original bed elevation (McPhee & Quinn 1998). Thus, during spawning

4Lengths also vary between species (e.g. Salmo salar - Atlantic versus Oncorhynchus tschawytscha - Chi-
nook). The approximate sizes listed here are generalisations for Atlantic salmon primarily from Swansburg et al.
(2002) and Jonsson (1991), but the relative proportions for habitat purposes are similar for most salmonid
species.

5See Greig et al. (2007) for promising recent developments with respect to modelling and monitoring pro-
cesses responsible for embryonic survival of salmonids and Fleckenstein et al. (2006) for modelling groundwater-
surfacewater interactions in the context of maintaining minimum flows necessary for migration.

6This is justified in the previous paragraph, based on typical ranges for fish sizes across various salmonid
species.
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Figure 3.2: Map depicting the range of wild Atlantic Salmon (Salmo salar) as of 2000 from
WWF (2001) study. Their known oceanic migration patterns are depicted by the
arrows, and the status of their runs are aggregated by country. Figure reproduced
from WWF (2001).

females are capable of altering local bed morphology and hydraulics and thus creating their

own hydraulic units (Gottesfeld et al. 2004, Merz et al. 2006).

The critical factors during juvenile out-migration, and adult upstream migration are barriers

or obstacles to migration (e.g. dams, culverts, hydro-electric turbines, natural water-falls)

as well as provision of refugia along the migration route.7 Refugia largely is manifested as

habitat heterogeneity elements at the hydraulic unit and microhabitat scales (Figure 3.1).

These heterogeneity elements come in a variety of forms including large woody debris, boulder

complexes, cobble clusters, irregularly shaped banks and overhanging vegetation. Functionally,

the heterogeneity elements provide a) shear-zones, which furnish an area of slow moving water

in proximity to a zone of fast moving water that are critical for energy conservation (especially

when migrating upstream or spawning) and feeding; and b) structural cover, which makes

available a location to hide from predators as well as as a shading function that acts to keep

water temperatures cooler (Sullivan et al. 2006, Wheaton et al. 2004e).

Although the spatial scale at which a salmon experiences and utilizes its habitat is a logical

spatial scale to consider, the physical state of that habitat is clearly the product of a complex

7Provision of refugia in close proximity to spawning and rearing habitat is known to be a key factor in
determining utilization in these lifestages as well (Wheaton et al. 2004e, Power & Dietrich 2002).
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Figure 3.3: Schematic of salmonid redd highlighting spatial scale of physical habitat and tem-
poral scale of nest construction. Figure adapted from Chapman (1988).

interaction of physical processes over a hierarchical range of spatial scales (Figure 3.1). For

example, in the top half of Figure 3.4 the physical factors thought to influence a female

salmon’s selection of a site to construct a redd in are defined in relationship to the biological

factors. In this thesis, the geomorphological processes that result in a rearrangement, alteration

or redistribution of geomorphic unit assemblages that collectively comprise a reach will be

inferred on the basis of evidence of change. While these changes are the result both of

Newtonian grain-scale mechanics and events occurring at larger landscape, catchment and

regional scales (Church 2006), such scales are beyond the scope of this thesis.

3.2.2 Temporal Scale

The temporal scales under consideration should span both the geomorphological processes

responsible for changing physical habitat and the life cycle of the salmon potentially using the

habitat. In both cases, issues of timing, frequency and duration are explored briefly below and

used to demonstrate how the temporal scales considered here were arrived at.

Fluvial change in gravel-bed rivers8 is limited to relatively infrequent competent flows (Church

2006) that are driven by hydrological events (storms). The timing and magnitude of such

events tend to broadly follow seasonal trends, but are generally unpredictable and often treated

as stochastic (Pasternack 1999). Fluvial processes occur across a wide range of temporal scales

ranging from fractions of a second (e.g. grain entrainment, turbulence) to thousands of years

8Focus is restricted to gravel-bed rivers as this is the primary physical habitat utilized for rearing and
spawning salmonids (Montgomery et al. 1999, Payne & Lapointe 1997).
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Figure 3.4: Conceptual model of factors influencing salmonid spawning site selection. Figure
reproduced from Wheaton et al. (2004c). See also Gilvear et al. (2002, Figure 1) for
a slightly more comprehensive conceptual model focused just on the abiotic factors
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(e.g. meander belt migration). All processes occur through time and can be described by

rates. If a rate happens to be temporally constant and completely time invariant (rare in

nature), the time-scale over which it is measured is irrelevant. However, rates that vary

through time present a problem in that their approximation is a function of the choice of

sampling frequency. In practise, a sampling frequency is usually chosen that is thought to

capture the dynamics of interest adequately. For example, to characterise flow turbulence

statistics in a natural channel, measuring velocity at circa 25 Hz for circa 200 seconds may be

deemed necessary (Carling et al. 2002). Nevertheless, any attempt to measure a rate requires

an implicit decision about averaging through time. There is a structural uncertainty in making

this implicit decision, that is separate from the unreliability uncertainty in actually making the

measurement itself (Herschy 2002). The temporal resolution of measurements should not

be so coarse that it averages out dynamics that are essential for understanding the process

being measured (Lawler 2005). However, with increased temporal resolution it may be hard

to disentangle the essential trend from the time series (not to mention the increased cost).

