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Abstract
Lake beaches with a gravel component (sediments > 2 mm in b-axis diameter) have
received very little attention in the coastal geomorphology literature. This research is
based on 19 lakes in the South Island of New Zealand that were surveyed and
sampled in summer, 2010 to 2011, and winter, 2011. Methods included lakeshore
surveys, sediment sieving, and lake wave hindcasting using the ACES model.
Results show that three types of lake beach were present. The beach types were pure
gravel beaches (all sediments > 2 mm diameter), mixed sand and gravel (MSG)
beaches (mixed sediments down the profile), and composite gravel beaches (pure
gravel upper beach with an often shallower sand/silt lower profile). MSG beaches
sometimes lacked sand in the upper shore and changed to a more mixed sand and
gravel sediment in the lower shore. Two of the seven composite beaches studied
displayed mixed sediment in the upper shore instead of pure gravel. Linear
discriminant analysis returned a good discrimination rate between lake beach types
(66.7 % of beach correctly predicted), though only sorting was a useful discriminator
(average grain size, sorting, beach width, storm berm elevation, number of berms,
and Iribarren number were tested). This compared poorly with a previous
classification scheme developed for oceanic gravel component beaches. Lacustrine
gravel component beaches were generally narrower (pure gravel: 0.41 – 18.67 m,
MSG: 1.09 – 31.02 m, and composite: 0.62 – 94.66 m, though most were between 15 m wide) and steeper than the oceanic beaches. No relationship could be found
between average grain size and beach slope for any lake beach types.
The lake beaches did not demonstrate any cuspate morphology or beach steps,
however armouring was observed in some cases at the shoreline, regardless of lake
beach type. Other results from this study found that the number of berms on the
profiles were significantly different between summer and winter (p value = 0.008).
When the lakes used for hydroelectric power generation were removed however, this
variable no longer showed any difference, suggesting the influence of lake level
ii

changes of the lake beaches. None of the other measured profile features were
significantly different between summer and winter. Hindcasted wave data for the
lake beaches found that two thirds received Hmo > 0.5 m, and Tp > 3 s. This suggests
the limited wave energy available on lakes to rework sediments, though measured
wave data is required to validate these findings. Finally, a morphodynamic model is
presented for lacustrine beaches with a gravel component, which is placed within the
wider conceptual framework of two previously well accepted morphodynamic
models.
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Chapter 1
Introduction
Lacustrine beaches consisting of a gravel component (that is, sediments >2 mm in
diameter) have received little academic attention, despite providing sites for housing,
recreational activities and hydroelectric power schemes. Studies of these
environments are usually focused on shoreline erosion (Lorang, et al., 1993a; 1993b;
Kirk, et al., 2000; Vilmundardóttir, et al., 2010) or morphological changes at only
one or two lakes (Pickrill, 1985; Allan, 1998; Dawe, 2006). Gravel component
beaches on oceanic coasts have been the focus of an increasing number of recent
studies (e.g. Masselink, et al., 2010; Masselink and Turner, 2012; Matias, et al.,
2012; Thompson, et al., 2012). However, research into lake beaches continues to lag
behind (Stephenson, 2006). A useful starting point for lacustrine research is to
develop a classification scheme, providing a descriptive knowledge base as well as
highlighting theoretical gaps (Finkl, 2004). In response to the dearth of studies on
lacustrine gravel component beaches, this thesis will test the applicability of an
oceanic gravel beach classification scheme (developed by Jennings and Shulmeister,
2002) on lakes in the South Island of New Zealand.
Categorising beaches on the basis of physical characteristics has been the goal of
many significant studies of the past, such as Bluck (1967), Wright and Short (1984)
and Carter and Orford (1984). These descriptive classification studies are considered
to have provided the initial conceptual frameworks for subsequent research. While
some might argue that coastal geomorphology has moved beyond this type of
analysis, many noteworthy modern textbooks continue to discuss classification
schemes in their introductory chapters (such as Trenhaile, 1997; Woodroffe, 2002;
Masselink, et al., 2003; Davidson-Arnott, 2010). The attention given to
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classification schemes in these books suggests the importance of having a
foundational understanding of differences between beach types before focus is
placed on more specific topics, such as hydrodynamics or sediment transport. This is
because any variation in physical characteristics may affect the dynamics of the
entire system.
Classification also forces researchers to consider the vast complexity of systems
such as coasts. This in itself is required to expand on the current theories of coastal
geomorphology. Steers (1964) argued that grappling with the interactions of so
many variables at once was the more important goal than reaching a globally unified
model (he considered this was probably unattainable anyway). Finkl (2004) stated:
“precision in classification leads to precision in thought and is therefore of great
value as a mental discipline” (p. 168). Only through constructing classification
schemes can researchers clarify the relationships between beach formation and
process.
Through the initiation of understanding, classification schemes remain a cornerstone
of current (and future) research. This thesis expands these classification schemes
into an environment that has received relatively little research attention: lacustrine
beaches with a gravel component.
Beaches consisting of gravel (> 2 mm in diameter) or a mixture of sand and gravel
sized sediments are commonly found in higher latitude regions of the world (Figure
1.1), particularly in areas that have been previously glaciated (Mason and Coates,
2001). They are valued for the protection they provide to natural ecological areas
and private property (Pye, 2001; Anthony, 2008), as well as providing a useful
sediment source for beach nourishment projects (Buscombe and Masselink, 2006).
Yet, despite the prevalence and importance of such beaches, the processes that
operate and common physical characteristics remain poorly understood in
comparison to sand-dominated coasts (Anthony, 2008; Hayes, et al., 2010). The
dynamics of gravel component beaches are different to those associated with sandy
beaches. Gravel component beaches are generally considered reflective of wave
energy, with relatively steep slopes and short shoaling distances (Komar, 1998). This
results in the majority of wave energy being concentrated in a narrow strip of the
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shoreline, compared to the broad dissipative surf zones of sandy beaches. A lack of
detailed research on gravel and mixed sand and gravel beach types continues to
hinder our understanding of sediment budgets and morphodynamic modelling of
gravel component beaches. Data are needed from these environments if more
appropriate engineering and protection methods are to be developed (Mason and
Coates, 2001; Ivamy and Kench, 2006; Allan, et al., 2006).

Figure 1.1. World distribution of gravel component beaches. Sourced from Davies
(1972 p. 110).

In response to this knowledge void, Jennings and Shulmeister (2002) developed a
classification scheme based on observable features and measured characteristics of
gravel component beaches on oceanic coasts in New Zealand. Initially they noted
the visual differences of many oceanic beaches that contained a gravel proportion,
and categorised them as pure gravel (where all sediments’ b-axes are larger than 2
mm), mixed sand and gravel (a poorly sorted, bimodal beach of sands and gravels),
or composite gravel beaches (with distinct zones of pure sand and pure gravel in
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different regions of the beach). From these observations they developed a
morphodynamic model of the three beach types that included both morphological
features and presumed hydrodynamics. Morphodynamic models represent modern
forms of traditional process response models. They have been simplified and
focused for easy application, and are useful tools from which knowledge gaps and
new patterns can be found (e.g. Masselink and Short, 1993), as well as being useful
for prediction and communication of theory (e.g. Chappell and Eliot, 1979).
Classification systems evolved into such morphodynamic models which have
become the guiding paradigm for current beach research. To date, Jennings and
Shulmeister’s (2002) description of gravel component beach types has been well
received and cited (e.g. Ivamy and Kench, 2006; Holland and Elmore, 2008;
Davidson-Arnott, 2010), however the scheme remains to be validated in other
locations subject to naturally varying conditions. This latter step is necessary in
order to determine the scheme’s broad application.
This thesis will test Jennings and Shulmeister’s (2002) work, by comparing the
results of their classification scheme and proposed morphodynamic model with a
morphodynamic model of beaches from gravel component lakeshores. Lacustrine
environments, especially the alpine lakes of southern New Zealand, feature many
variations of gravel distribution, steep shore profiles, deep water compared to
surface area, and receive the majority of their sediment supply from river tributaries
and erosion of nearby land (Hansom and McGlashan, 2000). Fine sediment
gravitates towards to the bottom of the lake and very little makes it back onshore,
meaning gravel is dominant in lake environments (Pickrill, 1978). However, these
lake beaches do not experience tidal fluctuations or swell waves as large and
influential as they can be on oceanic coastlines. The elimination of some variables
allows greater focus to be put on others, such as wind-wave interactions and the
resulting impact on shoreline morphology. Lakeshores are therefore seen as an
appropriate test environment for Jennings and Shulmeister’s (2002) oceanic beach
classification system. Where gravel component beaches have been poorly studied
relative to sandy beaches, lacustrine beaches, too, have been largely ignored
compared to oceanic beaches. Lacustrine beaches are globally distributed and
commonly exhibit gravel component beaches, with studies focusing particularly the
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Great Lakes in North America (e.g. Sly and Schneider, 1984; Lorang, et al., 1993b;
Thompson and Baedke, 1995; Morang, et al., 2011) and Europe (e.g. Norrman,
1964; Duck and McManus, 1981; Pierce, 2004). Testing Jennings and Shulmeister’s
(2002) classification scheme in lacustrine settings will therefore have international
relevance, and benefit both the fields of gravel beach research and lacustrine beach
research at once.

1.1 Research objectives
This thesis aims to develop a classification scheme and morphodynamic model for
lacustrine beaches that consist of a gravel component. This scheme will be compared
to a classification scheme already proposed for oceanic gravel and mixed type
beaches (Jennings and Shulmeister, 2002) with the intention of building our
understanding of gravel and mixed type beaches in general. Other areas of the
lacustrine environment will also be examined using the data collected in this study.
Specifically, this research will answer the following two research questions:
1. Do lacustrine gravel beaches in the South Island, New Zealand, fall into the
same three categories of pure gravel, mixed sand and gravel (MSG), and
composite gravel beach as found by Jennings and Shulmeister (2002)?
2. Do lacustrine beaches conform to the processes and resulting morphologies
of Wright and Short’s (1984) and Jennings and Shulmeister’s (2002)
morphodynamic models?
In addition, an aim of this thesis is to develop a morphodynamic model for gravel
component lacustrine beaches, which can be easily contrasted to other schemes in
the literature (such as those in research question 2). In answering the research
questions, it is anticipated that the similarities and/or differences between oceanic
and lacustrine beaches will lead to new insights into the formation and maintenance
of gravel component beaches in general. Specifically, the research aims will be
achieved through the identification and discussion of the key variables most
5
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influential to lakeshore profile development, including sediment grain size and
sorting, beach slope, the number of berms present, storm berm elevation, beach
width and wave environment. Furthermore, the effect of changing lake level
between seasons will be tested, as this has been suggested by other studies to
influence lake beach morphology (e.g. Lorang, et al., 1993b; Allan, 1998). The same
approach that Jennings and Shulmeister (2002) used to develop their classification
scheme will be repeated in as far as possible, with the expectation that if the results
are similar, the classification scheme can be considered representative of both lake
and oceanic gravel type beaches in the South Island of New Zealand. This study is
the first attempt at any kind of validation since the inception of the JenningsShulmeister classification scheme, a scheme that has been widely cited since
publication.

1.2 Thesis outline
The following chapter reviews existing classification schemes for oceanic and
lacustrine beaches. The range of morphological influences on pure gravel, MSG, and
composite beaches are introduced, with reference to significant prior studies.
Chapter 3 outlines the sampling strategy and methods used in surveying lake beach
profiles and sediment analysis. This chapter further outlines how the variables used
for linear discriminant analysis were defined. Chapter 4 presents the results, while
chapter 5 gives interpretations of the data and presents a morphodynamic model for
gravel component lacustrine beaches to compare to the schemes of Wright and Short
(1984) and Jennings and Shulmeister (2002). Concluding remarks are made in
Chapter 6, as well as a brief description of the limitations of the study and
suggestions for future research.
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Chapter 2
Classification and Morphodynamics of
Gravel Component Beaches
Pure gravel, mixed sand and gravel (MSG), and composite beach types have for
many years been classified as one in the same, with steep slopes, large grain sizes,
and relative resistance to change compared to their fine-grained counterparts. The
perceived resilience of such beaches has historically been a deterrent for researchers,
thinking that highly changeable sandy beaches presented a more pressing research
topic. In recent years interest has increased around beaches consisting of a gravel
component, with descriptive studies being produced and improved technologies
advancing the methods used to measure them (for example Pontee, et al., 2004;
Osborne, 2005; Allan, et al., 2006; Dornbusch, 2010). Of particular note are the
laboratory flume experiments known as ‘BARDEX’ (Barrier Dynamics Experiment)
that have made recent advances into the cross-shore morphodynamics of gravel
barriers, including the hydrodynamics, morphology, and sediment transport
processes (Masselink and Turner, 2012; Matias, et al., 2012; Thompson, et al., 2012;
Turner and Masselink, 2012; Williams, et al., 2012).
This chapter begins with an explanation of the terminology used throughout this
thesis. Following this, a review of past attempts at categorising beaches with a
gravel component (sediments > 2 mm in b-axis diameter) will be given. Included is a
detailed analysis of Jennings and Shulmeister’s (2002) classification scheme of pure
gravel, MSG, and composite oceanic coasts on which the present study expands.
Next, the knowledge that such classification schemes have been based on is
examined, with both the morphodynamics of oceanic gravel component beaches and
7
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the equivalent lacustrine beaches being explained and critically evaluated. Finally,
the aims of the study are restated in the context provided by the review.

2.1 Terminology
Various terms have been used for beaches with differing proportions of both sand
and gravel. Terms include ‘mixed sand and gravel’ or ‘mixed sediment’ (for
example Jennings and Shulmeister, 2002; Horn and Walton, 2007), ‘coarse clastic’
(Carter and Orford, 1984), or simply ‘gravel’ (Anthony, 2008; Bertoni and Sarti,
2011). There is little consistency in the way these terms are used, and exact
proportions of sediment sizes that distinguish between beach types has not yet been
clarified (Carter and Orford, 1993; Horn and Walton, 2007).
In this thesis, the terminology used follows that of Jennings and Schulmeister
(2002). They used the following names for the gravel component beaches they
found: pure gravel, mixed sand and gravel, and composite gravel. ‘Pure gravel’
refers to beaches of pure gravels or cobbles that are above 2 mm in diameter only,
with no sand proportion visible at the surface. ‘Mixed sand and gravel’ represents
beaches with any proportion (above zero) of both sands and gravels (according to
the Wentworth scale, Wentworth, 1922) that are visible within the first 10 cm from
the surface. This depth was arbitrarily chosen by Jennings and Shulmeister (2002) as
the limit of sediment sampling, and is retained in this study for the purposes of
comparison. It is likely that sand would eventually appear at some depth for all
beaches (Mason and Coates, 2001; Horn and Walton, 2007), however such a feature
is difficult to visually identify in the field. Jennings and Shulmeister (2002)
distinguished a third type of beach which they termed a ‘composite gravel’ beach
after Carter and Orford (1993). Such beaches show a definite change from gravel on
the upper beachface to sand in the lower profile, with a distinct change in slope at
the boundary. Such beaches will continue to be referred to as ‘composite’
throughout this study.
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2.2 Past classifications of beach type
Coastal geomorphologists have attempted to categorise beaches into “types” for the
past century, however the large morphological variation seen in coastal
environments has limited any success. Early descriptive classification schemes
focused little on beaches with larger sediment sizes, preferring to come to terms with
the variations of sand beaches instead (e.g. Sonu and Beek, 1971; Short, 1979).
Initial attempts to classify beaches were simply to differentiate them by grain size
and the corresponding beach slope. Size is described using the Wentworth class size
shown in Table 2.1, which categorises sediment arbitrarily by diameter of the b-axis.
As well as showing the terminology, this table gives the phi values that were applied
to Wentworth’s scale by Krumbein (1934) for ease of calculation and graphical
representation of sediment distributions.

Table 2.1: Sediment size categories according to the scale of Wentworth (1922) with
their corresponding size range in mm and phi (where D is particle diameter in mm).
Wentworth classification Sediment size range
Phi range
(mm)
(
)
Boulder
>256
> -8
Cobble
64-256
-6 to -8
Pebble
4-64
-2 to -6
Gravel/granule
2-4
-1 to -2
Very course sand
1-2
0 to -1
Course sand
0.5-1
1 to 0
Medium sand
0.25-0.5
2 to 1
Fine sand
0.125-0.25
3 to 2
Very fine sand
0.0625-0.125
4 to 3
Silt and clay
< 0.0625
<4

As well as grain size, beaches were classified as either being highly reflective of
wave energy (with steep slopes and large grain sizes) or dissipative (shallow slopes
and small grain sizes) (Guza and Inman, 1975; Wright, et al., 1979). These
differences between beaches have been defined by surf scaling parameters that
indicate the wave form interacting with the beach. Guza and Inman (1975) and
subsequently Wright and Short (1984) categorised beaches as dissipative or
reflective using a surf scaling parameter (ε), which incorporated wave amplitude
9
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before breaking (a), radian frequency of the approaching wave (w) and swash profile
gradient (β):

(Eq. 1)

where g is acceleration due to gravity. When ε < 1, the beach can be considered as
highly reflective (steep), while when ε > 1 the beach is highly dissipative (flat).
Wright, et al. (1979), Short (1979), and Wright and Short (1984) used this parameter
as a definition of the end members of their beach classification scheme and
morphodynamic model (best summarised in Wright and Short, 1984). They
presented four 'intermediate' beach profiles showing the progression of
morphological features from dissipative to reflective, related to decreasing wave
power (Figure 2.1). Here, reflective beaches (Figure 2.1f) are shown to display
cuspate morphology and a steep beachface. This classification scheme continued to
group pure gravel, MSG and composite gravel beaches in a single 'reflective beach'
category, despite these beaches being known to display a wider range of
morphologies (e.g. Bluck, 1967; McLean and Kirk, 1969; Orford, 1977).
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Figure 2.1. (Caption overleaf)
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Figure 2.1. (Continued from previous page) Plan and profiles of the six beach types,
adapted from Wright and Short (1984, p. 99).