With respect to the morphological method, the only processes typically quantitatively inferred
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are gross volumetric estimates of net erosion and net deposition (i.e. storage change), and in

rare cases sediment transport fluxes at the boundaries are measured. However, a skilled geo-

morphologist can look at an assemblage of geomorphic units at two points in time and qualita-

tively describe the evolution of morphological units in terms of mechanisms like bank erosion,

floodplain accretion, progradation of bars, channel avulsion, channel incision, channel filling,

confluence pool scour, and various forms of bar development (Ferguson & Werritty 1983,

e.g.). Geomorphologists used to be unashamed to make detailed and informative qualitative

interpretations such as these (Sherman 1996).

As postulated under Objective 2 (§ 1.3.2), such inferences of net change could be quantitatively

teased out of DoDs in the morphological method. However, it is important to reiterate that

the inference, whether qualitative or quantitative, can only describe the net change that

occurs between two arbitrary observation points in time. For example, what during the first

observation appeared to be a channel and at the second observation appears to be a mid

channel bar, would be inferred as a net process of mid-channel bar development. However,

the bar may have a more complex sedimentological history, for example a series of channel scour

and channel filling events that eventually ended in net deposition. Similarly a surface that did

not appear to change at all could in fact have been subjected to multiple suites of erosion and

deposition that resulted in no net change. Lindsay & Ashmore (2002) explored the implications

of different survey intervals on the morphological method for a physical model and found that

’volumetric compensation’ can occur if there are ’switches’ between erosion or deposition and

back again between surveys. Thus in providing a net reporting of change, the morphological

method is conservative in recording how much work was actually done. As multiple plausible

pathways can explain the final system state, this is an example of equifinality9, a structural

uncertainty. There may be other forms of evidence that can be used in conjunction with

the morphological method to constrain the range of plausible explanations that converge to

produce the current morphology (e.g. flow records, surface age, sedimentological evidence).

From a physical habitat perspective, there are situations in which the equifinality and potential

’compensation’ hidden beneath a measurement of net change is unimportant. So long as the

change in habitat did not occur when the fish was utilizing it, the only thing that matters is the

net result. This is clearly dependent on flow and water quality in addition to just morphology.

However, in terms of temporal scale considerations, the question arises when and how would a

salmon be utilizing habitat during a time when the habitat is changing (i.e. competent floods)?

It is accepted generally that salmon seek refugia during big floods by taking advantage of shear-

zone refugia and or utilizing slower flowing water on inundated floodplains10 (Lin et al. 2006).

However, this is primarily inferred from observations of fish returning to the same habitats

after a flood as opposed to direct observation (Jeffres et al. 2006). Still, as long as habitat

heterogeneity elements exist to provide shear zone refugia, the precise nature of the change

during the event may be unimportant for rearing juveniles and/or adult salmon. However,

salmon embryos live in the bottom of an egg pocket (Figure 3.3) anywhere between 8 and 43

9See § 2.2.1.
10Though, stranding on the recession of the flood on the floodplain can be a problem for some juveniles

(Sommer et al. 2001, Sommer et al. 2005).
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cm beneath the bed of the channel. At the embryonic life-stage salmon are unable to actively

seek refugia during a flood by their own accord. Thus they are vulnerable to three types of

geomorphological change during their incubation period (2-8 months) in the gravels:

• Infiltration of fine sediment into the interstitial pore space- Slows or blocks in-

tragravel (hyporheic) flow, which is essential for providing clean oxygenated water to

the redds as well as flushing metabolic wastes from the redds out of the egg pocket

(Brunke 1999, Milhous 1998, Vaux 1962, Greig et al. 2007)

• Deposition of sediment over redd - If deposition consists of a layer of fines, it can

form a seal that limits intragravel flow and acts as a barrier to emergence; secondarily,

deposition increases the burial depth and therefore the distance through the interstitial

pore space that the aelvins will have to travel to emerge (Chapman 1988)

• Scour of bed to egg-burial depth - Eggs either damaged from impacts with bedload or

entrained into flow where likelihood for deposition into a ’safe’ incubation environment

is very low (Lapointe et al. 2000, Montgomery et al. 1996, Lisle & Lewis 1992)

The sampling frequency for morphological analysis (e.g. repeat surveys) was chosen to coincide

with the typical types of monitoring that constitute ’long-term’11 monitoring of fluvial systems.

A mix of event-based (before and after) and annual frequencies will hence be employed in the

study design. The duration of analyses will be entirely opportunistic, taking advantage of as

long of a record up to the present as possible (up to 60 years with historical aerial photos).

Superimposed on these seemingly arbitrary sampling regimes is the natural flow and event

record of the study site(s). As the study period for various sites ranges from 5 years to decades,

it is long enough to exhibit a range of competent floods at the study site(s), and variability

between years leading to different signatures of geomorphological change. In summary, the

temporal resolution will be a mixture of event-based and annual, whereas the temporal range

will vary from an event to half a decade.

3.3 Rationale for Monitoring Geomorphological Change

Objective 1: Develop a technique for quantifying uncertainty in estimating geomorphological

change from repeat topographic surveys

3.3.1 Background

Asking a geomorphologist to justify why they monitor geomorphological change is like ask-

ing a medical doctor why they try to heal patients. It is simply what geomorphologists do.

However, the question deserves some more serious attention for an audience that may be

11Recalling that ’long-term’ in a restoration context means ≥3-5 years.
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motivated more by the restoration of salmon populations. The crux of the matter was put

forth as the primary hypothesis of this work: key attributes of geomorphology and its change

through time are relevant to physical habitat for salmonids and their restoration, but uncer-

tainties in their quantification and interpretation have not been adequately accounted. In this

section, the scientific rationale for monitoring geomorphological change in rivers from a strictly

geomorphological perspective is considered.