Classification efforts that focused primarily on gravel component beaches have used
sedimentary make-up, particle size and/or shape (Bluck, 1967; Orford, 1975; Orford,
1978 in Williams and Caldwell 1988; Williams and Caldwell, 1988), beach slope
and berm position (Caldwell and Williams, 1985), or singular gravel beach features
(usually gravel barriers, Carter and Orford, 1988; Orford, et al., 2002) to specifically
categorise beaches with a gravel component. These studies attempted to explain
beach systems using only the variables mentioned above, when in reality the wave
environment, sediment supply, sediment transport, wind exposure, and location of
the beach all interact with the aforementioned variables to develop and maintain a
beach profile (Klein and Menezes, 2001; Short and Trembanis, 2004; Jackson, et al.,
2005; Scott, et al., 2011). Not incorporating factors hindered the application of the
early classification schemes to worldwide beaches.
One of the most significant studies to advance the classification of gravel component
beaches was undertaken by Jennings and Shulmeister (2002). These authors
12
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identified three commonly occurring beach types in the South Island of New
Zealand: pure gravel (consisting of gravels > 2 mm wide on their b-axis); mixed
sand and gravel (MSG) with poorly sorted clasts long- and cross-shore; and
composite gravel with a steep, pure gravel upper profile fronted by a flatter sandy
slope that is exposed at low tide. Such beach categories have been supported by the
more recent classification scheme of Scott, et al. (2011).
Table 2.2 summarises these characteristics and others observed for each beach type
as measured and identified by Jennings and Shulmeister (2002). To determine a
statistical difference between the three beach types, they measured characteristics of
the beach using profile surveys, sedimentological analyses, and calculated aspects of
the wave regime using data from Pickrill and Mitchel (1979). This included a surf
scaling parameter known as the Iribarren number (ξ), which is an indicator of wave
form. It is calculated from wave steepness and beach slope:

( ⁄

)

(Eq. 2)

where tan β is the beach slope, H is wave height, and Lo is deep-water wavelength.
Battjes (1974a) is credited with rearranging this relationship from Iribarren and
Nogales’ (1949) study, and demonstrated the Iribarren number’s use in the
differentiation of wave type. Battjes (1974b) argued that this parameter was effective
at indicating overall wave type as well as inferring other characteristics of the wave
regime (such as run-up and set-up). Wave breaker type can be associated with the
energy level experienced by the beach and the amount of sediment reworking by
waves. An Iribarren number of less than 0.5 indicates shallow slopes and high wave
steepness, whereas an Iribarren number larger than 3.3 indicates the opposite
conditions, with a continuum in between. The breaker types from Galvin (1968) and
the Iribarren number ranges (for deepwater wave conditions) from Battjes (1974a)
are shown in Figure 2.2. While the Iribarren number is accepted as a reasonable
indicator of the surf environment of plane sloping beaches, some authors have raised
concerns about its applicability to irregular beach profiles that are subject to large
variations in wave lengths and heights (Bauer and Greenwood, 1988; Anthony,
1998). They maintain that using a single value to describe an environment that
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changes in very short temporal and spatial scales (such as pure gravel, MSG, and
composite beaches) is misleading and misrepresentative, however they concede that
no surf scaling parameter is fully representative of the beach environment.
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Table 2.2. Summary table of pure gravel, mixed sand and gravel (MSG), and composite gravel beach characteristics, as identified in Jennings
and Shulmeister (2002).
Variable
Pure Gravel
MSG
Composite
-2 to -6 ϕ
0.5 to -6 ϕ
-4.17 to -5.64 ϕ
Mean grain size
Poorly sorted sediment cross- Hydraulic sorting causes a distinct sediment
Sediment sorting Often well-developed sorting crossshore
shore and at depth
boundary at top of intertidal zone
Coarse gravels above sediment boundary and
sand below
Gravel berms may be well sorted
tan β = 0.08 – 0.24
tan β = 0.04 – 0.12
Lower seaward profile - tan β = 0.03 – 0.1
Beach slope
Upper landward profile - tan β = 0.1 – 0.15
18 – 50m
30 – 80m
Varies greatly, but often between 20 – 60m
Beach width
1.6
–
4.0
0.7
–
1.95
0.5 – 1.8
Iribarren number
Surging and collapsing
Plunging and collapsing
Spilling waves at low tide, plunging at high
Dominant wave
tide
type(s)
Highly reflective during all tides
Little horizontal tidal
Low tide – dissipative surf and long-shore
Tidal influences
translation
bars/troughs may develop.
High tide – reflective surf, hydrodynamics
determined by underlying substrate
Present. May result from erosion or
May be highly developed
May develop on the gravel berm
Cusps
accretion
with multiple tiers of cusps
Edge waves and cusps very important
Stable, single breakpoint step Distinct change in slope at the boundary
Other features/
for morphodynamic regime
Storm conditions - minimal
between sand and gravel parts of the profile
influences
Storm cycle – slope erosion during
surf zone development with
storms; build-up of offshore bars during breakpoint step unchanging
calm periods that migrate up-slope
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Figure 2.2. The four wave breaker types as depicted by Galvin (1968, p. 3652) and
the Iribarren number wave limits calculated by Battjes (1974). Arrows indicate the
point of wave breaking while dashed lines show the still water level.

Jennings’ (2002) PhD thesis (from which Jennings and Shulmeister’s (2002) paper
was based) defended the use of the Iribarren number, saying it was useful due to its
focus on slope characteristics instead of sediment size, and provided good
discrimination between dissipative and reflective beaches. No defence was given for
the use of a single value to represent an aspect of highly variable environments, as
challenged by Bauer and Greenwood (1988), and Anthony (1998). It is likely they
used it due to a lack of appropriate alternatives, as the surf scaling parameter of
Guza and Inman (1975) also suffers from the same issue of being too broad in
application.
As well as the Iribarren number, Jennings and Shulmeister (2002) examined beach
width, average grain size, storm berm elevation relative to mean sea level, active
profile slope and the number of berms on the 42 oceanic beaches they sampled.
16
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Linear Discriminant Analysis (LDA) was used to find if these variables could
separate pure gravel, MSG, and composite beach types statistically. This test is
appropriate when variables can be pre-classified into groups (Norusis, 2008). In this
case, the beaches were first classified visually in the field before the features of each
beach type were tested for statistical differences. The LDA uses such information to
create discriminant functions that best separate the beach groups, which can then be
used to infer which variables are the most influential in discriminating between
groups. Table 2.3 shows the canonical discriminant function coefficients from
Jennings and Shulmeister (2002) as calculated by their LDA tests. These function
scores dictate how important each variable is for classifying the beach sites, where a
high discriminant function score (irrespective of sign) indicates that the variable has
a strong influence on the category each beach is placed into. Table 2.3 shows that
the Iribarren number, followed by beach width, average grain size, and storm berm
elevation (in that order) had the most discriminatory power for the first discriminant
function. The number of berms was the poorest at discriminating between beach
types, having the lowest Function 1 score (-0.036). This suggests that the number of
berms is the least affected by beach type development, or alternatively, has the least
effect on the development of beaches in nature.

Table 2.3. Canonical discriminant function coefficients derived for the linear
discriminant analysis tests in Jennings and Shulmeister (2002). The coefficients
show that the Iribarren number had the most influence for discriminating between
beach types, having the highest function 1 coefficient of 1.680 (Jennings and
Shulmeister, 2002, p. 221).
Function 1
Function 2
Iribarren number
1.680
0.318
Beach width
0.994
1.340
Average grain size
0.857
0.388
Storm berm elevation
-0.543
-1.032
Active profile slope
0.265
0.143
Number of berms
-0.036
0.245

Results of the Jackknifing procedure from Jennings and Shulmeister (2002) are
shown in Table 2.4. This test, performed as part of the LDA, removes one variable at
a time, recalculates the discriminant functions, then predicts the categories for all
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data points under the new function(s) (Norusis, 2008). The rate of correct prediction
(according to the pre-defined groups entered by the user) can then be established,
which indicates how successful the classification is. Eighty-six percent of pure
gravel beaches, 92 % of MSG beaches, and 91 % of composite beaches were
predicted correctly by the linear discriminant function, resulting in a 90 % correct
prediction rate overall (Table 2.3). The remaining 10 % of beaches were
misclassified as either pure gravel or MSG beaches (none were falsely predicted to
be composite beaches, Table 2.3). The overall prediction rate of 90 % is very much
improved from chance (33.33 %), indicating the variables used in the analysis
(particularly Iribarren number, beach width, average grain size, and storm berm
elevation) are successful in separating beach types. According to Jennings and
Shulmeister’s (2002) classification scheme, these beach variables should be able to
be used to classify any gravel component beach as either pure gravel, MSG or
composite type beaches.

Table 2.4. The Jackknifed classification matrix from Jennings and Shulmeister
(2002). Mixed sand and gravel (MSG) beaches had the best prediction rate (92 %)
when cases were successively removed from the dataset and the discriminant
functions recalculated and tested. The overall prediction rate of the discriminant
function was 90 % (Jennings and Shulmeister, 2002, p. 221).
Pure
MSG
Composite % Correct
gravel
gravel
Pure gravel
6
1
0
86
MSG
2
22
0
92
Composite gravel
0
1
10
91
Total
8
26
10
90

With the LDA providing statistical support for there being a difference between pure
gravel, MSG, and composite beaches, Jennings and Shulmeister (2002) used the
information in Table 2.3 to develop a morphodynamic model of gravel component
beaches (Figure 2.3). This model describes the sedimentological differences, slope
and morphological changes (most notably the distinct gradients of composite gravel
beaches, Figure 2.3C), and the dominant breaker types of each beach type. While
Jennings and Shulmeister (2002) related their results to the wider literature, they did
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not compare their results directly with any other classification schemes or models,
nor did they incorporate their model into any other morphodynamic frameworks.
Jennings and Shulmeister’s simple visual classification scheme can be broadly
applied to other beaches of various gravel descriptions. Table 2.5 shows beaches
from prior studies (predating Jennings and Shulmeister, 2002) classified under
Jennings and Shulmeister’s (2002) scheme, selected where beach information from
the publication was sufficient to do so. Most notable is the number of beaches that
are similar to composite gravel types based on their descriptions from the literature.
However, some authors have suggested there is further variability that the scheme
does not account for. Horn and Walton (2007) apparently observed composite-like
beaches where MSG sediment made up the berm face as opposed to pure gravel,
which they suggested be added as a fourth type named a ‘composite mixed beach’.
Holland and Elmore (2008) suggested that the sediment size zones on composite
beaches could also be the other way round, that is, with sand or MSG comprising the
foreshore, and larger cobbles overlying mud in the low-tide nearshore (instead of the
sand terrace that would be expected from Jennings and Shulmeister’s (2002)
scheme). Unfortunately, neither study could provide any evidence of beaches
displaying these characteristics. Without further examples and more detailed
descriptions, it is difficult to incorporate such beaches into any classification
scheme.
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Figure 2.3. Continued with figure caption overleaf.
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Figure 2.3. (Continued from previous page) Cross-sections and plain view of the profiles of Jennings and Shulmeister's morphodynamic model.
(A) Pure gravel beaches, (B) MSG beaches and (C) composite gravel beaches. Note the differences in scale between beach types (Jennings and
Shulmeister, 2002, p. 224).
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Table 2.5. Beaches from the literature reclassified as either pure gravel, mixed sand
and gravel (MSG), or composite gravel. Only beaches studied prior to the
publication of Jennings and Shulmeister (2002) with sufficient descriptive
information are included.
Beach
Author(s) of the
Beach
Country
Type
Source Study
Thermi Beach and
Kos Island, Aegean Sea Sanders (2000).
Phokas Beaches
Chesil Beach
England, U.K.
Carr (1971)
Pure gravel Hurst Castle Spit
England, U.K
Nicholls and Wright
(1991)
Nash Beach and
Wales, U.K.
Caldwell and
Gileston Beach
Williams (1985)
Newton Beach
Wales, U.K.
Bluck (1967)
Canterbury Bight
South Island, New
McLean and Kirk
MSG
and Kaikoura
Zealand
(1969)
Beaches
Dimitra Beach
Kos Island, Aegean Sea Sanders (2000)
Llanrhystyd Beach
Wales, U.K.
Orford (1975)
Sker Beach
Wales, U.K.
Bluck (1967)
Batiquitos cobble
California, USA
Everts, et al.
berm Beach
(2002); Walker, et
Composite
al. (1991)
Morfa Dyffryn
Wales, U.K.
Mason et al. (1997)
Beach
South Rock View
Washington, U.S.A.
McKay and Terich
Beach, Queets Beach
(1992)
and Rialto Beach

While Jennings and Shulmeister’s (2002) classification scheme appears to be
representative of the beaches they studied, there are other features of a coastal
classification scheme that contribute to its success. Finkl (2004) gave a number of
attributes that a comprehensive and representative classification scheme of beach
environments should possess, including:
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characterisation of an integrated coastal 'zone' that includes seaward and
landward features of the shoreline (as opposed to the narrow strip of coast
that is usually classified)



incorporation of inherited coastal features (such as geology and influences
from previous coastal land forms)



being “open-ended” and flexible in relation to future findings, and allow for
additions or extensions of the classification

While most classification schemes adhere to the last point, the first two have
remained difficult to achieve due to limitations in technology or knowledge of
processes. Jennings and Shulmeister’s (2002) classification incorporates each of
these aspects to a reasonable extent, with adequate inclusion of landward features
(gravel beaches have few seaward features (Kirk, 1980) thereby nullifying the
inclusion of seaward features), a presumption that gravel beaches are well-supplied
with coarse sediments (generally glacial or riverine in origin), and the expectation
that this simple tripartite classification will be tested and added to in future. The
Jennings-Schulmeister system can therefore be considered as a good initial
classification scheme according to Finkl's standards.
While Jennings and Shulmeister’s (2002) scheme has been accepted in the literature
(e.g. Allan, et al., 2006; Buscombe and Masselink, 2006; Anthony, 2008; Holland
and Elmore, 2008; Davidson-Arnott, 2010; Miller, et al., 2011; Bertoni, et al.,
2012), it has yet to be tested in environments other than those from which it was
developed. This is important for the refinement of any classification or model, and is
therefore a significant limitation of the current Jennings-Schulmeister scheme.
Furthermore, no follow-up studies have been attempted in other types of
environments. Lakeshores are one such example, and differ in exposure to
environmental conditions (namely wind, swell waves, and tides) but appear to be
similar in sedimentary processes and distribution. Clearly visible on all beaches of
Figure 2.3 are the cuspate formations, which have been observed many times on
oceanic gravel component beaches in the past (e.g. Carter and Orford, 1984).
However, studies by Pickrill (1978; 1985) and Lorang, et al. (1993b) on lakes with
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gravel component beaches showed no evidence of cusps. It is therefore unlikely that
cusps would be observable on lake beaches in New Zealand to the same extent as on
oceanic beaches (Jennings and Shulmeister, 2002). Application of the classification
method to lakeshores would be a useful test of this scheme, while adding to the
small body of geomorphic literature concerned with lacustrine beaches.

2.2.1

Lake beach classifications

Lake beach studies in the past have focused very little on classifying lacustrine
profiles. Most lacustrine research is focused on issues of erosion or sediment
transport (Carter, et al., 1986; Lorang, et al., 1993a; Kirk, et al., 2000;
Vilmundardóttir, et al., 2010), seasonal changes due to lake level (Dubois, 1973;
Lorang and Stanford, 1993), or characterising the general lake wave environment
(Lawrence and Davidson-Arnott, 1997; Allan and Kirk, 2000). Lorang, et al.
(1993b) categorised the lake beaches of Flathead Lake, U.S.A. as either dissipative
(fine grained, wide, gently sloping beaches) or reflective (large grain sizes, narrow,
and steep) before analysing the erosion susceptibility of the shores. However, this
classification scheme was simplistic, and as with oceanic classification schemes,
placed lake beaches with a coarse sediment fraction into the same ‘reflective’ group
of the morphodynamic model (Wright and Short, 1984). Pierce (2004) did focus
specifically on coarse sediment lake beaches, classifying the shores of Loch Lomond
in Scotland, U.K. according to profile shape and the transient beach features such as
berms and ridges (Figure 2.4). Her primary motive for developing such a
classification scheme was to assist in identifying erosion or accretion on the lake
profiles, and thereby improve management of the shoreline. However, this
classification scheme too is limited by its simplicity. There is no specification of
sedimentological differences between profiles, and the resulting changes to the
hydrodynamic regime that has been shown to affect sediment transport (Kuhnle,
1993; Wilcock, et al., 2001).