3.3.1.1 ’We Can’

Although not the most convincing scientific argument, one of the very real pragmatic ar-

guments for why geomorphologists are increasingly monitoring geomorphological change is

simply because ’we can’. This is more meaningful when placed in the context that previ-

ous methods of monitoring geomorphological change directly (e.g. cross-sections and long

profiles) were more laborious and yielded less information; whereas today, there are a wealth

of ground-based and remotely-sensed methods for monitoring surface topography (a primary

expression of morphology) readily available. The technologies have been developed inde-

pendently in the surveying industry and research sectors, but the scientific geomorphological

community has played in active role in developing and promoting the application of these

technologies to address geomorphological problems. As geomorphologists are finally becom-

ing successful in convincing river basin managers and decision makers that geomorphology

matters (Sear & Newson 2003, Gilvear 1999, Newson & Large 2006, Newson 2002, Clark

et al. 1997, Kondolf 2000), there are now two demands the scientific geomorphological com-

munity has brought upon itself:

1. Tools: Provision of suitable techniques and methods

2. Robustness: Assessing the uncertainty in applying tools

There is often a lag-time on the order of 5 to 10 years between those techniques that are the

standard of practice in scientific research versus industry (Price 1965, Faulkner 1994). This

lag appears particularly true with respect to monitoring geomorphological change. Five years

ago, a topographic survey was a rare find in consulting reports for restoration projects. Most

practitioners argued they were simply too expensive and too time-consuming to use on most

projects (p. comm., Pasternack, 2004). Today, this has changed and topographic surveying

is becoming the standard of practice and is called for routinely in the design and initial post-

project assessment phases, as well as increasingly being specified in those rare projects that

happen to have monitoring programmes. The relevance, then, of this objective in a restoration

context is extremely timely as practitioners will need both to understand the significance of

uncertainty in inferring changes between repeat surveys, but also are in need of a tractable

method for quantifying it.

One of the factors that has made repeat topographic survey a more tenable option is the rapid

technological advancement of surveying techniques over the past decade and the affordability
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of such technology on a commercial scale. Today, geomorphologists have a host of survey

technologies to choose from using either remotely sensed aerial approaches such as aerial

photogrammetry (Lane et al. 2003, Gilvear et al. 2004, Heritage et al. 1998) and LiDAR

(Charlton et al. 2003, French 2003), or ground-based approaches, such as fully-robotic and

auto-tracking total-stations (Fuller et al. 2003, Valle & Pasternack 2005), real-time kinematic

global positioning systems (rtkGPS) - (Brasington et al. 2000) and the rapidly emerging

ground-based laser scanning systems (Heritage & Hetherington 2007). Ten years ago, aerial

LiDAR was a hot new research tool, five years ago it was still ’cutting-edge’ to do research

using LiDAR technology (Baltsavias 1999), now it has become so widely available it is standard

practice in a research context (e.g. ARSF12 & NCALM13).

Over the past decade on the ground-based survey front, the acquisition time of individual points

(easting, northing, elevation), has been slashed using both GPS and total station surveys from

something on the order of a maximum of 1 point every 5-10 seconds, down to 1 point every

0.2 - 1 second 14. Back in the summer of 1992, when Lane et al. (1994) were using the latest

tacheometric survey technology (i.e. a data-logging total station), they reported a maximum

acquisition rate of 1 point every 15 seconds using ’rapid tacheometric survey’. Considering the

operator on the instrument had to manually adjust the total station and site up on the prism

for every point, this is a pretty good pace. Today, the limiting factor is actually how quickly

the rod-person can move from one position to the next, as opposed to how quickly points

can be acquired, calculated and stored by the instrument. While GPS rovers have always only

required a single operator, total stations historically demanded a 2-person survey crew (one

person on instrument, one person on the rod). As of about a decade ago, total stations became

available in a robotic mode, whereby a single person can fully operate the total station via a

radio-linked controller from the rod (relies on auto-tracking technology). What this means,

is that topographic surveys can either be run with just a single person, or multiple people

can be running simultaneously (e.g. multiple GPS rovers operation at once), both of which

increase productivity. Terrestrial laser scanning acquires points at rates three to four orders

of magnitude greater than conventional ground based methods (1000-50,000 points/second).

The net result of all these advances, is that literally several orders of magnitude more data

can be collected in a fraction of the time it used to take (McLean & Church 1999). These

advances aside, it is argued there is still a relative lack of appreciation for the quality of the

data provided from different sources relative to what it is being used for (Marks & Bates 2000).

Furthermore, clarity is required on how to actually make appropriate use of such data (Lane

& Chandler 2003), whatever its uncertainties are.

12NERC’s Airborne Research & Survey Facility (ARSF): http://arsf.nerc.ac.uk/
13NSF’s National Center for Airborne Laser Mapping (NCALM): http://www.ncalm.ufl.edu/
14In the case of total stations, this is thanks to the advent and subsequent improvement of automatic

reflector/prism tracking devices, whereby the instrument constantly keeps a lock on the target as it is moving,
so that all the operator needs to do is press a button to acquire the point instead of individually manually
adjusting the instrument for each point to align on the centre of the prism. In the case of GPS, with a real-time
kinematic setup (rtkGPS), one can acquire centimeter-scale accuracy on individual points with occupation times
of less than 1 second.
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It is thus speculated that the use of the morphological method for monitoring geomorphological

change will continue to grow in both scientific research and restoration practice. Indeed,

Brasington & Smart (2003) attribute the ’surge’ in interest in the morphological method to

advances both in the survey technology and digital elevation modelling. Thus, the need for

a robust methodology that can be applied on a project-by-project basis to determine whether

the data is of adequate quality to distinguish apparent observed changes from noise should

be in demand (Lane et al. 2003). Geomorphology has moved from an era where it was data

poor and fundamentally could not get enough measurements (Meentemeyer 1989), to an era

where it is data rich but does not have the analytical means or tools to interrogate this data

(Lane & Chandler 2003, Brasington & Smart 2003).

3.3.1.2 The Morphological Method

The process of estimating geomorphological change from repeat topographic surveys has come

to be known as the morphological method.15 It has its roots in one-dimensional cross section

and long-profile monitoring (Brewer & Passmore 2002, Martin & Church 1995), but has now

become the standard in two-dimensional topographic surveys. Some call topographic surface

models three dimensional (Lane et al. 1994), but as the topographic surface models used

in the morphological method only ascribe a single elevation value to every location in x-

y cartesian space they are considered here to be two dimensional. Complex digital terrain

models that allow multiple elevations to be defined for every cartesian x-y coordinate, are

truly three dimensional. By contrast, cross-sectional and long-profile derived budgets (Brewer

& Passmore 2002, Goff & Ashmore 1994), are one dimensional in that they only account

for elevation change along one horizontal dimension. Moreover, this convention is consistent

with the distinction between 1D (cross-sectionally averaged), 2D (depth-averaged) and 3D

hydraulic models. Such semantics aside, the 2D form of the morphological method is a

relatively simple technique by which, geomorphological changes at a single location between

two points in time are inferred by differencing (subtracting) the surface elevations of the old

surface from the new surface (Figure 3.5). In the case of gridded digital elevation models

(DEMs), so long as the grid resolutions and locations are consistent the elevation change

is actually a direct subtraction between corresponding cells in each DEM. More complicated

algorithms exist for differencing TINed (Triangular Irregular Network) surfaces. The resulting

DEM of Difference (DoD), shows elevation changes. To convert this to volumetric change,

the elevation changes are multiplied by the area of the grid cells.

The morphological method has primarily been developed within the fluvial geomorphological

community. Here the technique has been shown to have utility not just in monitoring applica-

tions, but also physical modelling (Brasington & Smart 2003, e.g.), and it is regularly used to

interpret the results of morphodynamic and landscape evolution models. However, the mor-

phological method has applications beyond just fluvial geomorphology, and has been employed

15Many investigators refer to the morphological method as ’DEM-differencing’, whereas McLean & Church
(1999) refer to it as the ’sediment budget approach.’
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Figure 3.5: A Schematic of the morphological method. On the left, an example of a DoD
(bottom) derived from the two DEMs above it is shown. In the upper right, a plan
form perspective of that DoD is shown, and and the inset maps show how the DoD
is calculated on a cell-by-cell basis by subtracting the elevation values in the older
DEM from the newer DEM. In the lower right is an example of an areal (top) and
volumetric (bottom) elevation change distribution from the same DoD.
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by numerous investigators in other disciplines.16 For example, Eeckhaut et al. (2007) used

the technique to detect landslides over a 125 km2 forested region using seven repeat LiDAR

surveys. Hubbard et al. (2000) and Rippin et al. (2003) used the morphological method to

infer changes in glacial ice from repeat aerial photography. In glaciology, DEM differencing

has been used largely for ice mass balance calculations, but at generally much coarser reso-

lutions17 than in the fluvial environment (Keutterling & Thomas 2006). Smith et al. (2000)

used the morphological approach to estimate over 38 x 106 m3 of net sediment deposition

and 25 x 106 m3 of net erosion from a jökulhlaup in Skeioararsandur, Iceland. Dunn et al.

(2001) attempted to use the morphological method to infer changes from volcano-tectonic

events over sections of fast spreading sea-floor ridges from repeat bathymetric surveys of a

300-km-long section of the southern East Pacific Rise. Thus, the morphological method is of

interest to a variety of disciplines. Moreover, part of the versatility of the technique comes

from the fact it can be applied to DEMs derived from all topographic survey techniques as

well as landscape evolution and morphodynamic models.18

3.3.2 Knowledge Gaps

Although the morphological method itself is relatively simple to apply, a host of uncertainties

are associated with its application. Many of these are unreliability uncertainties associated

with the process of topographic surveying (e.g. survey instrument precision, sampling design,

point density, etc.), the sampling interval between surveys, interpolation methods to construct

a surface elevation model and how these uncertainties propagate into the calculation of a DEM

of difference and ultimately a sediment budget. Actually, there has been a lot of focus on

uncertainty in the morphological method within the scientific literature (Lane & Chandler

2003). With any ’new’ technique,19 there is an initial excitement about the technology and

its potential applications, and then a period of robustness testing. This testing has taken a

variety of forms which are discussed below.

The morphological method has concerned investigators, as the vertical scale of change in

many physiographic settings is relatively small in magnitude; such that if uncertainty in the

surface representation is greater than or of equal magnitude to the change itself, it is difficult

to distinguish the change from noise. Although there have been varying degrees of sophisti-

cation in accounting for surface representation uncertainty and propagating this into the DoD

calculation, all of the approaches have been based on defining a minimum level of detec-

tion (minLoD). This is relatively sensible as it establishes a threshold across which calculated

changes should either be discarded or treated with skepticism.