24

Chapter 2 Classification and Morphodynamics of Gravel Component Beaches

Figure 2.4. Profile classification scheme of Pierce (2004). The ‘dominant profile
form’ gives the shape of the profile, while the ‘additional characteristics’ indicate
transient profile features (Pierce, 2004, p. 569).
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Pickrill (1978; 1985) developed a classification scheme that characterised lake
beaches in terms of their sediments, morphology, and wave energy in his studies of
Lakes Manapouri and Te Anau of the South Island, New Zealand. In his initial
research, Pickrill (1978) defined a ‘typical’ lake beach profile, with a steep
foreshore, a shallow sloping nearshore below the water line, and a very steep
offshore zone (Figure 2.5). Despite these overall similarities in profile morphology,
Pickrill observed sedimentological and slope variations at the lakes which he argued
needed separate morphodynamic considerations. He classified these beaches into
three types of profile: pavement beaches; pure gravel and MSG beaches (classed as
one category); and sandy beaches. Pavement beaches were wide and shallow in
slope, consisting of a layer of very coarse material (pebbles, cobbles, and boulders)
over finer sands. Small storm ridges of finer sediments were noted in some locations
that Pickrill (1985) speculated were the source of finer sediments to the beaches near
the lake outlet. Pavement beaches, or ‘armouring’ as it is more commonly referred
to, have been observed on other lake beaches such as at Lake Vattern, Sweden
(Norrman, 1964); Flathead Lake, U.S.A (Lorang, et al., 1993b); and Loch Lomond,
Scotland (Hansom and McGlashan, 2000).
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Figure 2.5. A typical lacustrine beach profile according to Pickrill (1978), showing
slope differences between foreshore, nearshore and offshore zones (Pickrill, 1978, p.
232).

Pickrill (1985) classified pure gravel and MSG beaches in the same category, with
each forming a subtype differentiated by slope. Pure gravel beaches were steeper
and more reflective, dominated by larger sediments, and controlled primarily by
swash and backwash actions. The step at the water's edge formed from scouring by
the waves breaking near the shore. MSG beaches were defined as having a higher
ratio of fine sediments and being less reflective. Beach ridges of coarser sediments
developed on MSG beaches as a result of more intense wave action depositing
coarser sediments in a ridge, while finer sediments were found in the backwash
zone. Sandy beaches constituted the third and final beach type in Pickrill’s (1985)
identification of lake beaches.
A significant limitation of Pickrill (1978; 1985), Lorang, et al. (1993b), and Pierce
(2004) is the small number of lake sites included in each study, usually only one
lake. Pickrill (1978; 1985) analysed beaches from two lakes, however, both lakes
were in the same geographical region (the south-west of the South Island, New
Zealand) and can be assumed to have been subject to the same environmental
conditions. There have been no attempts to classify lake beaches from a large
number of lakes, and no attempt to extend existing schemes into lacustrine
environments. This thesis intends to fill both of these gaps by taking an existing
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classification scheme for oceanic beaches, and applying it to a large number of
lacustrine beaches. In broadening the classification scheme, and undertaking the first
ever study of lake beach geomorphology on a large number of lakes concurrently,
this research will expand on the small body of lacustrine literature available.

2.3 Morphodynamics of gravel component beaches
In testing or developing classification schemes, a sound understanding of processes
and the variables that affect them is important. One of the primary purposes of a
classification scheme is to bring order to complex systems, as well as highlighting
areas of uncertainty so that they can be studied and expanded upon (Finkl, 2004).
This section highlights areas of uncertainty in understanding gravel component
beach morphodynamics. It should be noted that the majority of research examined
here comes from oceanic coastal studies, as research from lake shorelines is either
lacking or has not been undertaken at all. A review is given of the current
understanding of material factors (i.e. sediment grain size and sorting) that are
known to influence the morphology of pure gravel, MSG, and composite gravel
beaches. Morphologies understood to be typical of beaches are outlined in the
following section, where beach slope, beach width, berm number, and elevation are
discussed. These variables were used by Jennings and Shulmeister (2002) and all
except sorting were used in their LDA tests (the visible sorting of the beach was
instead used for the on-site classification of each beach). Finally, key issues specific
to lake beaches and not apparent in the oceanic beach literature (including
morphologies that are unique to lacustrine environments as well as lake level
influences) are reviewed.
In this thesis, beaches are described in terms of the main zones corresponding to
wave and beach processes, with focus being placed on the foreshore zone (Figure
2.6). The majority of wave action and sediment movement occurs in the foreshore
(particularly the swash zone) on gravel component beaches, and these zones will
correspondingly receive the most attention in this review section. The foreshore can
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be defined as the zone from the highest storm berm to the lowest limit of wave rundown after Komar (1998) and Trenhaile (1997). This definition is considered to
describe oceanic and lacustrine shores well, and was chosen in the absence of
definitions of coastal zones by Jennings and Shulmeister (2002).

Figure 2.6. Nomenclature of beach zones used in this thesis showing a typical mixed
sand and gravel beach profile (after Kirk 1980, p. 193).

2.3.1

Material factors

Gravel component beaches display a range of sedimentary features, many of which
have been included by previous classification schemes, most notably Jennings and
Shulmeister (2002) (Figure 2.3). Grain size was found by Jennings and Shulmeister
(2002) to be the third best variable at discriminating between beach types (Table
2.3), while the sorting characteristics were important for their initial visual
classification. The following sections review how sediment grain size and sorting
affect gravel component beach morphology.

Grain size
The most obvious feature of mixed, composite, and pure gravel beaches is the gravel
sized sediment (of b-axis > 2 mm) exposed at the surface of the beach. Grain size is
commonly represented by an average sediment size, usually the mean (McLean,
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1970), median (Jennings and Shulmeister, 2002; Curtiss, et al., 2009), or mode (Folk
and Ward, 1957; Carter and Orford, 1984). For beaches where there is a large range
of sediment sizes, it has been argued that a single average value is a poor
representation of the variation of beach materials (Mason and Coates, 2001; Horn
and Walton, 2007). As many MSG beaches are bimodal (where beach sediments
have two grain size modes, as in Figure 2.7) and not normally distributed, a single
average is not a good representation. Beaches with a bimodal sediment makeup have
been described using multiple size values, such as an average for the sand and gravel
size ranges separately (e.g. Pontee, et al., 2004; Horn and Walton, 2007). Such
detailed grain size analysis can be time consuming, and the results can be difficult to
compare to other studies where only an average grain size value was given.
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Figure 2.7. Grain size frequency distributions (1) and cumulative frequency
distributions (2) at Kaikoura (K) and Canterbury Bight (CB) beaches in New
Zealand, as found by McLean and Kirk (1969). Also shown is the combined data for
both sites (C), while Md refers to median grain size diameter (sediments measured at
half-phi intervals). Both beaches consist of two main grain size peaks, showing they
are bimodal in sediment size (McLean and Kirk, 1969, p. 145).

Beaches differ in grain size depending on the type and rate of net sediment influx
(Folk and Ward, 1957; McLean, 1970) as well as the wave energy acting on the
beach (Dobkins and Folk, 1970). Grain size has been shown to be important for
erosion and transportation of sediment populations. Kuhnle (1993) tested the shear
stress (the likelihood of slope failure or particle entrainment) of gravels and sands
when present in different proportions in a beach profile. He found a positive linear
relationship between the critical bed shear stress of gravel and sand when the
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samples consisted of pure sand and pure gravel. When mixed sediment samples of
sand and gravel were tested (replicating a bimodal beach), the critical shear stress of
the gravel proportion became larger depending on the gravel size. Other laboratory
tests have shown similar relationships, where adding sand to coarse sediment can
increase entrainment rates (Wilcock, 1993; Quick and Dyksterhuis, 1994; Wilcock,
et al., 2001). Wilcock (1993) explained the changes in sediment movement thus:
when sand content is low (below 50 %), it does not fill the sediment interstices to the
surface, and is sheltered from water currents (Figure 2.8A). In this situation, large
particles are more exposed and more uniformly entrained. Where sand constituted
more than 50 % of the sediment, larger particles receive more sheltering and
protection, meaning the gravels are more preferentially entrained according to size
(Figure 2.8B). The relationship between sediment make-up and entrainment has
been further supported by stream flume experiments, where sand content was added
to make up 14-27 % of the profile and gravel entrainment increased by several
orders of magnitude (Wilcock, et al., 2001). Such differences in entrainment of
sediment populations are likely to influence where sediment is preferentially
deposited and removed from a beach, affecting the beach shape long- and crossshore.

Figure 2.8. Differences in particle size entrainment when sand content differs in a
MSG beach profile. When sand makes up less than 50 % of the profile (A) large
particles are more exposed for entrainment. When a higher proportion of sand is
present (B) large particles are protected from shear stresses, and sand is
preferentially entrained.
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A number of studies have undertaken field work in order to find statistical
relationships between sediment size and transport rates. Studies of pure gravel
beaches have suggested that large cobbles and boulders (> -6 ϕ) move faster and
further than smaller gravels (-1 to -6 ϕ) (Kidson and Carr, 1961; Jolliffe, 1964;
Allan, et al., 2006), whilst other research found exactly the opposite trend between
particle size and transport (Gleason, et al., 1975; Miller, et al., 2011). Carr (1971)
and Nicholls and Wright (1991) each used multiple beaches within their studies on
coastal sediment movement. Both studies found statistically significant relationships
between grain size and sediment transport on some beaches, while no statistical
relationship could be determined on others. Different proportions of sand present in
the beaches of the above studies either beneath the surface gravels or in suspension
(that were not studied or not mentioned) could interfere with the entrainment of
different grain sizes via the process illustrated in Figure 2.8. This may in part explain
the results of Nicholls and Wright (1991), who found large cobbles out-distanced
smaller cobbles on Hurst Castle Spit: a pure gravel beach, but found no statistically
significant difference in transport rates on two other beaches that better resembled a
MSG or composite type. Such a finding appears to support the findings of Kuhnle
(1993) and Wilcock (1993), that the range of grain sizes present on a beach,
specifically how much sand is present, are important for entrainment processes.
MSG and composite beaches contain high proportions of sand relative to pure gravel
beaches (Jennings and Shulmeister, 2002), indicating that entrainment (and therefore
erosion) may differ between beach types. Jennings and Shulmeister (2002) found
grain sizes statistically differed between gravel component beach types, and that this
variable was useful at discriminating between a pure gravel, MSG, and composite
gravel beach. It appears that the range of sediment sizes present may affect where
sediment accumulates on the profile, and therefore the type of profile observed.

Sorting
Sediment sorting is a measure of the similarity of grain size within a profile. Well
sorted profiles consist of a narrow range of sediment sizes, for example pure sand
beaches contain sediments that lie within the ‘sand’ range only (Table 2.1). A
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measure of sorting is found by taking the standard deviation of the mean sediment
size. Sorting has been shown to vary cross-shore (Inman, 1953; Fox, et al., 1966)
and long-shore (Carr, 1969; McLean, 1970), and is included as a visual
distinguishing factor of beach type in the morphodynamic model of Jennings and
Shulmeister (2002).
There is some evidence that variations in sorting between beaches is caused by
variations in the wave regime and sediment supply. Nordstrom (1977) found small
changes in the level of sorting between beach sites at Sandy Hook Spit, New Jersey,
U.S.A, and argued they were caused by differences in wave energy, as well as
differences in sediment influx. The most sheltered beach exhibited the best sorting
overall, which was concomitant with lower wave heights, shorter period wind-waves
and a limited supply of sediment. The most exposed beach site with a more available
source of sediment demonstrated the poorest sorting. It seems likely that the higher
reworking ability of the waves at this site was better at entraining and mixing all
sediment sizes, and was replenished more frequently with new materials to maintain
the profile. While Nordstrom’s (1977) study was conducted on oceanic sand beaches
(some gravel armouring was observed on the sheltered sites) it demonstrates the
potential importance of exposure to wave energy for sorting characteristics and
therefore beach type. On higher energy gravel component beaches, poor sorting and
the increased volumes of sand have been attributed to the higher energy of the MSG
beach sites in question (McLean and Kirk, 1969). Folk, et al. (1962) found little
relationship between sorting and wave energy, however did argue the rate of
sediment supply had an influence on the level of sorting on carbonate beaches near
Mexico. Pure gravel beaches of good sorting can be considered to be subjected to
predominantly low wave energies that are only effective in removing smaller grain
sizes (Wright and Short, 1984). High wave energy, it appears, must be combined
with a large sediment supply to maintain beaches with a high sand content, as
without a constant sediment influx, waves over time can remove the smaller sand
fractions from the profile and improved sorting (Nordstrom, 1977).
Sediment sorting affects, and is affected by, the hydrodynamics of the beach profile,
particularly hydraulic conductivity: the rate at which water can be transferred
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through the profile sediment of the beach, either vertically or horizontally. Higher
rates of hydraulic conductivity can increase erosion (Horn and Walton, 2007),
dissipation of wave energy (Kobayashi, et al., 1991; Mason, et al., 1997), slope
(McLean and Kirk, 1969), as well as the level of the water table at the beach (Austin
and Masselink, 2006b). Well-sorted, pure gravel beaches have the highest hydraulic
conductivities, as water can infiltrate easily into the beachface. Austin and
Masselink (2006b) found steep, pure gravel profiles cause the backwash force of
waves to decrease by as much as 50 % (where the sediment is not saturated) due to
infiltration losses. When the backwash force is weakened, sediment that may have
been transported upslope during the uprush is dumped and the profile slope steepens
(discussed further in the following section). The hydraulic conductivity of pure
gravel beaches may maintain the profile slope by encouraging net onshore transport
of sediments, which has been further linked to berm accretion (Masselink and Li,
2001).
Smaller particles in the sand-size range hinder infiltration by filling void spaces in
the sediment, and therefore decreasing hydraulic conductivity. It has been argued
that sand beaches and poorly sorted MSG beaches have similar hydraulic
conductivities, as both contain high proportions of sand (Quick and Dyksterhuis,
1994; Mason and Coates, 2001; Horn and Walton, 2007). Mason, et al. (1997) tested
the effect of adding sand to a pure gravel profile (effectively lowering the average
grain size and sorting) on the resulting hydraulic conductivity. They argued that
once the sand content of a pure gravel beach exceeds 20-25 %, the hydraulic
conductivity of the beach will decrease by an order of magnitude, approximating
that of a sand beach. Thus, when the sand content surpasses 20-25 %, the profile
would no longer exhibit the hydrodynamics of pure gravel beaches that have a
weaker backwash and more reflection of wave energy (Holland and Elmore, 2008).
Sorting may also have a localised effect on the hydraulic conductivity down the
profile (Mason, et al., 1997). Sediments are often sorted at smaller scales, with
coarser sediments trending toward ridges and finer sediments accumulating in
troughs between ridges (Figure 2.9). Patches where sorting values increase or
decrease are likely to have a corresponding change in hydraulic conductivity at that
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particular location. However, no research has directly measured variations in
hydraulic conductivity down the profile.
The composite gravel beaches of Jennings and Shulmeister (2002) may vary
hydrodynamically due to the way sediments are sorted. Recall from Section 2.2 that
composite gravel beaches display a clear boundary between pure sand in the lowershore and pure gravel in the upper-shore. Presumably, these sections also exhibit a
clear boundary in hydraulic conductivity, with a low hydraulic conductivity in the
sand portion of the beach and a high hydraulic conductivity in the upper gravel
beach. Again however, no research has directly measured the hydraulic conductivity
of composite gravel beaches, even though the change in water infiltration crossshore has been suggested as the cause of breaker types observed on composite gravel
beaches (Orford, 1977; Jennings and Shulmeister, 2002).
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Figure 2.9. The MSG beach of Lake Manapouri, South Island, New Zealand,
showing cross-shore sorting of sediments into lines of coarser sediments with finer
sediments in between.

2.3.2

Morphology

The following sections review aspects of beach morphology that have been found to
be important for gravel component beach morphodynamics. Beach slope, width, and
berm characteristics associated with gravel profiles are examined here as these
features are most useful to compare between observed beaches and those from
relevant studies. The beach step (also known as the breakpoint step) is also
discussed. This has been observed on gravel component beaches by other studies as
a possible influence on the local wave environment.
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Beach slope
Gravel component beaches generally have steep slopes (Mason and Coates, 2001;
Jennings and Shulmeister, 2002; Austin and Buscombe, 2008). The profile gradient
gives a useful indication of the sedimentological characteristics of the profile.
Shepard (1963) noted that slopes increased as grain size increased, and presented the
average slopes associated with each sediment size class. His values are illustrated by
Figure 2.10, which are compared to the grain size/slope relationships for the pure
gravel beaches of Jennings and Shulmeister (2002). Jennings and Shulmeister (2002)
found a strong positive correlation (r2 = 0.82) between grain size and slope for wellsorted, pure gravel beaches only, that were similar to Shepard’s (1963) observations.
Such a relationship is linked to the permeability of the sediment, with larger grain
sizes permitting more wave energy to seep into the beachface, as opposed to
removing surface sediment in the backwash. When high rates of percolation cause
the backwash to remove no more sediment than the uprush carried forward, the
beach slope can be considered to be in dynamic equilibrium (Komar, 1998).
McLean and Kirk (1969) argued that sediment sorting is equally as influential on
beach slope as sediment size. By studying MSG beaches in the South Island, New
Zealand, they found that for profiles with the same average grain size, those with
better sorting values had steeper slopes. McLean and Kirk (1969) speculated that the
range of sediment sizes evident on the beaches they studied was due primarily to the
irregular inputs of poorly sorted sediment from rivers or coastal cliffs. The
importance of sorting can further be inferred from Jennings and Shulmeister (2002),
who found a good relationship between grain size/sorting for well-sorted pure gravel
beaches, but no relationship for MSG or composite gravel beaches. It is possible that
variation in sorting values for MSG and composite beaches may have hidden the
existing size/slope relationship. The relationship between beach slope and
sorting/grain size on lake shores has not been tested. Such a relationship is likely to
firstly depend on the type of lake beach in question, that is, pure gravel or other, as
found by Jennings and Shulmeister (2002).
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Figure 2.10. Average grain size and beach slope relationships, comparing data from
from Shepard (1963, p. 171) and pure gravel beach data from Jennings and
Shulmeister (2002). r2 value = 0.82 for the line of best fit for Jennings and
Shulmeister’s data, which was also significant (sourced from Jennings and
Shulmeister, 2002, p. 221).