16The ’morphological method’ name appears to be a phrase coined and used withing fluvial geomorphology,
but is also referred to as DEM-differencing.

17Whereas DEM differencing in fluvial applications tends to based on grid resolutions of 0.5 to 5 meters,
’high-resolution’ for glaciers has been c. 20 m. The majority of glaciology DEMs for DEM differencing are from
photogrammetry or satellite derived data.

18Refer back to § 3.3.1.1 for review of survey techniques and head to § 4.7.4 for discussion of applicability
of DoD Uncertainty Analysis techniques developed to different survey techniques.

19The application of the morphological method in two dimensions was new in the early 1990’s.



Chapter 3 : Thesis Rationale and Scope 62

The primary problem with the minLoD approach is that it throws away meaningful geomor-

phological changes with the noise. Clearly elevation changes lower than the arbitrary minLoD

take place. At one level, the use of minLoD will always be an inherent limitation of the mor-

phological method. However, the pervasive assumption that a single minLoD is appropriate to

apply in a spatially uniform manner across an entire DoD is seriously flawed. (Lane et al. 2003)

appear to be the only investigators20 who have recognised the spatial variability of the error

function and attempted to account for this. However, Lane et al. (2003) only recognised a

difference between survey techniques and assigned different minLoD for areas that were wet

versus dry and surveyed with photogrammetry. When propagated into the DoD, this produced

four classes of minLoD between subsequent surveys: wet ⇒ wet, wet ⇒ dry, dry ⇒ dry and

dry ⇒ wet.

Clearly, there is more than just the survey method (e.g. GPS vs. aerial photogrammetry) and

whether the surface is wet or dry that leads to spatial variation in the surface representation

uncertainty. For example, should the uncertainty in the surface representation for a dry, flat,

bare, smooth dirt floodplain surface be the same as a submerged, steep, thickly vegetated

and highly irregular cut bank? Under best practice, the minLoD is determined by the poorest

quality area (conservative). This has the unintended consequence of discarding information in

precisely those areas where geomorphological changes are likely to be of lower magnitude, such

as shallow deposition on bar tops, and often have lower minLoDs (Brasington et al. 2003).

Thus, the primary knowledge gap can be summed up as a data retrieval problem. The

conceptual knowledge and the raw data exist, but it is not know how to account for uncertainty

without being overly conservative.

It is postulated that there are meaningful geomorphological changes being discarded through

minimum level of detection analyses that could be better distinguished from this noise. This

thesis therefore seeks to extend the work of Lane et al. (2003), Brasington et al. (2003) and

Lindsay & Ashmore (2002) (among others) at accounting for uncertainty in the morphological

method to try to recover some of this information loss. A fuller consideration of the factors

leading to surface representation uncertainty will be made and this will be used to define

spatially variable minLoD in Chapter 4.

3.4 Rationale for Geomorphological Process Interpretations

Objective 2: Develop a tool for making more meaningful mechanistic geomorphological inter-

pretation of changes suggested by repeat topographic surveys

Despite the considerable focus that uncertainty in DEM differencing of the morphological

method has received, the actual geomorphological interpretations associated with the 2D mor-

phological method have been rather disappointing. One might have hoped that with the new

found wealth of spatially-distributed ’3D’ data, geomorphological interpretation might have

20Excepting the author and his co-investigators (Wheaton et al. 2004a, Brasington et al. 2004).
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improved as a result. Despite many authors highlighting the benefits of the 2D morphological

method in providing spatially distributed estimates of geomorphological dynamics and even

inferring spatial patterns of bedload transport rates (Fuller et al. 2003, Lane et al. 1994, Bras-

ington et al. 2000, Brasington et al. 2003), the majority of authors quickly discard the spatial

data and opt for a spatially averaged reporting of gross reach-scale erosion, deposition and net

change (notable exceptions are Lane et al. (1995) and Martin & Church (1995)). Virtually

all the publications provide plots of DoDs (e.g. Figures 1.3 and 3.5) that tend to illustrate

coherent patterns in the change. Lane et al. (2003) raised this very point, but nevertheless

focused on extending the spatial extent of coverage of the survey to something previously

unattempted with the 2D (DEM-differencing) incarnation of the morphological method in the

fluvial setting. Ironically, given that most geomorphological interpretation of the morpholog-

ical analysis has been qualitative, extending the spatial extent of analysis only exacerbates

the problem of morphological unit-scale evolution being overlooked. The point here is not

to criticise the important contributions of these past authors, but simply to point out that

a detailed geomorphological interpretation of DEM-differences has not been the emphasis of

past studies.

If one looks at 1D applications of the morphological method, the techniques are more mature

and established (Leopold 1973, e.g.). Therein greater clarity and emphasis has been placed

on making meaningful morphological interpretations across reaches, albeit at the bar-scale

(Brewer & Passmore 2002, Fuller et al. 2002, e.g.). Brewer & Passmore (2002) separated one-

dimensional21 morphological methods into the plan-form budget, the channel-profile budget

and the morphological budget (an integration of plan form and cross-sectional data). Some

authors have segregated their study reaches into arbitrary control volumes (divided by cross

sections) arranged in series in the streamwise direction, and quantitatively reported the rates

of change between each control volume (Lindsay & Ashmore 2002, McLean & Church 1999,

Church et al. 2001).22 By contrast, Sear & Milne (2000) and Milne & Sear (1997) have looked

closer at segregating budgets using a GIS by morphological units.

It is worth summarising the more detailed attempts to describe the geomorphological processes

captured in DoD. A relatively common technique for interpreting DoDs has been to segregate

their reach into arbitrary control volumes, computing cells or sub-reaches (each divided by

cross sections) arranged in series in the streamwise direction, and quantitatively report the

rates of change between each control volume (Lindsay & Ashmore 2002, McLean & Church

1999, Church et al. 2001, Lane et al. 1994, Brewer & Passmore 2002, e.g.). Lindsay &

Ashmore (2002, Figure 11) schematically described four processes they observed taking place

from DoD of a flume-based physical model of braided river development: a) lateral migration

(to medial bar); b) lateral migration of channel followed by widening; c) avulsion into abandon

channel; d) avulsion at a diffluence. Their observations were particularly helpful in the context

of trying to determine whether net reported changes were masking ’compensation’ episodes of

aggradation or scour. Brewer & Passmore (2002) identified similar masking problems with one-

21They actually refer to these as three-dimensional techniques, but the nomenclature introduced in § 3.3.1.2
is used here for consistency.

22See also later discussion in § 5.2.1.1 and Figure 5.1.
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dimensional approaches and pointed out that any sediment transport estimate derived from the

morphological method would be conservative. Villard & Church (2005) used an echo-sounder

to collect bathymetry biweekly over a three month period on the Fraser River Estuary in British

Columbia and used a morphological approach to produce DoDs. Their geomorphological

interpretation was focused on bar and dune development (individual morphological units)

in primarily a qualitative fashion, but they then took transects of subsets of the data to

compare dune geometry between surveys. Returning to gravel bed river reaches of the Fraser,

Church et al. (2001) did go to the effort of manually coding individual DoD pixels in terms of

morphological changes over a 70 km reach as:

• channel ⇒ bar surface (fill)

• channel ⇒ island or floodplain surface (fill)

• bar surface ⇒ island or floodplain surface (fill)

• bar surface ⇒ channel (scour)

• island or floodplain surface ⇒ bar surface (scour)

• island or floodplain surface ⇒ channel (scour)

This procedure allowed them to segregate their sediment budget into dominant processes, but

they also use it to assess errors in the sediment budget. Milne & Sear (1997) took a slightly

different approach and classified contiguous zones of erosion and deposition due to lateral

channel migration to quantify bank erosion and point bar development.

As of 2008, Milne & Sear (1997) and Church et al. (2001) appear to be the only two studies

that have attempted to segregate the DoD budget into specific geomorphological processes.

In both studies the morphological interpretation analysis described here was not the main

emphasis of the study. Both the approaches by Milne & Sear (1997) and Church et al. (2001)

can be thought of as classification of difference (CoD) approaches in that they classify the

morphology between surveys and then ascribe process to the unique categories of a change in

classification that result (Wheaton et al. 2004a). The logic for this is probably inherited from

repeat plan form surveys (often derived from aerial photo analysis), in which the morphological

units are classified and then intercompared in a GIS (Graf 2000, Gaeuman et al. 2003). Such an

approach clearly has utility in interpreting DoD but requires further research and development.

In particular, would such an approach need to be entirely manually based or are semi-automated

or automated procedures available?

The morphological approach was touted initially for the promise it showed in providing an

alternative means of estimating sediment transport rates and producing reach scale sediment

budgets (Lane et al. 1994). Very few authors have actually reported sediment transport rates

from studies using the morphological method. To do so from the morphological approach, a

known sediment transport boundary condition needs to be specified (McLean & Church 1999).
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As such field measurements of bedload transport rates at the input boundary of a study reach

are sparse and difficult to acquire, these data are not typically available. Hence, very few

investigators have actually been able to calculate bedload transport rates in conjunction with

the morphological method. As far as preparing sediment budgets, the morphological method

only directly yields the change in storage terms, without actually defining the flux terms. As

reported by McLean & Church (1999), the basic conservation of mass equation for sediment

can be used to express the relationship between morphological change and sediment transport:

Qbi −Qbo = (1− η)dVb/dt (3.1)

Where Qbi and Qbo are volumetric rates of transport of bed material coming into and leaving

the control volume respectively; η is the bed sediment porosity; and Vb is the volume of

bed material stored in the reach. While η can be approximated relatively easily from field

measurements, dVb/dt is derived from a DoD (dt is the change in time between surveys). In the

context of this thesis, not knowing the bedload transport rate and subsequently being unable to

complete the sediment budget (Eq.3.1) is not entirely problematic. From a geomorphological

perspective, quantitative information about the rates of specific processes from just the storage

terms of the budget is good enough for assessing the relative role of specific processes. From a

physical habitat perspective, no data yet exist that relates bedload transport rates to salmonid

activity or physical habitat changes, although Gibbins et al. (2007) are starting to provide

some of the first empirical information on such a relationship in the context of the ability of

macroinvertebrates to utilise and colonise patches of the bed.

This research will address two facets of the knowledge gaps identified above. First, morpho-

logical interpretations of DoDs, akin to the work of Ferguson & Werritty (1983), are lacking

in the literature. Second, semi-automated techniques for making detailed morphological inter-

pretations of DoDs do not exist currently. Even though manual segregation of the DoD and

sediment budget into specific processes and the evolution of specific morphological units would

be very insightful, thus far there has been extremely little published work on this. Perhaps the

morphological interpretation has been over-looked, because such a process was seen as too la-

borious. If so, this provides further support for the need to develop semi-automated techniques

to help encourage geomorphologists to actually make geomorphological interpretations.