The beach gradient has an important effect on wave energy dissipation and
reflection, and vice versa. Mason, et al. (1997) investigated the relationship between
beach gradient and the proportion of wave energy reflected. They tested two beach
types (pure sand and a composite gravel beach) and found that where slopes
exceeded tan β = 0.06, there was a direct relationship between increasing slope and
wave reflection. On the composite beach, reflection was greatest at high tide when
the slope was greatest (being the pure gravel section of the profile) and 85 % swell
wave reflection was recorded. However, for smaller wind-wave frequencies,
reflection rates were smaller, at 30-40 %, and were non-significant (Mason, et al.,
1997). This shows that highly permeable gravel (in the upper shore) is not effective
at reflecting small waves, but is highly effective at reflecting larger wave energy
frequencies. As slope has been shown to differ between pure gravel, MSG and
composite beaches (Jennings and Shulmeister, 2002), it is likely that each beach type
exhibits a difference in wave reflection, which may affect the wave breaker types
dominant in each location. These waves may then produce a feedback effect, altering
the beach slope further until an equilibrium state is reached under dominant wave
conditions.
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While Mason, et al. (1997) suggested that beach slope is an important variable for
the local wave climate and therefore local morphodynamics, Jennings and
Shulmeister (2002) showed that beach slope was one of the worst variables for
discriminating between beach type, having one of the lowest discriminant scores in
the LDA tests they performed (Table 2.3). These results may have been hindered by
the fact that the range of slopes measured for each beach type overlapped (pure
gravel beaches: tan β = 0.08-0.24, MSG beaches: tan β = 0.04-0.13, and composite
beaches: tan β = 0.05-0.14). This overlap limited the usefulness of beach slope as a
discriminating variable of beach type in the LDA function. However the Iribarren
number, which includes beach slope in its calculation (Equation 2), was the best
discriminator between beach types. Jennings and Shulmeister (2002) used two
measures of beach slope, one to be used on its own (the ‘beach profile’ slope) and
one to be used for the calculation of the Iribarren number (the ‘active profile’ slope)
as depicted by Figure 2.11. As the Iribarren number with the entire beach profile
slope included was the best statistical discriminator between beach type, it can be
inferred that the entire beach profile slope is perhaps more effective at predicting
beach type than the active profile slope (used on its own) that was a poor statistical
discriminator. This difference suggests that the way in which beach slope is defined
may influence how useful it is for comparing with other characteristics and/or
classifying beaches into groups.
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Figure 2.11. Illustration of the slope measurements used by Jennings and
Shulmeister (2002) for gravel component beach profiles in their study (Jennings and
Shulmeister, 2002, p. 215).

The results of Jennings and Shulmeister (2002) in regards to beach slope reveals
another issue of beach gradient research. Efforts to relate beach slope directly to
other beach characteristics, such as grain size, are hampered by ambiguities in the
literature on how the profile slope should be determined to best represent beaches.
Concave or convex profiles change in gradient (often continuously) down the
profile, while raised or lowered features such as berms cause the beach slope to be
non-uniform, complicating slope calculations. Some studies take an average of all
gradient variations down the profile (e.g. Allan, et al., 2006), while others calculate
the gradient of different zones of the beach (for example the foreshore, swash zone,
and nearshore), and present these separately (e.g. Pickrill, 1978). Comparisons
between such studies are difficult because gradients were measured differently.
The limits of the beach transect chosen by the surveyor can also affect the measured
gradient. If the beach gradient is averaged from a profile at the top of the beach
(usually the storm berm) to the edge of the water, the result may differ greatly to a
survey that extended to well below the water level or low tide line. Beach slope can
change below the water line, especially for MSG beaches (Kirk, 1980, Figure 2.6),
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and the inclusion of the break point zone underwater may alter the average slope
value significantly.
The importance of beach slope (as well as the best method of measurement) has yet
to be settled. The present study will address this issue in part, by re-testing the
importance of the entire beach profile slope (among other variables) on lacustrine
beach types. The ‘active profile’ slope measurement of Jennings and Shulmeister
(2002) will be excluded, as this measure was not found to be important within in the
discriminant function. Instead, only the full profile slope will be used by
incorporating it into an Iribarren number calculation.

Beach width
This variable has had limited attention in lacustrine research, being only tested in
relation to beach erosion of the great American lakes (Carter, et al., 1986; DavidsonArnott and Law, 1990). These studies found a positive relationship between narrow
lake beaches and increased erosion at the sites, suggesting beach width could
potentially be an important indicator of the state of the beach in terms of recession or
accretion. Beach width can be defined as the width from the storm berm to the mean
water level (Jennings and Shulmeister, 2002), and is linked to lake level or tidal
range, wave energy, and the water table. On oceanic beaches, beaches are narrowest
when tides are highest during spring tides, while neap tides produce the widest
beaches (Shepard, 1950). Storm events have been linked to beach width variation,
where erosion from larger wave action removes sediments from the foreshore,
resulting in narrower profiles (Shepard, 1950; Inman, 1953; Bascom, 1953). Thom
and Hall (1991) analysed changes in beach width during storm events as a proxy for
understanding changes in beach volume. During the storm events, they noted the
profiles decreased in width (as well as height) as the foredune volume was depleted.
Thus, there is evidence that supports a relationship between beach width and beach
volume/storm wave impact.
Studies on Australian sand beaches have found similar beach width changes;
however, processes other than increased winter time wave energy have been
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attributed to the variations in width. Clarke and Elliot (1983), Masselink and
Pattiaratchi (2001), and Ranasinghe, et al. (2004) argued that changes in the
direction of longshore sediment drift and dominant wave approach was a primary
cause of width variations. Short and Trembanis (2004) noted changes in beach
widths at the northern end of Narrabeen Beach, Australia decreased as the width of
the southern end expanded (and vice versa). This phenomenon is referred to as
‘beach rotation’, and was found by Ranasinghe, et al. (2004) to be linked to changes
in the dominant direction of swell waves (as a result of the Southern Oscillation
Index) and longshore drift direction, not seasonal changes in storm wave energy.
Beach width may further indicate variations in the local water table. Grant (1946,
1948) was one of the first authors to suggest that changes in beach width (and slope)
may be a result of changes to the water table, where a low water table compared to
the swash zone would encourage accretion at the shoreface. He argued that when the
water table is low, there is more potential for wave infiltration into the beach face. A
higher infiltration results in lower backwash energy that limits erosion. As the
foreshore progrades the width of the beach can increase. Grant’s observations were
for a sand beach in southern California, USA, however they have recently been
supported by findings from Austin and Masselink (2006a, b) in their studies of a
pure gravel beach at Slapton Sands, U.K. They noted that an increased water table
level saturated sediments near or at the surface and decreased the shear stress acting
on them. In this way the water table may have a significant effect on beach erosion
and therefore beach width.
All of the studies mentioned here (with the exception of Austin and Masselink,
2006a, b) were focused on sand beach behaviour, which may respond differently to
gravel component beaches. Nevertheless, the processes influencing sand beach
widths are likely to be applicable to some extent to gravel component beaches.
Beach width was found to be one of the most important variables for discriminating
between pure gravel, MSG, and composite beach types in Jennings and
Shulmeister’s (2002) study. Their results suggested smaller beach widths tend to be
associated with larger particle sizes, steep beach gradients and short shoaling waves
(such as plunging or collapsing waves). It is intended to test the influence of beach
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width further, by applying its effect to lake gravel component environments in the
present study.

Number and elevation of berms
Berms are foreshore ridges, formed by net onshore movement of coastal sediments.
Particles are moved upshore by differences in wave orbital velocities, where water
molecules move faster during the forward motion of the wave crest (the uprush) and
thus have more power to move sediment upslope (Bagnold, 1940; Orford, 1977;
Osborne, 2005). The backwash is weakened by water infiltrating into the beach face,
and the wave has less power to remove the sediment back down slope and it remains
stranded. The swash asymmetry just described is considered to cause the formation
of a berm at the limit of wave run-up (Bascom, 1954; Orford, 1977).
Bagnold (1940) first proposed the direct relationship between the elevation of a
berm (s) and deep-water wave height (Ho) from his laboratory experiments:

(Eq. 3)
where b is a coefficient relating to 1.68 for grain size diameters (D) of 7 mm, 1.78
where D is 3 mm, or 1.8 where D is 0.5 mm. The change in b with sediment
diameter is due to the influence of increased water infiltration as the grain size
increases, lowering the ability of the waves to build berms. The effect of infiltration
is therefore likely to be more significant on gravel component beaches where
infiltration rates are higher than the sand beaches of Bagnold (1940).
Bascom (1953; 1954) agreed with Bagnold, noting that the most sheltered beach
segments produced the smallest berms. Bascom (1953) focused on the formation of
sandy berms in relation to storm wave height. He argued that while storm waves
caused berms to erode landward, berm height increased due to an increase in wave
height, especially during winter. Figure 2.12 shows the development of a sand berm
as it builds seaward in summer, while in winter the surveys revealed the berm
retreated over 200ft (60 m). Concomitantly in winter an increase in berm elevation
can be observed, which Bascom (1953) attributed to an increase in storm wave
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heights. He argued that these large waves overtopped the berm, and were therefore
the only waves that could deposit sediment at the top of the berm crest to build it
upward, even though the storm waves eroded the berm landward at the same time.
Kemp (1960) found the same patterns of berm change in his laboratory studies, up
until the point where wave heights became so large that they overwhelmed the berm
by overtopping and destroying it.
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Figure 2.12. The growth and retreat of a sand berm at Carmel beach, California, presented by Bascom (1953). Vertical exaggeration 1:10. It
can be observed that the berm prograded seaward during the summer surveys (April to September 1946), however, by winter (21st February
1947) the berm had retreated back to 100ft showing concomitant increases in height (Bascom, 1953, p. 164).

Chapter 2 Classification and Morphodynamics of Gravel Component Beaches

More recently, Lorang (2002) developed and tested two empirical formulae for berm
height (hc). The first is the ‘force balance derivation’, incorporating sediment mass
characteristics, wave velocity and frequency, and drag:

(Eq. 4)
where pw is the density of water, Hsb is the breaker height just before it impacts on
the shore, m is the mass of the berm per unit area. The second equation (Equation 5),
the ‘potential energy derivation’, used a measure of potential for sediment
movement (the first bracket) vs. the wave energy that moved the sediment (the
second bracket):
(

)(

)

(Eq. 5)

where ps is the particle or rock density, T is wave period, D is average grain size
diameter, Cd is the drag of a particle suspended in flow, and Umax is the maximum
velocity of the swash. Both equations were developed from field data and provided
good accuracy when compared to measured berm height (both predicted a berm
height within 0.2m of a 5.9m high berm). The range of variables included in these
equations indicates the large number of influences on berm height and the
complexity of such interactions.
Tidal influences have been observed to influence the shape of the berm through its
development. Bascom (1953) noted the even growth of berms as opposed to growth
in only a seaward direction, and related this behaviour to a change in water level and
wave run-up limits. At low tide, the berm prograded seawards with waves depositing
sediments near the base of the berm. During high tides, the larger waves would
overtop the berm, and deposit finer sediments at the top and landward sides of the
berm, thus extending it in height. An example of berm growth due to tidal range is
shown by Figure 2.12, where the berm increases in width as well as increasing in
height (to a small extent) (Bascom, 1953).
The relationship between storm berm height and maximum storm wave height
suggests that the storm berm may be a useful proxy for the maximum storm
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conditions at a site. The severity, frequency, and longevity of storms at a site may be
one of the most significant influences on beach profile, and may be important for the
morphodynamics and resulting beach type. Jennings and Shulmeister (2002) used
storm berm height as one of their discriminating variables between beach type, and
inferred from their results (Table 2.3) that storm berm height did indicate the type of
beach, though the Iribarren number, beach width, and average grain size were more
important.
The number of berms was a further variable tested in Jennings and Shulmeister
(2002), however this variable appeared to have the least effect on beach type. It is
likely that the transient nature of berms reduces their discriminating ability. Studies
on oceanic beaches have shown the short term influence of tidal fluctuations on
berms (e.g. Bluck, 1999; Horn and Walton, 2007). The berms visible correspond to
prior wave heights that affected the beach at a particular tide level, and therefore the
number of berms may indicate the range of wave heights that a coast is commonly
subjected to (Caldwell and Williams, 1985). However, small tidal berms can be
easily removed during each tidal cycle, meaning the number of berms is only an
indicator of short term water level fluctuations, which may vary each day. This may
be the cause of the poor results attained by Jennings and Shulmeister (2002) in
regards to the number of berms.

The beach step
The beach step has been shown to be a part of the morphology of many oceanic and
lacustrine shorelines, and occurs offshore in the breaker zone (Figure 2.6). The
beach step is generally thought to assist the stability of steep, wave-reflective
beaches as it causes a sudden decrease in depth and forces large waves to break
before reaching the beachface. It has been argued that this limits wave energy at the
shoreline and maintains the reflectivity of the profile (Hughes and Cowell, 1987;
Austin and Masselink, 2006a). Recent studies have argued the beach step is formed
where sediment carried by the backwash meets sediments being pushed upward by
wave breaking turbulence (Austin and Buscombe, 2008; Masselink, et al., 2010). At
this point, sediment begins to accumulate and a small mound appears. Through

48

Chapter 2 Classification and Morphodynamics of Gravel Component Beaches

continued wave breaking and backwash at this point, the mound is built into a larger
beach ‘step’ composed of predominantly coarse sediments (Austin and Buscombe,
2008).
Some research on the beach steps of MSG and pure gravel oceanic beaches has
revealed that it is not a stationary feature, but instead moves with the tides and wave
heights (Kulkarni, et al., 2004; Austin and Masselink, 2006a; Masselink, et al.,
2010). Austin and Buscombe (2008) showed the beach step on a pure gravel beach
not only migrated with tidal level, but was built up at the peak of high tide and
diminished at minimum low tide. They argued the step was triggered and built up
when the tidal translation rate (TTR) was slowest, that is, when the tidal cycle was
beginning to turn after high tide. At this point of the tidal cycle, the water level is the
most stationary, and turbulence is concentrated at the same spot for the longest time
period. This situation allows for the step to build to its largest possible size under the
conditions.
Beach steps are considered by many to be persistent features, either regularly or
permanently present (Kirk, 1980; Ivamy and Kench, 2006; Austin and Buscombe,
2008). They have also been observed on lakes in New Zealand by several authors
(Pickrill, 1978; Kirk and Henriques, 1986), while other lake studies have made
reference to their presence but have not shown evidence of having measured them in
the surf (Lorang, et al., 1993b; Dawe, 2006). Little research has focused on these
features in lacustrine environments, and further confirmation of their presence or
absence is required to better understand the role of the beach step for lake
morphodynamics.

2.3.3

Lacustrine Beaches

Lacustrine beaches differ to oceanic environments through their limited fetches for
wave development and lack of tidal fluctuations (although lake levels often undergo
a seasonal change). With fewer influences on lacustrine beach development, lake
beach morphology further differs to oceanic beaches, illustrated by Figure 2.13.
Without tides, high tide berms are absent on natural lakes (Pickrill, 1978). Instead
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only a storm berm may be present. Lakes that have their water levels regulated for
hydropower may display berms as remnants from when the lake level was higher in
the past. Hydroelectric lakes, such as Lake Pukaki in the South Island of New
Zealand, fluctuate by up to 14m within a year (Knight, 2009), with low lake levels
during winter months when snowmelt decreases and high lake levels during summer.
Thus, during the falling lake levels in autumn, new berms may form, which are
drowned by rapidly rising lake levels in spring and summer. A difference in the
number of berms can therefore be expected between winter and summer
observations on lakes managed for hydropower generation.

A

B

Storm berm

Storm berm
High tide berm

Mean water level
High tide
Low tide

Beach step

Figure 2.13. Differences in beach profiles between (A) an oceanic beach profile
(taken from Jennings and Schulmeister, 2002, p. 215) and (B) a lacustrine beach
profile (adapted from Pickrill, 1978, p. 232). Note the lack of tides acting on the
lacustrine beach resulting in a simpler profile.

Being fetch-limited and commonly experiencing small wave heights (< 0.5m from
Jackson, et al., 2002), lakes are typically assumed to be low wave-energy
environments (Pickrill, 1985; Nordstrom and Jackson, 2012). Studies in other types
of fetch-limited environments have revealed that does not necessarily correspond
with low-energy conditions (Goodfellow and Stephenson, 2005; Nordstrom and
Jackson, 2012), and it is not known whether South Island, New Zealand lakes fall
neatly within the ‘low-energy’ category. Lake waves differ to oceanic beaches by
generally having smaller amplitudes, periods, and wave heights, as well as having
the potential to be steeper than oceanic waves (Pierce, 2004; Dawe, 2006). They are
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further subjected to long periods of complete calm (e.g. Pickrill, 1978; Allan and
Kirk, 2000), and it is not usually until storm events that wave action is able to
noticeably alter the lake beaches. Storm waves have been observed in several studies
to have the most effect on lake beaches when combined with lake level increases, as
lake waves can reach and entrain sediments from the backshore which are rarely
reworked and prone to erosion (e.g. Lorang, et al., 1993a; Kirk, et al., 2000; Pierce,
2004).
In a flume experiment Powell (1988) found lower steepness waves were better
reflected than higher steepness waves on a gravel profile constructed from a range of
different gravel sizes and depths (further details of which were not given). The
steeper the waves, the more the energy was dissipated through wave breaking and
frictional losses at the water-sediment boundary. When wave steepness was
increased to the equivalent of wave breaking (0.02), 90 % of wave energy was
dissipated by the profile while only 10 % was reflected. This implies that less of the
energy of the steeper wind waves on lakes is reflected, and that such waves are
potentially highly erosive should high energy storm events occur. However, Powell
(1988) did not include changes in profile slope as part of his study, which is most
influential for wave energy reflection (Wright and Short, 1984). Furthermore, while
Powell (1988) found no relationship between grain size and wave reflection or
sorting and reflection, other studies have shown smaller grain sizes within a profile
have a significant effect on the hydrodynamics and wave energy reflection of the
beach (Kobayashi, et al., 1991; Mason, et al., 1997). Thus, it is difficult to speculate
on the exact influences that the differing wave regime in lacustrine settings will have
on their shores, and whether the wave environment holds any clues as to dominant
beach characteristics that differ to oceanic beaches.

2.4 Research objectives
Despite a small number of attempts (e.g. Pickrill, 1985; Lorang, et al., 1993b;
Pierce, 2004) at a lake beach classification scheme, none are well-established and
none focus specifically on lacustrine beaches that consist of a gravel component. As
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a first step, it is important to identify whether lacustrine beaches deviate from
oceanic ones. The oceanic classification scheme of Jennings and Shulmeister (2002)
is a simple and relatively well-accepted scheme and is a useful starting point to
compare oceanic gravel beaches with lake beaches. This thesis will firstly answer
the following research question:
1. Do lacustrine gravel component beaches in the South Island, New Zealand,
fit into the same three categories of pure gravel, mixed sand and gravel, and
composite gravel beach as found by Jennings and Shulmeister (2002)?
It was hypothesised that a variation in beach types would be observed during this
study as a result of the different conditions that lakes experience compared to
oceanic coasts (i.e. tideless, fetch-limited environments). In particular, armouring of
the surface gravels over smaller sediments was an expected difference between the
ocean and lake environments as similar observations were made by other studies
(e.g. Pickrill, 1985; Lorang, et al., 1993b; Pierce, 2004). Should differences exist,
Jennings and Shulmeister’s (2002) classification scheme may need to be altered to
extend its applicability to lacustrine environments.
Recall from Section 2.2 that past studies have considered variables such as beach
slope, particle size, and wave breaker type to be important influences on oceanic
beach form. Jennings and Shulmeister (2002) successfully showed a range of these
variables (primarily Iribarren number, beach width, average grain size, and storm
berm height) differ enough between beach types to be used to distinguish between
them. However, it has yet to be discovered which factors play a significant role in
the limited energy, tideless environments of lakes. After discerning the most
important variables statistically for lake beach type, a comparison to the main
controls on oceanic beaches (as given by the Jennings-Schulmeister classification)
will be made.
It was further evident from this review that there is little research into lacustrine
morphodynamics. Few attempts have been made to develop a lacustrine beach
classification scheme, in part due to the limited understanding we have of their
processes and morphological responses. This study is in a unique position to fill
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some of these knowledge gaps by compiling the first morphological dataset from a
large number of lakes (all other lacustrine studies are based on only one or two
lakes), from which some of the common physical characteristics can be compared. It
is hoped that from this process, inferences can be made about how and why physical
features develop on lakes, and an aim of this study is to shed light on areas of
lacustrine morphodynamics that have been little studied in their own right, such as
the sedimentary characteristics, wave environment, and the effects of lake level
fluctuations on lake beaches. The dataset and findings from this study will further be
used to answer the second research question:
2. Do lacustrine beaches conform to the processes and resulting morphologies
of Wright and Short’s (1984) and Jennings and Shulmeister’s (2002)
morphodynamic models?
Both of these studies have contributed largely to coastal classification, with Wright
and Short (1984) presenting a continuum of beach states from dissipative of wave
energy to reflective, and Jennings and Shulmeister (2002) having developed that
reflective end member further into three sub-categories (pure gravel, MSG, and
composite). To answer the question, it is aimed to develop a morphodynamic model
for gravel component lake beaches to compare to these previous studies. By placing
lacustrine beaches within such frameworks, comparisons are more easily made, and
the similarities between the oceanic and lake coasts are better conceptualised. It is
hoped that the lacustrine morphodynamic model can expand on our present
knowledge, and in itself provide a framework for future studies to expand on.

2.5 Conclusion
Historically, few classification attempts have distinguished between different types
of gravel component beaches. Jennings and Shulmeister (2002) conducted one of the
few studies that identified statistical differences between pure gravel beaches (the
majority of sediments > 2 mm in diameter), mixed sand and gravel (MSG) beaches
(where sands and gravels are well mixed throughout the profile), and composite
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gravel beaches (with shallow sloped sandy foreshores and a steep pure gravel upper
beach). They found Iribarren number, beach width, average grain size, and storm
berm height differed most between the beach types, while number of berms and
beach gradient were less useful for discrimination purposes. The exact mechanisms
and controls by which these variables affect the profile are not yet clear, and
expanding on the Jennings-Shulmeister classification scheme may shed light on
morphodynamic relationships. Furthermore, little focus has been placed on
understanding processes in lacustrine gravel component environments, and no
coastal research has undertaken work on more than one or two lakes at a time. A
detailed study of lake beaches from multiple lakes would expand on the small body
of lacustrine research that presently exists.
This study will replicate the methods of Jennings and Shulmeister (2002) in as far as
possible in a selection of lakes from the South Island of New Zealand. It is intended
to identify differences and similarities between gravel component lake beach types
with their oceanic counterparts. Additionally, the effects of lake level fluctuation on
the classification scheme will be tested. The same morphological variables that
Jennings and Shulmeister (2002) investigated will be used again for this study, in
order to infer which variables have the most impact on lake beach development and
maintenance. Ultimately, it is aimed to develop a morphodynamic model for the lake
beaches from this research that can be compared with previous coastal classification
schemes, from which a conceptual framework can be developed. In the following
chapter, the methods undertaken for this study are presented and defended.

54

Chapter 3
Methods
This chapter describes the methods used in this study, including the site selection
process, data collection at each lake, methods of calculation for each variable, and
the statistical procedure for the classification of the lakeshores. Where possible,
these methods have followed those of Jennings and Shulmeister (2002) in order to
best replicate and test their classification scheme. In doing so, the results presented
in the next chapter can most easily be compared with their study. Explanation is
given where the methods diverge from those of Jennings and Shulmeister (2002).

3.1 Site selection
This study was carried out on lakes in the South Island of New Zealand. As well as
containing 475 lakes (Dawe, 2006), the South Island has a wide variety of lake
shores and origins. This makes the setting useful for the development of a broadly
applicable classification scheme. The main geographic feature of the South Island is
the Southern Alps, a large mountain range that runs the length of the Island. High
rates of uplift are coupled with high rates of erosion that are considered to be in
balance, in the process causing river sediment loads of
(Adams, 1980, p. 105) that act to force large volumes of sediment through rivers and
reservoirs. The Southern Alps are an obstacle to the prevailing westerly winds,
creating a foehn effect over the east coast of the South Island. The South Island thus
has hundreds of lakes that vary greatly in their physical characteristics.
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To find a representative sample of lakes, a random selection was made from a list
that was based on shoreline type as well as road accessibility. Including a range of
lakes with different surface areas, depths, and geology was important to broaden the
classification scheme. However, only lakes with a gravel component to their
shoreline could be included, in line with the focus of this study. The shoreline
characteristics were researched using the literature, topographic maps, and
photographic material viewed on Google Earth (this was especially useful for small,
remote lakes where little information could be found elsewhere). Where the
shoreline type could not be determined satisfactorily, the lake was included in the
sampling list. This produced a list of 116 potentially suitable lakes for this study.
An accepted rule for the number of samples for linear discriminant analysis is to
multiply the number of independent variables by five (Gnanadesikan, 1988). It can
be recalled from chapter 2 that Jennings and Shulmeister (2002) used the following
variables for their LDA: active beach slope, beach width, storm berm height, number
of berms, average grain size, and Iribarren number. These variables are used again in
this study, with the exception of the active beach slope. A measure of the beach
slope is used in the Irribaren number, and was therefore not included again as a
separate variable in order to avoid bias in the LDA. The reader is referred to Section
3.3.5 for further explanation on this point. The five variables remaining, when
multiplied by five, give 25 lakes required as a minimum sample size. To increase the
likelihood of visiting 25 lakes that were suitable, the random selection was doubled
to 50 lakes. Furthermore, any suitable lakes that were passed en route were
additionally sampled under the philosophy that an overabundance of data is better
than too little.
The 50 randomly selected lakes were visited in summer, from 19 December 2010 to
13 January 2011. From this trip, 19 lakes were found to be suitable for this study,
and were measured (these lakes are shown on the map in Figure 3.1, with their
corresponding physical characteristics given in Table 3.1 for comparison). These 19
lakes were the only sites that had a suitable beach with a gravel component, were
easily accessible with all equipment, and could be visited within the timeframe of
the field work. It can be observed from Figure 3.1 that none of the lakes in the final
data set were from the West Coast of the South Island. During the week where the
56

Chapter 3 Methods

West Coast lakes were scheduled to be visited, an extremely large rain event
occurred, flooding every lake that was accessible. Storm berm height and beach
width are defined by their distance from the water’s edge (further discussion of these
variables and their measurement is given in Section 3.3), meaning that if none are
exposed, they cannot be measured. The small number of lakes that were included in
the final data set (19 lakes in total) was in large part due to the exclusion of all West
Coast lakes.

Figure 3.1. South Island (New Zealand) lakes included in this study.

57

Chapter 3 Methods

Table 3.1. Physical characteristics of lakes included in this study. Unless otherwise specified, the data is compiled from Livingston, et al.(1986)
or from measurements made during this study (continued next page). n.d.: no data available.
Lake

Aviemore

NZ grid
reference (at
sample site)
E2299714
N5613318

Max Depth (m)

Surface
Area
(km2)

Longest
fetch length
(km)

Longest fetch length Elevation
from sample site
(masl)
(km)

Lake origin

Hydrolake
(Yes/No)

40.5

24.8

17.6

1.86

271

Reservoir

Yes
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Benmore

E2287452
N5623622

91.2

68.6

26.1

1.52

375

Reservoir

Yes

Coleridge

E2392134
N5761736

200

32.9

17.8

14.87

513

Glacial

Yes

Dunstan

E2212025
N5567743

60†

26.4†

14.5†

6.43

199

Reservoir

Yes

Fergus

E2123378
N5584219

60

0.42

2.1

0.85

459

Glacial

No

Fraser Dam

E2212846
N5548866

n.d.
(35m high dam‡)

0.46‡

1.2

1.19

538

Reservoir

Yes

Hauroko

E2074909
N5453731

454

68.3

33.70

7.00

155

Glacial

No

Heron

E2361992
N5744432

36.2

124.39

6.6

5.62

689

Riverine

No

Lyndon

E2404547
N5766156

18.3

15.55

3.9

0.99

830

Glacial

No

Manapouri

E2089658
N5502500

444

143.33

28.3

12.58

183

Glacial

Yes
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Table 3.1 (Continued)
Lake

NZ grid
reference (at
sample site)
E2259765
N5653099

Max Depth (m)

Surface
Area
(km2)

Longest
fetch length
(km)

Longest fetch length Elevation
from sample site
(masl)
(km)

Lake origin

Hydrolake
(Yes/No)

129

53.85

16.8

13.19

525

Glacial

Yes

Opuha

E2338731
N5690067

n.d.
(50m high dam*)

7.1+

3.8

2

390

Reservoir

Yes

Pukaki

E2283112
N5666375

70

98.9

29.21

29.21

536

Glacial

Yes

Rotoiti

E2497403
N5933283

82

9.2

8.5

7.43

625

Glacial/
Volcanic†

No

Selfe

E2390297
N5772377

29

0.33

2.1

2.09

585

n.d.
(Likely glacial)

No

Taylor

E2448649
N5825328

40.5

1.85

3.12

3.12

600

Glacial

No

E2095999
N5516739

417

347.5

60

8.05

210

Glacial

No - but lake levels
closely linked to the
Manapouri Dam

Tekapo

E2306702
N5676643

120

86.8

25.2

15.85

715

Glacial

Yes

Wakatipu

E2174877
N5532853

380

289.17

75.2

30.41

320

Glacial

No

Ohau

59

Te Anau

† Allan (1998)
‡ Pioneer Generation Ltd. (2011)
* Tonkin and Taylor Ltd. (2006)
+ Opuha Water Ltd. (2011)
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To further reduce sampling bias, the lake beaches sampled in this study were as
close to the southernmost point of the lake as possible. According to Pickrill's (1985)
study of Lakes Manapouri and Te Anau in New Zealand, the orientation of the lakes
coupled with their high mountainous sides channelled the wind, and therefore the
waves, in a south to southeast direction. Similar patterns of larger lake waves at the
southern end has further been shown to occur on Lake Dunstan, another South Island
lake, by Allan and Kirk (2000). As a result of such wind and wave patterns, Pickrill
(1985) noted alongshore movement of sediments caused the southern and eastern
ends of the lakes (that were closer to the lake outlets) to consist of smaller sands and
gravels compared to the northern-most ends. These were predominantly made up of
pure gravel beaches with much larger cobbles. Kirk, et al. (2000) saw a similar
pattern of finer sediment beaches at the southern end of Lake Hawea. As many of
the lakes in the South Island of New Zealand are of similar orientation and synoptic
conditions to these examples, lakeshore measurements would ideally be taken from
both the northern and southern ends of each lake to ensure a variety of beach types
were analysed. However, due to time constraints, it was decided to take
measurements only at the southern-most ends, as access to these areas was generally
found to be more reliable.
In the winter months of 2011, the same 19 lakes were revisited in the interests of
comparing how their profiles had changed since the summer, as well as to test any
seasonal influences on the results. Each site was re-profiled and re-sampled during
three separate short trips between 18 June and 9 September, 2011.

3.2 Field methods
Cross-sections at each lake were surveyed to measure beach width, berm height, and
beach slope for use in the statistical analysis. Table 3.2 gives the number of crossshore transects measured at each lake using a Leica TPS405 Total Station. The
number of transects differed slightly from the methods of Jennings and Shulmeister
(2002), who surveyed only one transect at each site. It is questionable how
representative a single profile is of an entire stretch of beach, especially when beach
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features can change in only a few meters as observed on most of the lakeshores in
the present study, and others on oceanic gravel component beaches (Caldwell and
Williams, 1985; Bluck, 1999). The decision was made to take multiple transects
(even where there was only a short stretch of beach) to capture a larger amount of
variation along the lake shores. From this profile data, averages were taken of the
beach width, berm height, beach slope as well as grain size, sorting, and the Iribarren
number for each lake studied.
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Table 3.2. The date, time, and number of lake profiles surveyed. The grey
highlighted lakes indicate a change in the number of transects measured between
seasons. Explanations for these differences are given in the text.
No. profiles
Survey date
Approx. survey
Lake
Season
surveyed
(day/month/year)
start time (24hr)
Summer
2
22.12.2010
1300
Aviemore
Winter
2
27.8.2011
1130
Summer
3
7.1.2011
1500
Coleridge
Winter
3
22.6.2011
1000
Summer
3
11.1.2011
1730
Dunstan
Winter
3
28.8.2011
0900
Fergus
Summer
2
20.12.2010
1130
Summer
1
12.1.2011
1400
Fraser Dam
Winter
1
9.9.2011
1200
Summer
2
7.1.2011
1000
Lyndon
Winter
2
21.6.2011
1530
Summer
3
11.1.2011
1030
Ohau
Winter
4
18.6.2011
1400
Summer
3
2.1.2011
1400
Rotoiti
Winter
3
23.6.2011
0900
Summer
2
6.1.2011
1800
Selfe
Winter
2
22.6.2011
1300
Summer
4
9.1.2011
1530
Tekapo
Winter
3
19.6.2011
1400
Summer
3
10.1.2011
1345
Pukaki
Winter
3
19.6.2011
0930
Summer
2
17.12.2010
1500
Hauroko
Winter
2
3.8.2011
1030
Summer
3
19.12.2010
1100
Manapouri
Winter
3
3.8.2011
1530
Summer
4
21.12.2010
1000
Wakatipu
Winter
3
5.8.2011
0930
Summer
1
22.12.2010
1030
Benmore
Winter
2
27.8.2011
1300
Summer
2
8.1.2011
1430
Heron
Winter
2
21.6.2011
1030
Opuha
Winter
2
20.6.2011
1100
Summer
3
5.1.2011
1100
Taylor
Winter
3
23.6.2011
1200
Summer
3
19.12.2010
1500
Te Anau
Winter
3
4.8.2011
0930
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The position of each transect was decided by pacing out 40 steps along the shore as
an arbitrary measure of distance. The majority of the lake beaches were surveyed
two or three times per season (Table 3.2), depending on the amount of physical
variation alongshore that required extra surveying, the space available along the
beach, and time constraints at each site. Where there was only a short stretch of
beach, only a small number of transects could be surveyed. At both Fraser Dam and
Lake Benmore (summer only), only a single survey could be taken. Space and/or
time limitations were the reasons for this. The beach at Fraser Dam yielded only one
line of sight down the shore to survey the profile. At Lake Benmore during the
summer visit, the arrival of a storm front during profiling meant that only one survey
could be made before conditions became unsafe. At both of these sites the
morphology alongshore did not vary greatly (neither lake beach extended far), and
the data collected can still useful to indicate the beach characteristics present.
While most beaches were surveyed/sampled the same number of times in summer
and winter, there were exceptions. Study of the lake beaches could only be
completed during daylight hours between 9 am and 7 pm during summer, and 9 am4 pm during winter. The narrower window of daylight hours during winter meant
one less profile could be surveyed at two of the sites visited (Lakes Wakatipu and
Tekapo). In other instances, an extra profile was surveyed to capture increased
profile variation alongshore. This occurred at Lake Benmore (one profile in summer,
two in winter) and Lake Ohau (three profiles in summer, four in winter) (Table 3.2).
Whilst data was collected from Lake Fergus during summer, the corresponding
winter measurements could not be made due to flooding of the lake’s shores. Lake
Fergus’ relatively remote location as well as uncertainty as to whether the flooding
of the lake had decreased in subsequent months meant that a return trip was not
viable. For Lake Opuha, summertime data had to be removed due to equipment
malfunction. Unfortunately, this was discovered too late to make a repeat visit in the
summer season. These two beaches were still included in the full dataset, but were
excluded from statistical comparisons between seasons (discussed further in Section
3.4).
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Transects extended from the top of the beach or the storm berm to around a metre
depth underwater (or as far as was safe). Jennings and Schulmeister (2002) did not
go past the water’s edge due to waves that often surpassed a meter in height, making
the accuracy of measurements difficult. Lake waves in comparison are usually small,
making underwater profiling and sediment sampling much easier. Of all the lake
visited and measured, there was only one instance (at Lake Coleridge) where the size
of the waves meant profiling or sediment sampling below the water line was
dangerous.
Sediment samples were taken from each lake beach profile. The USACE (1991)
coastal data collection manual advises that at least three sediment samples should be
taken from the low tide mark, high tide mark, and mid-tide to in order to represent
the sediment characteristics. Jennings and Shulmeister (2002) followed this to some
extent in taking three samples at each profile, however, they took them from the
storm berm, the high tide mark and the water’s edge, neglecting the mid-tide zone.
In the current study, due to the lack of tides, there was no high tide mark. Thus,
samples were collected from the storm berm and water's edge, with a subsequent
sediment sample taken from mid-way between the water's edge and the storm berm
instead, following both Jennings and Shulmeister (2002) and USACE (1991).
USACE (1991) further recommends taking additional samples where other
prominent beach features are found that indicate zones of hydrodynamic change.
Therefore, where multiple berms were observed on the shore, a sediment sample was
collected from the top of each berm, to account for potential variations in sediment
size due to these features being present.
Jennings and Shulmeister (2002) were careful to take transects in areas where there
was no cusp development for consistency of data. However, no cusps were present
at any of the lakes visited during this study, and therefore did not pose a problem for
the sampling method used. This was similar to other MSG or gravel lakeshore
research, where there has been no mention of observed cuspate morphology (e.g.
Dawe, 2006; Allan, 1998; Lorang, et al., 1993b), eliciting the assumption that none
were present.