It is postulated that specific signatures of geomorphological change should be recognisable

from more detailed analyses and process inferences of morphological sediment budgets. This

research will attempt to develop this concept through drawing from the more descriptive roots

of geomorphology coupled to semi-automated procedures that quantify the observed changes.

This development will come in part by extending the work of Milne & Sear (1997) and Church

et al. (2001) as discussed above.
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Figure 3.6: Contextual photos of three study sites used in this thesis. A. River Feshie, Scotland.
B. Sulphur Creek, California. C. Mokelumne River, California.

3.5 Study Site Selection

This thesis is adopting a very methodological focus and as such the selection of a study site or

sites is of secondary importance to the narrative. The primary criteria for study site selection

is how well the study site will facilitate achievement of the three separate objectives of the

thesis. In particular, a study site that allows rigorous testing of the methods being developed

through available data and/or original data that could be acquired over the course of the

study is of paramount importance. While it may be convenient to choose a study site or sites

that fulfill all of the individual criteria for each objective, it is not essential.

The common thread that connects all of the thesis objectives together under the thesis aim

is that of geomorphological change. More specifically, the methodological focus of the thesis

is centred on how geomorphological change is monitored using repeat topographic surveys.

Thus, the most fundamental criteria is that either repeat topographic surveys existed or could

be acquired for the study site. Moreover, a site that is sufficiently active to exhibit geomor-

phological dynamics and changes over the study period would be desirable.23 Although one

of the primary motivations for the thesis is PHR (see § 1.2), the aim and objectives make

no specific reference to PHR. Thus a study site that had been subjected to restoration, was

planned for restoration, or would make a good candidate for restoration is not necessarily a

requirement (although may be desirable).

Three study sites were chosen which meet all of the criteria described above:

1. Sulphur Creek24, in the Napa Valley, California, USA

23However, as site that experiences no change is also a good test of the DoD as well (see § 4.3.1.4).
24Note that ’Sulphur’, as opposed to ’sulfur’ is the correct local place-name spelling for historical reasons

(Grossinger et al. 2003).
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2. Mokelumne River on edge of Central Valley, California, USA

3. River Feshie, in Cairngorms, Scotland, UK

An overview photo of each of the study sites and their respective locations in the UK and

California are shown in Figure 3.6. More detailed location and vicinity maps as well as a

complete study site description of each can be found in Appendices F (Sulphur Creek), G

(Mokelumne River) and A (River Feshie).

In terms of meeting each of the specific thesis objectives25, not every study site was required for

every objective in Parts II and III. Only the Feshie is used in Chapter 4. Further justifications

for each study site are outlined in § 5.3. All three study sites are used as case studies to apply

the DoD uncertainty analysis and geomorphological interpretation techniques in Part III.

Although detailed individual study site descriptions are provided in the appendices and the

use of study sites is rationalised in each chapter, it is helpful to concisely contrast the primary

differences between the sites before proceeding into Part II. Table 3.1 does exactly this with

respect to the primary physical attributes of the study sites. Each site occupies a relatively

small reach in the context of their broader parent catchments, but reaches that represent

fundamental transitions in geomorphological behavior from upstream reaches. As such, they

are areas that exhibit interesting geomorphological responses. In terms of the presence of

salmonids and physical habitat, each study site hosts physical habitat capable of supporting

salmonids. Table 3.2 shows the primary differences, as well as highlighting the most obvious

geographic difference between the UK and California study sites in supporting Atlantic species

of salmon (Atlantic salmon: Salmo salar) versus Pacific species (Steelhead: Oncorhynchus

mykiss; and Chinook:Oncorhynchus tshawytscha). Although the Feshie is part of the Spey

Catchment, which supports one of the healthiest populations of Atlantic salmon in western

Europe (SEPA 2003); the extent of the run on the Feshie actually is not well documented.26

Grant et al. (2006) pointed out that headwater tributaries like the Feshie have experienced

notable declines in the numbers of spawning salmon over the past 30 years, despite availability

of ’good’ quality spawning habitat not being a limiting factor in the Feshie. By contrast,

salmonids and their habitat utilisation in Sulphur Creek (Koehler 2003a, SFBWQB 2002, Liedy

et al. 2003) and the Mokelumne (CDFG 1991, Merz & Setka 2004, Merz et al. 2004) have

been well documented and physical habitat is known to be a limiting factor in both systems.

25Objective 1 (§ 1.3.1) corresponds to Chapter 4. Objective 2 (§ 1.3.2) corresponds to Chapter 5.
26Grant et al. (2007) and Grant et al. (2006) have collected the only known spawning surveys on the Feshie

in 2005 and 2006 at the study site, but these are as of yet unavailable with publication of that data currently
in preparation (p. comm Gibbins & Soulsby, 2007).
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Study Site: River Feshie Sulphur Creek Mokelumne River

Location Highlands, Cairngorms Na-
tional Park, Scotland, UK

Coast Range, Napa Valley,
California, USA

Edge of Sierra Nevada Foot-
Hills/Central Valley, Califor-
nia, USA

Physiographic
Setting

Formerly glaciated valley,
Highland mountain and
moorland setting

Broad alluvial fan protruding
into alluvial valley of Napa
River from a rugged and
steep catchment