64

Chapter 3 Methods

Sediment samples from a 15 cm x 15 cm quadrat were collected using a trowel when
sand or small gravels were present, and calipers were used when larger clasts were
encountered. The oceanic beaches visited by Jennings and Shulmeister (2002) often
consisted of large cobbles in the upper profile, which they measured by selecting 50
random clasts and noting the b-axis of each. At the water’s edge, where the sediment
was commonly smaller, they took sediment samples of equal volume from the top
10cm, and transported it back to the laboratory for dry sieving. The exact volume
collected was not specified by the authors, and therefore when collecting the
samples in the present study, an exact volume for each sediment sample was not
adhered to. As the distribution of sediment sizes would be given as a proportion in
the final data set, the requirement that the samples are the same volume was
considered unnecessary. Furthermore, the minor additions or subtractions of
sediment needed to obtain a certain volume could potentially bias the sample
towards particular sizes that are most easily scooped up or removed from the sample.
In some situations, the clast sizes were too large to practically transport back to the
laboratory in the quantities found. In such cases (where that area consisted only of
large cobbles), 50 random clasts were selected at each sampling spot and the b-axis
length recorded. If a proportion of finer gravels or sand existed beneath or alongside
the larger clasts, the cobbles were measured in the same way as above, and then
removed to allow for the smaller sediment fractions to be collected for dry sieving
later in the laboratory. When the lakes were revisited in winter, a set of portable
scales were obtained, allowing for any larger clasts to be weighed immediately in the
field.
For the underwater samples, a trowel was used to scoop the sediment into two sieves
(-1 ϕ and 2.75 ϕ) to allow the water to drain away as the sample was lifted out of the
water. The 2.75 ϕ sieve was the smallest size that was considered appropriate to take
into the field, while the larger sieve was used in conjunction with the smaller sieve
to protect against tearing the mesh. Sediment that escaped through the small sieve
(which is in the range of fine sand or smaller according to Wentworth’s (1922)
scale) was considered to be insignificant in terms of the median grain size, when the
mass of gravels and cobbles was so large in the majority of the samples.
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Finally, photographs of the lakeshores were taken at each site, as well as detailed
cross-sections and plan view sketches made of the beach sites. These provided visual
aids to assist in the construction of a morphodynamic classification to compare to
Jennings and Shulmeister (2002).

3.3 Variable calculations
Information on the physical characteristics of each lake beach was calculated from
the sediment samples and cross-shore transects described in the previous section.
The physical variables at the lakes were then used in the statistical analyses. The
statistical test (described later in Section 3.4) required a numeric value for each
variable, which in this study included beach width, number of berms, storm berm
height, average grain size, and Iribarren number after Jennings and Shulmeister
(2002). While multiple transects and sediment samples were taken at each lake, the
data collected was averaged to best represent each lake beach. This section will
detail exactly how each of these values were obtained. The last section is on the
Iribarren number variable, where the use of a model known as the Automated
Coastal Engineering System (ACES) was required to calculate wave information.
This model is discussed in detail in Section 3.3.5.

3.3.1

Beach width

This variable is defined as the distance between the top of the storm berm and the
water’s edge. Jennings and Shulmeister (2002), as well as the Ph.D. thesis by
Jennings (2002) that the article was based on, failed to clarify the limits that they
used for beach width, however, it was interpreted from their profile diagrams and
beach slope definition that such limits were used. Therefore in the present study
beach width was simply taken directly from the Total Station transect measurements,
and then averaged over each lake. It is worth noting that some lakeshores had thick
foliage at the top of their profiles, hindering measurement with the Total Station. In
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such cases, the profile was measured as far up as possible, and the top of the beach
was labelled as the storm berm for use in the calculations.

3.3.2

Number of berms and storm berm height

Both the number of berms and the storm berm height variables were simple and
quick to measure. The number of berms above the water level was tallied on site,
and the storm berm height was taken as the vertical distance from the water’s edge
to the top of the storm berm, calculated using the total station data. Jennings and
Schulmeister (2002) did not specify how they measured storm berm height in the
field. It can be assumed that they either used local benchmarks to find the height in
meters above sea level (m.a.s.l), or alternatively calculated the berm height above
low tide (which can be assumed the same for all beaches in their study region).
Benchmarks in close vicinity to the lakes studied here were rare and time-consuming
to locate, so it was decided to use the lake level at the time of sampling as a
substitute. This was due to lake level at the non-hydrolakes having no regular
monitoring, and therefore berm height could not be accurately reduced to m.a.s.l.
Rather than having some heights in m.a.s.l. and others as a height above lake level,
all berm measurements were simply referenced to the lake level for direct
comparison and use within the discriminant analysis.

3.3.3

Grain size

Average grain size (D50) was determined by sieving samples of lake beach sediment
and measuring the diameters of individual large clasts (that were not collected and
taken back to the laboratory). These methods were chosen after Jennings and
Shulmeister (2002), and returned the best results for comparison with theirs. They
were furthermore considered the most time-efficient way to find average grain size
in light of the large quantity of lakes requiring visitation. The following section
describes the exact sieving methods used, and is followed by an explanation of how
individual clasts were measured and incorporated with the sieved data in both
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summer and winter (the larger clasts were weighed during the winter visits to save
time).

Sieving methods
The sediment samples collected from each lake were brought back to the laboratory
and dry-sieved using Retsch sieves at half-phi intervals. The mesh sizes ranged from
4 ϕ (0.063 mm) to – 4 ϕ (16 mm) and were split into two stacks for sieving. The first
consisted of sizes – 4 ϕ to 1 ϕ, while the second included 1.5 ϕ to 4 ϕ sieves. The
vibratory sieve shaker was set to 0.4 cm wave amplitude for five minutes.
A small number of the collected samples cemented into a hard, solid mass after
drying that prevented sieving. This only occurred for the samples containing a large
proportion of clay, usually the underwater samples. In such situations, the sediment
had to be gently broken up before it could be sieved. An unintended outcome of this
response could have been the accidental brakeage of some particles, however, this
effect is considered to have been balanced out by the few cemented sediment clumps
that resisted the breaking up process. Furthermore, these samples were always the
finer fraction of the sediment size range of that transect. As the median was used as
the average (see next section), the exact value of the finest sediment size in the
transect is not important to the ranking of the samples. Therefore, slight errors in the
size determination of these cases would have had no influence on the median grain
size.

Large clast measurement
Sizable particles of more than – 5 ϕ (32 mm) along their intermediate or b-axis were
decidedly too large to transport back to the laboratory for sieving. These clasts were
measured directly in the field. Due to the lack of field scales during the first
summer-time trip, the methods used for measuring these clasts were different those
of the winter trip. Explanation of the larger clast measurements during both the
summer and winter field site visits follow.
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Summer clast measurement
Where an armoured beach was encountered with large cobbles overlying sands or
small gravels, the b-axes of each large clast within the 15 cm x 15 cm quadrat
sampled were recorded and left in the field. Without a weight measurement, these
large clast diameters could not simply be added to the weights of the sieved
sediment back at the laboratory. Therefore, the dimensions of these clasts had to be
estimated in some way to obtain a volume from which to calculate a weight. This
was achieved by using the diameter ratios of smaller pebbles that were taken back to
the laboratory from each lake in question. The a, b, and caxes of these smaller
pebbles were measured and the b/a and c/b axis ratios calculated and averaged.
These ratios were used to find the missing a- and c-axes for the clasts that were left
in the field (Equations 6 and 7).
As an example of this process, the smaller pebbles from Lake Aviemore (analysed
back at the laboratory) were found to yield an average b/a axis ratio of 0.72 and an
average c/b ratio of 0.57. Extrapolating from this, it was assumed that a Lake
Aviemore particle with a b-axis of 70 mm also had the following dimensions:

⁄

(Eq. 6)

and,
( ⁄
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These simple methods allowed the missing shortest and longest diameters to be
estimated for each clast from each lake. Equations 6 and 7 were used for all particles
that only had their b-axis measured, with the lake-specific diameter ratios substituted
in.
Having an idea of the dimensions of a clast allow for an estimation of volume, which
can then be used in the calculation of weight. Thus, the individual particle volumes
were calculated from the assumed dimensions found above. Volume is dependent on
shape and density, neither of which were measured in the field. Therefore, an
average crustal density of 2830 kg/m3 was assumed (after Christensen and Mooney,
1995), and particle shape determined using Zingg’s (1935) form classification chart
(henceforth, the ‘Zingg diagram’, Figure 3.2). This chart indicates the form of a
particle (disk, sphere, rod or blade-shaped) by using the a, b, and c axis ratios as
calculated above (Table 3.3). While there has been some debate as to the
appropriateness of this diagram over the triangular diagram of Sneed and Folk
(1958) (Benn and Ballantyne, 1993; Illenberger and Reddering, 1993), it has
recently been shown that previous methods of random number generation for the
purpose of discrediting the Zingg diagram was not completely random (Blott and
Pye, 2008). Thus, previous accusations about this diagram distorting the spread of
the data have been undermined. After considering the ongoing debate, it was decided
that that the Zingg diagram would be the most appropriate in this study as it is the
most simplistic (Benn and Ballantyne, 1993), and continues to be popular among
coastal sedimentologists (e.g. Bluck, 1999).

70

Chapter 3 Methods

Figure 3.2. Zingg diagram of particle form, modified from Zingg (1935, p. 55).

Table 3.3. Proportions of a clast as they relate to form, where a = longest axis, b =
intermediate axis and c = shortest axis. Modified from Zingg (1935, p. 54).
Class Number
b/a
c/b
Form
I

> 2/3

< 2/3

Disk/Oblate spheroid

II

> 2/3

> 2/3

Spherical

III

< 2/3

> 2/3

Elongate/Rod-shaped

IV

< 2/3

< 2/3

Bladed

Once the form of each clast had been determined, they were averaged to indicate
whether each lake’s sediments were predominantly discs, spheres, blades or
elongated. The average form of the lake particles could then be used to find the most
appropriate volume equation for the clasts of that site. As it happened, all lakes bar
one exhibited disk-shaped particles. Thus, the most appropriate volume equation for
particle size resulted as:
( )( )( )

(Eq. 8)

The only exception, Lake Heron, had mostly spherical grains. For this lake, Equation
8 was still appropriate, as it would give an identical volume for a spherical grain as
would a spherical volume equation.
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Equation 8 calculates the volumes of rounded (and therefore smaller) particles which
is desirable to get a more realistic volume. A limitation of estimating the volume
from only three diameters of an uneven particle is that the maximum volume is
found when in reality the clast may be much smaller. This is due to any cavities or
irregularities in the edges of the particle not being factored in to the equation, and
thus the result is likely to be higher than the actual volume. Volume equations for
rounded or spherical objects give smaller results than for rectangular equations
(shown graphically by Figure 3.3), and are therefore closer to the actual volume. For
example, consider a particle of dimensions: a = 6 cm, b = 4.8 cm, c = 2.7 cm, with a
real volume of 33.8 cm3. This would be classified as a disk according to Zingg’s
diagram (Figure 3.2). If the volume calculation assumed the particle was a simplistic
square-like shape (as in Figure 3.3A) the volume would be,

(Eq. 9)

Which is far higher than the actual volume of 33.8 cm3. When assuming the particle
is spherical (as in Figure 3.3B, and from Equation 8), the volume is calculated as,
( )( )( )

( ) (

) (

)

which is a far smaller estimate, and far closer to the actual volume of the clast.
Therefore, while the clasts sampled may not have been spherical as such, the
spherical volume equation gives a maximum volume closer to reality than a
rectangular formula.
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Figure 3.3. Visual comparison of the volumes calculated for the same unevenly
shaped clast, using A) the rectangular volume, Equation 9, and B) the spherical
volume, Equation 8. Note the large amount of extra space included in the volume of
the rectangular equation compared to the sphere.

The estimated volume of each lake particle was then multiplied by the average
crustal density and separated into the appropriate half-phi category by b-axis length
(as this is the diameter which would in theory have dictated which sieve the particle
would fall through). The weights of these phi categories were then added to the
sieved sediment data from that particular sample on the beach. Finally, the 50th
percentile weight (D50) was found and used as the average particle size for that
sample. This is a common measure of average particle size, and while not very
appropriate for bimodal MSG beaches (Mason and Coates, 2001; Horn and Walton,
2007), is primarily calculated here for comparison with other coastal studies (mainly
Jennings and Shulmeister, 2002). After the above process had been repeated for
every particle of every sample for a lake beach transect (where clasts too large to
transport), the median particle size (D50) was found and used as the average for that
transect. To find an overall average for the lake, the mean was taken of the median
particle sizes found for each transect for use within the statistical analyses.

Winter clast measurement
During the winter excursions, the larger clasts were considerably easier to
incorporate with the sieved data as portable field scales could be used. During the
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field work, the b-axis of the very large clasts were measured in the same way as the
summer trip, and weighed in their corresponding phi category. Back at the
laboratory after the rest of the sample had been sieved, the weight measurements
were added straight to the sieved weights, and the D50 was found and averaged as in
the summer samples.
A further noteworthy difference between the summer and winter sampling methods
is that sediment samples collected during the winter trips were only taken from the
middle transect surveyed. This decision was dictated by time constraints due to
fewer daylight hours in winter compared to summer. Therefore, the average winter
grain size for each lake was simply the average of all samples that were taken from
middle transect only.

3.3.4

Sorting

Sorting was not included in the analysis of Jennings and Shulmeister (2002), despite
its significance in the literature in terms of beach morphology and morphodyanmics.
The sorting of the beach sediments is how the lake beaches were visually identified
in the field, and it was decided this factor should be quantified and tested in the
statistical analyses also. Sorting is found by taking the standard deviation of the
grain sizes measured. For each transect, the average grain size was determined for
each sediment sample (via the processes described above) and the standard deviation
calculated for the grain size data. This value represented the sorting of the beach at
that particular transect. Once a sorting value had been obtained for each transect at a
lake, the average (mean) was taken for use in the statistical analyses.

3.3.5

Iribarren number

The Iribarren number was the surf similarity parameter used by Jennings and
Shulmeister (2002), and is used in the present study (refer to Equation 2 from
Chapter 2). Surf scaling parameters have commonly been employed as a simple way
of classifying beach state in terms of reflectivity and dissipation, and usually employ
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simple variables such as grain size, wave steepness and beach slope (e.g. Wright and
Short, 1984; Masselink and Short, 1993). For coarse-grained beaches of steep slope,
it has been argued that parameters which incorporate sediment size (such as Dean’s
(1973) parameter, Ω, and Sunamura’s (1986) K parameter) are less effective due to
the difficulties in gaining a representative grain size value (Anthony, 1998). The
Iribarren number (ξ) avoids this issue by incorporating wave steepness and beach
slope only (refer to Equation 2). The Iribarren number can further be used to indicate
the dominant wave breaker type for a certain beach after Battjes (1974a), as shown
in Figure 2.2.
Further noted in Chapter 2 was that a number of authors have pointed out the
limitations of the Iribarren number, especially in terms of representing beaches that
are not of plane slope and exposed to variable wave conditions (Bauer and
Greenwood, 1988; Anthony, 1998). It was observed during the present study that
coarse-grained lakeshores usually lack any large irregularities in slope within the
shoaling zone (similar to other observations of lake shorelines by Allan, 1998;
Lorang, et al., 1993b and Dawe, 2006). Furthermore, large variations in wave
heights and periods are less of an issue in lake environments where restricted fetches
make externally sourced waves (i.e. swell waves) rare or non-existent. This limits
the wave variation at the lake beach, and improves the appropriateness of the
Iribarren number as a parameter to describe lake wave conditions. For these reasons,
as well as comparability with Jennings and Shulmeister (2002), the Iribarren number
is retained for the present as one of the discriminating variables of beach type. For
comparisons of the wave environment, the wave breaker types are determined using
the limits calculated by Battjes (1974a), as wave type was often unobservable due to
the calm conditions that prevailed during most lake visits.

Beach Slope
This variable was required as the numerator in the calculation of the Iribarren
number. Beach gradient was measured from the top of the storm berm to below the
water’s edge. As referred to previously, Jennings and Shulmeister (2002) were
unable to pass the water’s edge in their study, and consequently used this as their
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lower limit for slope calculations. Since the lakes did not have large waves, it was
possible to extend the profile measurements underwater to ensure that a larger part
of the beach face was included in the derivation of the gradient.
In Jennings and Shulmeister’s (2002) study, two beach slope calculations were used:
one from the entire beachface (from the storm berm to the low tide water mark), as
well as an “active profile” slope calculated from between the high and low tide
marks (refer to Figure 2.3A). As lakes are not subject to tides but instead lake level
fluctuations, the “active profile” slope varies greatly from lake to lake. It is
especially limited for smaller lakes that have a relatively stable lake level throughout
the year. Furthermore, it was difficult to decipher where the upper extent of each
lake's water level was situated by observing the lakeshore. As there are no data on
lake level variations for some of the lakes sampled, it was decided that only a single
average beach slope value for the foreshore would be calculated for use in the
Iribarren number formula. This means that beach slope as a variable on its own
could not be included in the discriminant analysis, as using this value twice could
bias the results towards beach gradient being the most discriminating factor
(Jennings and Shulmeister, 2002). As Jennings and Schulmeister (2002) found slope
was one of the poorer discriminators of beach type, leaving it out was not likely to
seriously hinder the results.

Wave data: ACES
Jennings and Shulmeister (2002) used wave data from Pickrill and Mitchell (1979)
to calculate the Iribarren number for the beaches in their study. With the exceptions
of Lake Dunstan (Allan, 1998), Lakes Manapouri and Te Anau (Pickrill, 1978) and
Lake Coleridge (Dawe, 2006), no published wave data is available for the South
Island lakes analysed in the present study. To find such information, the wave
heights and periods needed were hindcasted using the Automated Coastal
Engineering System (ACES).
The ACES model was first developed in 1992 by the United States Army Corps of
Engineers (USACE) for modeling the wave environments of engineering projects.
The application used in this study is designed to predict wave growth in a range of
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different environments (deep or shallow water, restricted or open fetch, stable or
unstable atmospheric boundary conditions) that have been derived from a small set
of real world data (Leenknecht, et al., 1992). Its use is recommended for the
calculation of simple wave parameters as it includes local fetch length and basin
geometry not included in the manual calculations of the 2002 USACE Coastal
Engineering Manual (Smith, 1991; Resio, et al., 2002).
In this study, the need to hindcast waves in deep lakes with narrow fetches meant
that this tool was appropriate due to its speed, ease of use, and the fact that within
ACES is a wave hindcasting model dedicated to narrow fetches (NARFET). This
model has previously been shown to work well on Lake Dunstan in New Zealand
(Allan, 1998). ACES version 1.07f was used to calculate wave height and wave
period for each lake under both summer and winter wind conditions; a screenshot of
the first input screen and variables shown in Figure 3.4. Each of the inputs will now
be discussed.

Figure 3.4. The first input screen of the ACES model, with data from Lake Aviemore
(in summer) as an example.

Observed windspeed
Wind data for the nearest station to each lake was obtained from the CliFlo website
(cliflo.niwa.co.nz), owned and operated by the New Zealand National Institute of
Water and Atmosphere (NIWA). It should be noted that in a number of cases,
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anemometer stations were many kilometres from the lake of interest, especially if
the lake is small and remote. This could have affected the accuracy of the wind
estimations over the lakes, and therefore the hindcasted wave data. Depending on
where the station was in relation to the longest fetch length of the lake beach studied,
wave growth may have been under or overestimated. This would have especially
occurred if land surface changes occurred between the station and the lake (for
example at Lake Hauroko, which is surrounded by a forested landscape, wind data
was used from a station 40 km northeast of the lake located on farmland. The flatter
farm surface would have enabled faster windspeeds than the more uneven surface of
the forest that surrounds the lake, hindering surface windspeeds as they encounter it,
or if topographic features acted to shelter the lake or the wind station more than the
other (e.g. the wind station used for Lake Taylor is more sheltered from the most
effective wave inducing winds than Lake Taylor itself, probably underestimating
wind conditions in this case).
Where available, hourly wind speeds and directions were retrieved for the period 1
January 2007 to 1 January 2010 (or the most recent three years of data that was
closest to being complete). In some cases, all that could be retrieved was a daily 9am
wind speed and direction. For these stations, a longer period of at least 10 years (if
available) was downloaded to compensate for the smaller dataset.
As the lakes studied were visited in both summer and winter to compare the effect of
season on the predictive variables, wind data were filtered into summer (16 October
to 15 April) and winter (16 April to 15 October) groups over the years each were
obtained for (usually 2008 – 2010). These data were then used to calculate the
Iribarren numbers at each lake for both times of the year. After the irrelevant wind
directions had been removed (discussed in the next section), the maximum wind
speeds were calculated from the data that remained. This value represented the most
extreme conditions experienced at the lake, which was most likely to create the
largest waves (and therefore most likely to affect the beach profile). The maximum
wind speed recorded was used in the ACES model to calculate the extreme wave
environment for both seasons for each lake, and was entered as the Observed
Windspeed (Uobs).
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Wind direction
The wind direction (α) needed to be from the same as the direction of the longest
fetch of the lake sites in order to hindcast the largest waves possible for the lakes in
question. In this study, the aim was to find the largest wave parameters under
extreme wind conditions that could potentially be affecting the sites studied. In
many cases, the most common wind direction was not directly in line with the
longest fetch, or worse, the modal wind direction was blowing offshore. These
winds would have little or no impact on wave development and were useless for
wave prediction. Thus, it was decided to focus on the winds that would have the
most impact on the beach sites: those that blew either directly or very nearly along
the longest fetch length. Previous researchers seem to have used arbitrary limits for
what they consider a ‘constant’ wind direction. For example the CEM (2002) and Le
Roux (2009) considered the wind to be constant if it stayed within 15o of the
average, however, Young (1997) considered a 10o range to be appropriate. In this
study, the more conservative range was adopted, with winds that were outside of 5o
either side of the longest fetch direction (i.e. a 10o angle variation following Young,
1997) being filtered out. This step was taken in order to satisfy the condition of
ACES that the wind must be from a constant direction (Leenknecht, et al., 1992).

Elevation, latitude, duration of the observed wind and wind observation type
The elevation of the observed wind (Zobs) and latitude of observation (LAT) were
taken directly from the CliFlo website along with the wind data for each lake. For 8
of the 19 stations used, the elevation of the anemometer was not known (these were
historical wind stations no longer in use where the records of anemometer elevation
had likely been lost or considered unnecessary to keep), forcing the use of an
estimated height of 10m. This number was based on the average height of other
stations observed. Each weather station recorded wind information every 3 seconds
over a 10 minute period on the hour before being averaged (Lewthwaite, pers.
comm. 2011), meaning the duration of the observed wind (DurO) was 0.1667 hours.
Wind observation type was decided using Google Earth to compare the location of
the wind station to the lake beach of interest. Weather stations at all sites ranged
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between inland, shore (leeward) or shore (windward). Finally when using ACES, the
restricted wind fetch option was chosen along with the deep water wave growth
equation option.

Air-sea temperature difference
The air-sea temperature difference (ΔT) in the ACES represents the stability of the
atmosphere directly over the water surface. This factor can have a significant
influence on wave development. For example, a positive ΔT indicates atmospheric
stability which would hinder wave growth, whilst a negative ΔT would encourage
the opposite (USACE, 1984). As the ΔT was not known for any of the lakes at the
times of sampling, 1.1oC was used following the recommended by Smith (1991) and
USACE (1984) for when the information is not available. Such a state assumes
instability and a temperature difference of about -3deg (Smith, 1991).

Duration of the final wind
The duration of the final wind (DurF) was increased until the ACES categorised the
waves as fetch-limited or fully developed. This indicated the amount of time needed
to create the largest waves possible under the environmental conditions already
entered. As the wind data is only recorded over a 10 minute interval on the hour, the
actual duration of windspeeds cannot be determined. Therefore, the largest duration
possible was assumed for this variable.

Radial inputs
The ACES model requires a number of radials or fetch lengths from the point of
interest: in this case the sampling location at the lakeshore, that are measured at
degree intervals chosen by the user (Figure 3.5 gives an example). These radials are
used by the ACES to determine the geometry of the lake, which allows the program
to incorporate wave growth (specifically wave period) from off-wind directions
(Leenknecht, et al., 1992). The ACES calculates an average fetch length by
interpolating the fetch at every 1o, and finding the average of each 15o segment that
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includes radials entered by the user. Where a segment of the 360o around the point of
interest is not entered, those directions are assumed to have a fetch length of zero
(Smith, 1991). Equation 9 is then maximised to find the wave direction (θ)
associated with the average fetch (Fϕ),
(

)

(Eq. 10)

where ϕ is the angle between the average wind and wave direction. When the largest
product of Equation 10 has been found, the variables used as well as the windspeed
are used in the appropriate wave height and wave period calculations for the
environmental conditions (a full list of these equations can be found in Leenknecht
et al. (1992, pp. 1-1-9 to 1-1-11)).

Figure 3.5. An example of radial fetch lengths used by the ACES model to determine
the geometry of the water surface. Sourced from Leenknecht (1992, p. 1-1-8).

The radials for each site were measured at 4o intervals from the longest fetch length.
Winds travelling in the same direction to the longest fetch would create the largest
waves, and therefore have the most impact morphologically on the lake beach.
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Thus, the longest fetch was used as the central radial: the most important in the
interpolations for the average fetch. Two radials were measured either side of this
longest fetch, giving a total of five radials over a 16o segment of the compass (refer
to Figure 3.6 for an example). This ensured that the interpolations over the 15o arc
(15o is predetermined minimum arc used to interpolate the average fetch in the
ACES model) did not include any assumed zero km fetches. The 15o arc is centred
on a wind direction chosen by the user, which in this study was entered as the same
as the longest fetch (as previously discussed). Hence, ϕ in Equation 10 above, was
either 0o or 1o in all cases. All radial lengths were measured using the most recent
satellite imagery from Google Earth.

Figure 3.6. The ACES radial inputs screen with exemplary data from Lake Aviemore
in summer.

3.4 Statistical analyses
Linear discriminant analysis (LDA) was carried out on the dataset using SPSS v. 19.
The intention was to identify statistical similarities or differences between the lake
beaches, and make comparisons with oceanic beaches as per the first research
question stated in Chapter 2. LDA requires a set of dependant variables that are
predetermined (in this case the three lake beach types), and a set of independent
variables (i.e. beach width, number of berms, storm berm height, average grain size,
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and Iribarren number) to create a function or regression equation that best separates
the beach groups. LDA differs to cluster analysis in that each case is already
assigned to a group from which a predictive function must be derived (Norusis,
2008). In this way, LDA is helpful for developing a classification scheme as it
provides a statistical basis for the pre-defined groups, and indicates which variables
are differ most between the groups. LDA is used in this study to check that the three
lake beach types observed are statistically separate, as well as to identify which
physical features are most affected by, or influential on, overall beach morphology.
As stated earlier in Section 3.1, an appropriate minimum number of samples for
LDA can be found by multiplying the number of independent variables by five,
which gives a minimum sample size of 25 lake beaches. Only 19 lakes could be
included in this study, however the lake beaches were visited in both summer and
winter effectively doubling the sample size from 19 to 36 (two of the lakes could not
be sampled in both seasons, as explained in Section 3.1). Therefore, the number of
beaches exceeded the target sample size of 25. It must be noted here that an
assumption of the LDA is that the variables should be independent from each other.
Using data from the same lake beaches in both summer and winter does not strictly
meet this requirement, however a number of the lake beaches visually varied
between summer and winter (many changed entirely to a different beach type), and
including both added further natural variation to the dataset. Furthermore, when a
LDA was performed on the summer and winter beach datasets separately, the same
level of discrimination was found for each beach types and the same variables were
shown to be important in each season (see following chapter). It was concluded from
these results that using both the summer and winter data concurrently in the same
test has not significantly altered the results, and was beneficial in that the dataset
was increased.
Another criterion of LDA is that the variables used are approximately normally
distributed (Norusis, 2008). While average grain size did meet this criteria, all other
variables were skewed and required log or square root transformation which was
performed within the software. There is continued debate as to the effect of raw data
transformation, and no consensus has been arrived at within the literature. This
method of improving the normality of distributions has been used in other similar
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studies (e.g. Anderson and Robinson, 2003), and was therefore considered
appropriate here.
If requested, SPSS will perform a Leave-One-Out Cross-Validation (LOOCV)
summary. This method tests the function by excluding one case at a time (i.e.
excluding one beach site), recalculating the discriminant functions, predicting the
group that case should be in, and checking the rate of correct classification for the
new functions compared to the old. This LOOCV test shows how strongly the
discriminant functions are affected by individual cases, and checks how reliably the
functions separate the groups (Norusis, 2008). The resulting plot of both the original
and leave-one-out classifications gives the percentage of cases that were correctly
classified using the new function(s), as well as the overall correct prediction rate.
Jennings and Shulmeister’s (2002) methods differed slightly as they used a jackknife
classification, which removes one case at a time, and retests the new functions on all
data points as opposed to the removed case only. To date, there has been no research
that directly tests the accuracy of LOOCV compared to jackknifing for a LDA,
however, as jackknifing was not available in the software used by the present
research, a LOOCV test had to be substituted. On advice, both types of test are
similar enough that any difference produced in the results would not be large enough
to warrant serious concern (Niven, pers. comm. 2011). It was therefore decided that
the issues of comparing the jackknifing results of Jennings and Shulmeister’s (2002)
study with the LOOCV results of this study was not disadvantageous enough to
outweigh the extra time and money required for new software for this one test.
In addition to LDA, a test of significance was performed on the beach variables
between the summer and winter data to check for seasonal differences that could be
affecting the LDA results. The variables were tested using a paired t-test on the
sample means of the summer and winter data (after log or square root transformation
where necessary to improve the distributions). Significance was assumed at the 0.05
alpha level for all variables.
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3.5 Conclusion
The methods of this study largely follow those of Jennings and Shulmeister (2002)
so as to most effectively compare between the lake beach results of this study with
their study of oceanic beaches. Lakes to be included were randomly selected, and
visited to check for suitability. In total, 19 lakes in the South Island of New Zealand
were sampled in both summer and winter seasons, with the southern-most ends of
the lakes targeted for analysis so as to be consistent in where sampling took place
(and due to best accessibility). Between one and four cross sections were surveyed at
each lake, depending on available space at the beach and time constraints. Sediment
samples were taken from multiple points down the profile (including below the
water) of all surveyed transects in summer, and from the central transect only in
winter. Where individual clasts were too large to transport back to the laboratory, the
b-axis of each was measured and an estimated weight added to the other samples
back in the lab. Estimating weights may have contributed to the overestimation of
larger clast sizes, however constraints during the field work necessitated this
method. In winter, these clasts were weighed as well as measured.
The variables to be used in the statistical analysies were calculated from these
surveys and measurements. The variables chosen were after Jennings and
Shulmeister (2002) so as to easily compare with their study, and consisted of beach
width, the number of berms, storm berm elevation, average grain size (D50), and the
Iribarren number. Each variable was averaged for each lake for use in the statistical
analyses. The Iribarren number proved the most difficult to determine for lake
beaches, requiring both an estimation of wave steepness (of which there is no record
for most of the lakes in this study) and beach slope. The wave data, specifically
wave height and period, were hindcasted using the ACES model. Wind data nearest
to each lake was obtained for input into the ACES model, however, in many cases
the only anemometer information available was many kilometres from the lake of
interest. This may have resulted in an under- or over-estimation of wave output
depending on the location of the station relative to the dominant windspeeds.
Despite this, wave outputs found in this study were the first estimation of the wave
environment for most of the lakes in this study.
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Once the variable data had been calculated, Linear Discriminant Analysis (LDA)
was performed on the data to find if any or all of the variables of interest could
categorise lake beaches as well as Jennings and Shulmeister’s (2002) study. A
Leave-One-Out Cross Validation (LOOCV) test was also performed to test how
biased the discriminant functions produced by the LDA were, by removing and
replacing one variable at a time to test for differences in the output. This test differs
slightly to the jackknifing test used by Jennings and Shulmeister (2002), however
jackkifing was not an option within the software available for this study, and though
no studies have directly compared the two tests, they are considered similar enough
to produce nearly identical results (Niven, pers. comm. 2011). Finally, a paired t-test
was conducted on the summer and winter data, to test for differences between the
seasonal lake beach profile features that could be affecting the LDA results.
The following chapter describes the results obtained from the field work and
statistical analyses explained here. The beach types observed on the lakes are first
presented, as this answers the first part of the research question on what lake beach
types are present. Details of the differences in morphology and wave characteristics
will follow, and finally the results of the statistical tests are given.
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This chapter presents the data and statistical findings from the 19 South Island lakes
that could be included in this study. Many of the lacustrine beaches displayed
distinct morphological differences, and all could be placed into three distinct
categories: pure gravel, MSG, and composite gravel beach types. These beaches
could be categorised visually through the sedimentological features displayed,
primarily sorting and grain size. However, other common features of the profile
shape were also noticeably different in the field; these patterns were supported by
the survey data taken during each site visit.
To begin this chapter the main beach types identified from the lakes in this study are
described. Firstly they are described in terms of their sedimentary characteristics
(Section 4.1), and then in terms of other observable profile features: beach slope, the
number of berms, the storm berm elevation, and the beach width are each examined
in turn (Section 4.2). Wave environments common to each beach group, as found
through wave hindcasting using the ACES model, are then addressed in Section 4.3.
A summary of the observed beach types is provided at this point in Section 4.4,
before the results of the LDA statistical tests of the lake beach classification scheme
are presented in Section 4.5. Finally, the effect of lake level changes between
seasons is considered, to test for the influence of this variable on the beach types
observed. A paired t-test was performed on the independent variables (i.e. the beach
characteristics) to test for a statistically significant difference between seasons. The
results of these tests are presented in Section 4.6. Conclusions are given in Section
4.7.
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4.1 Sedimentological characteristics
The sedimentological differences in grain size and sorting observed between the lake
beaches are outlined in this section. Recall from Chapter 2 that both
sedimentological characteristics have provided the basis of a number of
classification schemes in the past (e.g. Bluck, 1967; Orford, 1975; Williams and
Caldwell, 1988), which were reliant on both visual observations and measurements
of the sedimentology. Similarities in sediment size and sorting were visible between
a number of the lakes in this study, and based on these patterns three beach types
(pure gravel, MSG, and a variation on the composite gravel beach type) were
identified.