Transition from foothills to
vast valley from a former in-
land sea

Catchment Size 231 km2 25 km2 1700 km2

Catchment Up-
stream of Study
Reach

113 km2 21 km2 1497 km2

Catchment Ele-
vation Range

1262 m to 232 m 833 m to 51 m 3050 m to 0 m

Tributary to: River Spey (> 3000 km2);
drains to Atlantic via North
Sea

Napa River (1103 km2);
drains to Pacific via San
Francisco Bay

San Joaquin River (40,840
km2); drains to Pacific via
San Francisco Bay

Reach Strahler
Stream Order

4 3 5

Reach Length 1000 m 350 m 500 m

Average Active
Channel Width

250 m (braid plain) 40 m 35 m

Plan form Minor Braiding (2-3 active
channels)/wandering

Alternate bar morphology,
with wandering tendencies
where width is less-confined

Single-thread

Average Annual
Precipitation

1268 mm (Feshie Bridge) 886 mm (headwaters) 254 mm (Central Valley) to
1195 mm (headwaters)

Flow Regime Natural, perennial, relatively
flashy system with major
flood events primarily in Fall
to Winter with a smaller
number in late spring from
snowmelt

Natural, intermittent flows,
defined by summer drought,
flashy spring and winter
floods, no large dams and
only minor abstractions

Spring snow-melt domi-
nated hydrograph, with
distinct summer drought;
flow regime dramatically
altered and reduced by over
28 large dams and 2 major
dams

Q5 & Q100 80.4 & 141.4 cumecs (Feshie
Bridge)

NA & 94 cumecs (FEMA
1998)

282 & 1200 cumecs (Pre-
Dam) 115 & 300 cumecs
(Post Dam)

Geomorphological
Regime

Active incision and rework-
ing of braidplain and fluvio-
glacial deposits

Tectonically active; rela-
tively high sediment yields
through an artificially sta-
ble channel across its alluvial
fan

Minimal natural sediment
transport, heavily armoured,
highly artificial

Sediment Sup-
ply

Abundant, primarily from
fluvio-glacial valley deposits
and hillslope process

Abundant sediment yield
from upper catchment as
well as local supply in allu-
vial fan

Supply limited, No sediment
passes Camanche Dam; lo-
cal supply limited due to
former mining and sediment
starvation

Valley Setting Unconfined, flanked by
fluvio-glacial terraces

Artificially confined, channel
and inset-floodplain cut into
alluvial fan surface

Partially confined by mix
of local rock outcrops and
man-made levees

Repeat To-
pographic
Surveys

7 years; annual surveys Single high magnitude event
(before and after)

5 years; Pre and Post SHR
projects

Table 3.1: Summary comparison of relevant physical attributes of study sites used in this thesis.
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Study Site: River Feshie Sulphur Creek Mokelumne River

Salmonids
Present

Atlantic salmon (Salmo
salar)

steelhead (Oncorhynchus
mykiss); occasional stray
chinook (Oncorhynchus
tshawytscha)

fall-run chinook (On-
corhynchus tshawytscha);
Steelhead (Oncorhynchus
mykiss)

Riparian Setting Active braidplain, with older
surfaces colonised

Minimal riparian vegetation,
adjacent industrial landuse,
engineering structures

Thin riparian corridor, tall
overstory, artificially stable
vegetation and incised chan-
nel due to regulated flow
regime

Habitat Utilisa-
tion of Study
Reach

some spawning, primarily in
groundwater fed side chan-
nels

steelhead : migration corri-
dor; chinook: spawning

Spawning, rearing, migra-
tion

Redd Surveys Only 2 years of surveys (un-
available)

steelhead: not applicable;
Chinook: only 1 year
(Wheaton 2005)

Weekly surveys during
spawning season from 1994
to 2007 (average of 915
redds annually)

Typical Spawn-
ing Flows (Fall)

3 to 6 cumecs 0.5 to 2.0 cumecs 8 to 12 cumecs

Juvenile
Surveys

unknown 9 sparse historical surveys
(Liedy et al. 2003)

Irregular EBMUD and
CDFG surveys

Run Size unknown unknown c. 12,000 annually (video-
monitored)

Limiting Factor
for Salmonids

Unknown/ probably not
physical habitat

Reliable spawning and
out-migration flows; rearing
habitat (Koehler 2003a,
SFBWQB 2002)

Spawning habitat (CDFG
1991)

SHR Projects? None (no need) NRCS Project in 2003 EBMUD projects in 1997,
1998, 1999, 2003, 2004,
2005, 2006

Table 3.2: Summary comparison of relevant salmonid utilisation, physical habitat characteristics
and respective data availability for the study sites used in this thesis.



Chapter 3 : Thesis Rationale and Scope 70

3.6 Conclusion

The scientific justification for the research aim and objectives identified in Chapter 1 have

been explained in terms of past studies and knowledge gaps. It was also discussed how the

spatial scale of focus will resolve hydraulic unit and geomorphic unit scale features over reach

scale extents. The temporal scales of interest will be a mixture of event based, annual and

decadal resolutions. Uncertainty in morphological change associated with DEM differencing

and the morphological method has been shown to be a topical research interest within which

the spatially uniform application of minimum levels of detection appears to be unnecessarily

discarding large amounts of meaningful change. A more sophisticated and flexible model of

surface representation uncertainty will be developed in Chapter 4. While DoD uncertainty has

received considerable attention in the literature, the geomorphological interpretations of DoDs

have by comparison not been investigated in detail, particularly at scales of ecological relevance

to fish (e.g. at the hydraulic and geomorphic unit scales). Techniques to fill this interpretive

void will be developed in Chapter 5. The reader is reminded that the scientific justification for

the thesis aim and objectives are independent to the physical habitat restoration justifications

that are the motivation for this thesis. This theme will be revisited in Part IV.
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