4.1.1

Pure gravel beaches

Half of the lake beaches studied exhibited large sediment sizes (i.e. gravels or larger,
> 2 mm in diameter) with no observable sand in the upper 10 cm of sediment (Figure
4.1). Table 4.1 gives a description of the sediment characteristics of every beach
visited. The large particles extended well below the water level in every case, and
profiles ranged in average grain size from -2.58 to -6.58 ϕ. This range encompassed
the ‘pebble’ size range (from the Wentworth scale). Such beaches were similar to the
pure gravel beaches identified by Jennings and Shulmeister (2002) in that only large
sediments (> 2 mm in diameter) covered the entire profile.
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Figure 4.1. An example of a pure gravel beach: Lake Ohau, January 2011. Pure gravels extend from the storm berm to below the water. A) The
southern-most beach of Lake Ohau, looking west. B) Gravel ‘armouring’ visible at the water edge. Popsicle stick for scale: 11cm.
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Table 4.1. Sedimentological information for each lake. Where differences were observed between seasons, the profiles are described separately.
'WE' refers to the water edge.
Beach D50 range Sorting
Lake
Season
Observations of sedimentological changes down the profiles
type
(ϕ)
range (ϕ)
Aviemore
Summer PG
-2.58 to
2.07-2.35 Smaller gravels in the foreshore, changing to larger gravels and cobbles below the
-4.58
WE. Some armouring of larger cobbles over smaller gravels (no sand present) was
observed in winter below the WE.
Winter
PG
-3.58
1.41
Coleridge
Summer PG
-5.04 to
0.01-0.30 Cobble-sized sediments dominated cross- and long-shore. Narrow zones smaller
-5.83
gravels observed above the highest berm and at the WE only. Nb. Sediment
sampling below the water was not possible at this lake due to large breaking waves
Winter
PG
-4.88
0.17
during both summer and winter visits.
Dunstan
Summer PG
-4.58 to
1.09-1.10 Gravels and cobbles well mixed across the entire foreshore. A thick layer of
-5.58
driftwood covered the beach between the first and second berm. In winter, the
sediments appeared to get gradually larger beneath the water, and formed an
Winter
PG
-3.58
0.80
armouring layer above smaller gravels.
Fergus
Summer PG
-2.58
0.58-0.75 Well sorted, angular gravels and cobbles in the foreshore. Clasts appeared to get
larger below the WE. No sand observed.
Lyndon
Summer MSG -2.58
0.8-2.15
In summer: poorly sorted, angular gravels and cobbles, with small amounts of
sand/silt present between and beneath the larger clasts. In winter: some armouring
Winter
PG
-6.58
1.02
evident below the WE with larger clasts overlying smaller gravels (no sand
present).
Ohau
Summer PG
-3.58 to
0.60-1.08 Gravels dominant on berm crests while larger cobbles tended to concentrate
-5.05
between berms. At the WE and below, the cobbles increased in size and formed a
protective layer over the smaller gravels (armouring). No sand present. Large
Winter
PG
-5.45
1.09
amounts of driftwood were present above each berm crest in the upper foreshore.
Rotoiti
Summer PG
-2.58 to
0.46-0.71 Pure cobbles in foreshore, changing to smaller gravels at the WE, and well mixed
-4.58
gravels and cobbles below the water. Some driftwood evident on the highest berm.
Winter
PG
-4.58
0.4

Chapter 4 Results
(Table 4.1 continued)
Sorting
range (ϕ)
0

Winter

Beach D50 range
type
(ϕ)
PG
-2.58 to
-3.58
PG
-2.58
PG
-4.39 to
-5.23
PG
-5.58
PG
-4.68 to
-5.58
MSG -2.58

Hauroko

Summer
Winter

MSG
MSG

-1.58
-3.17

2.49
2.06

Manapouri

Summer

MSG

1.05-1.56

Winter

MSG

-0.26 to 1.94
-0.26

Summer

MSG

0-2.45

Winter

MSG

-3.17 to 4.58
-2.58

Summer
Winter

C
MSG

-1.58
-1.58

1.77
0.35

Lake

Season

Selfe

Summer

Tekapo

Winter
Summer

Pukaki

Winter
Summer
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Wakatipu

Benmore

0.43
0.47-1.10
1.36
0.19-0.71
1.33

1.31

1.11

Observations of sedimentological changes down the profiles
Small, well sorted pure gravels only above and below the WE.

Sand absent. Larger cobbles in the upper foreshore, with smaller gravels
dominating between berms and just above the WE (about 20cm). Below the water,
larger cobbles formed an armoured layer above smaller gravels.
Summer: sand absent. Sediments predominantly cobble-sized, with smaller gravels
more evident at the WE and on the berm immediately above the WE. In winter:
lake level much lower and strips of pure sand were noticeable between berms,
alongshore. Below the WE, larger clasts poorly sorted within a sand/silt matrix.
A gradual change from gravels and sands intermixed in the foreshore, to larger
cobbles overlying sand and gravels around the swash zone. In summer, larger
cobbles became more sporadic below the WE and were covered in a layer of silt.
Water level higher in winter – less sand and silt observed. Driftwood present on
berms in upper foreshore.
Gravels and sand poorly mixed in upper foreshore. Some sorting observed in the
lower foreshore, where gravels concentrated in small berms with sand in the
troughs between berms. Below the water, gravels more sporadic and patchy, while
sand proportion increased. In winter, the sand content appeared to be higher over
the entire profile.
Poorly sorted gravels and sand observed cross-shore in both summer and winter.
Profiles 3 and 4 in summer only, were better sorted below the water displaying
armouring characteristics, with gravels and cobbles overlying sand. No limit to
gravels/ cobbles visible beneath the water.
In summer: small gravels only on the foreshore, with a narrow armoured region
(cobbles overlying sand) just below the water, and pure sand beyond this. In
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(Table 4.1 continued)
Lake

Season

Beach D50 range
type
(ϕ)

Sorting
range (ϕ)
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Fraser Dam

Summer
Winter

MSG
C

-2.58
-3.17

0.75
2.04

Te Anau

Summer

C

0.5-3.18

Winter

MSG

-1.58 to 6.17
-5.58

Summer

MSG

0.75-1.17

Winter

C

-4.58 to 5.17
-2.58

Opuha

Winter

C

-0.75

3.26

Taylor

Summer

C

0.43-2.9

Winter

C

-2.58 to 5.58
-5.58

Heron

0.98

2.64

0.98

Observations of sedimentological changes down the profiles
winter: lake level higher, with only the small gravels on the foreshore and an
armoured zone below the water able to be observed.
In summer: Pure gravels and angular cobbles on the foreshore. Just below the WE,
larger cobbles become more sparse within a sand/silt matrix. In winter: Lake level
had dropped by 10-15m, and much more sand/silt was exposed. Cobbles and
gravels tended to be sorted into longshore ridges with sand/silt in between. Below
the water there was a distinct change from small gravels to mud or silt.
In summer, a clear change observed between pure gravels and cobbles in the upper
foreshore, to sand and silt just above the WE continuing below the water. In winter,
lake level had risen. Clear change between gravels and sand not visible, instead, a
more gradual change observed from pure gravels/cobbles to larger cobbles
overlying sand in the swash zone and below the water.
Pure gravels on foreshore evident in both seasons. Below the water, larger cobbles
became more common, armouring the finer sands and gravels beneath. In winter
(only), larger cobbles below the WE armoured sands as well as gravels, and
eventually gave way to large patches of pure sand until only sand was visible
(between 1-2m from the WE).
Gravels and cobbles visible on berm crests on the foreshore, with sand/silt/mud
dominating between ridges. Larger clasts ceased underwater, about 0.5m from the
WE, so that only sandy silt remained.
Pure cobbles in the foreshore and at the WE. Beginning below the WE, sand
appeared below the cobbles (armouring), and large patches of sand were
increasingly exposed to the point where only sand was visible. Less sand below the
water was visible during the winter visit.
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The sorting values for pure gravel beaches ranged from 0 to 2.35 ϕ, with no trend as
to which season had the higher sorting (Table 4.1). For most of the pure gravel lake
profiles, poor sorting appeared to occur when gravel ‘armouring’ was present on
parts of the profile, where larger cobbles overlaid smaller gravels forming a
protective surface layer (similar to the armoured or pavement beaches observed by
Norrman, 1964, Pickrill, 1985, and Kirk and Henriques, 1986). It should be noted
that no sand was present in the pure gravel lake profiles, and the armouring
described included sediments above the 2 mm gravel threshold only (an example of
this pure gravel armouring can be seen in Figure 4.1A). Other pure gravel lake
beaches displayed armouring patterns below the water level only, such as Lake
Dunstan and Lake Tekapo (Figure 4.1, Table 4.1).
As well as sediment armouring, most pure gravel profiles displayed a gradual
change in sediment size in the cross-shore direction. Typically, smaller surface
gravels were evident on the foreshore, with a gradual change to larger pebbles and
cobbles below the water (including shoreline armouring of sediments, Figure 4.1 and
Table 4.1). The larger sediments below the water either armoured smaller gravels
beneath them (e.g. Lake Ohau) or were poorly sorted (e.g. Lake Rotoiti). An
exception was Lake Selfe that presented no gradual sediment size change acrossshore, and consequently had low sorting in both seasons (0 ϕ in summer and 0.43 ϕ
in winter). Cross-shore variations in sediment size and armouring were not
documented for any beach type by Jennings and Shulmeister (2002).
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4.1.2

Mixed sand and gravel beaches

A third of the lakeshores visited displayed intermixed sands and gravels extending
right down the profile (e.g. Lake Hauroko, Figure 4.2) or across only part of it.
These usually showed pure gravel in the foreshore with a gradual change to mixed
sediment sizes below the water (e.g. Lake Heron in summer, Figure 4.3). These
profiles were similar in appearance to the MSG beaches described by Jennings and
Shulmeister (2002), and the name is retained. The average grain sizes of MSG
beaches ranged from -0.26 ϕ (Manapouri) to -5.58 ϕ (Te Anau in winter) (Table 4.1).
These sizes correspond to very coarse sand to very coarse gravel according to the
Wentworth scale. MSG beach average grain sizes were generally smaller than those
of pure gravel beaches, though overlap in sizes did occur between beach types (3 ϕ
of overlap, Table 4.1).
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Figure 4.2. An example of a mixed sand and gravel beach: Lake Hauroko, August 2011. A) profile view looking North. B) a close-up of the water
edge sediment. Popsicle stick for scale is 11 cm in length.
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Figure 4.3. Lake Heron in January 2011 (summer). A) The beach profile looking
North. B) The water edge. C) Below the water, showing the sand/silt matrix between
larger rocks (popsicle stick 11 cm for scale).

The two principle features of lacustrine MSG beaches were the presence of both
sand and gravel in the surface sediments, as well as no visible change to pure sand at
any point down the profile. MSG lake beaches displayed much variation in sorting
down the profile, including zones where armouring occurred. Such armouring was
similar to the armouring of pure gravel beaches but with an under-layer of sand (as
opposed to small gravels) sheltered by a cobble veneer (Table 4.1). Figure 4.2 shows
the beach surveyed at Lake Hauroko in winter where armouring was visible at the
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shoreline (Figure 4.2B). Other MSG lake beaches displayed larger gravels gathered
on the berm crests while the sand fraction was confined to the troughs between
berms (e.g. Lake Pukaki in winter, and Lake Manapouri).
The observed variation in sediment patterns were reflected in the sorting values for
MSG beaches. Sorting on MSG beaches ranged from 0 to 2.49 ϕ (Table 4.1). Most
of the sorting values were similar to those of pure gravel beaches, but with two cases
having higher and therefore poorer sorting: Lakes Hauroko and Wakatipu in
summer. These particular lakes expanded the range of the overall MSG lake beach
sorting values, and tended to be coincident with more sediment zonation on the
beach, such as the armouring patterns or longshore sorting on the berm crests and
troughs as described above (Table 4.1).

4.1.3

Composite beaches

The final beach type that could be identified from the lakes exhibited a clear change
from pure gravels in the upper part of the profile to pure sands and sometimes silts in
the lower parts of the profile (Figure 4.4). These beaches were observed fewer times
compared to the other beach types, making up only one fifth of all the beaches
studied. They were similar to the ‘composite’ beaches of Jennings and Shulmeister
(2002), and were termed thus (Table 4.1). The sediment change down the profile
could include an abrupt and distinct boundary between gravel and sand (such as Te
Anau, Figure 4.4), or most commonly, a gradual change where the pure gravels
transitioned to pure sand via a zone of armouring around the water edge. An
example of this transition zone is presented in Figure 4.5 showing Lake Heron in
winter. Instead of the pure gravel ending abruptly at the water edge, Lake Heron
appeared to have a transition zone of armoured sediments between the pure gravels
in the uppershore and the pure sand/silt below the water (Figure 4.5B). The cobbles
became sparser past the water edge, occurring only in patches further out. The
sand/silt zone began fully about 1-2 m from the water edge (Figure 4.5B).
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Figure 4.4. An example of a composite gravel beach: Lake Te Anau, December 2010
(summer). A) Profile view looking east, showing a distinct sediment boundary
between pure gravels and fine silt or sand. B) The silt and sand in the lower profile
near the water edge. C) The pure gravels and cobbles in the upper part of the
profile.
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Figure 4.5. An example of a composite gravel beach: Lake Heron, June 2011 (winter). A) Profile view looking west. B) Cross-shore view. Note
the patchiness of the gravels below the water line, giving no distinct boundary between pure gravel and sandy silt but instead a zone of
transition.
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The location of the sediment boundary between the gravel and sand zones most
commonly occurred just below the water edge (Figure 4.5). The depth of the
sediment boundary on composite lake beaches was usually in shallow water,
occurring from 0.5-1m depth and 1-2m from the shoreline, though at Lakes Benmore
and Taylor, this boundary was further out and just beyond the reach of the surveys.
Only at one lake, Lake Te Anau in summer (Figure 4.4,) was the sediment boundary
above the water edge (as noted in Table 4.1).
Two of the composite lake beaches studied showed a further difference in
sedimentary characteristics. Lake Opuha and Fraser Dam exhibited mixed sand and
gravel in the upper shore that gave way to silt and sand below the water (Figure 4.6),
as opposed to pure gravel in the foreshore like the other composite lake beaches.
These lakes were classified as having composite beaches due to the sediment change
to sand/silt down the profile, and due to the apparent change in slope that occurred at
this sediment boundary.
From Table 4.1, it is apparent that a small number of lake beaches appeared to
change in beach type between summer and winter. The most common switch was
from a MSG beach during the summer to a composite beach in winter, as seen at
Lake Benmore, Fraser Dam and Lake Te Anau. More unusual changes occurred at
Lake Heron (displaying a composite gravel beach in summer but a MSG beach in
winter), Lake Lyndon (MSG in summer but pure gravel in winter), and Lake Pukaki
(pure gravel in summer and MSG in winter). In total, six out of the 19 lakes
appeared to differ in sedimentological composition between seasons, and therefore
differ in beach category between summer and winter.
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Figure 4.6. Lake Opuha in June 2011 (winter). A) Profile view looking east. B) Cross-shore view of the water edge showing the change to pure
sand/silt.
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4.2 Profile features
The pure gravel, MSG, and composite lake beach types demonstrated a range of
profile features that appeared useful when characterising them. Jennings and
Shulmeister (2002) studied beach slope, beach width, storm berm elevation, and the
number of berms present on the oceanic beaches they studied, and found both
observational and statistical differences for these variables. These variables were
measured again in this study, and are described in this section.

4.2.1

Beach slope

While beach slope is not used as a separate variable in the LDA test (slope is used
within the Iribarren number variable instead), it is an important geomorphic feature
of the profile and is useful for visually identifying different beach types (Lorang, et
al., 1993b; Jennings and Shulmeister, 2002). Thus, a brief description of the beach
slopes of pure gravel, MSG, and composite lake beaches is provided here. Figure 4.7
shows a selection of surveyed lake transects for the three beach types observed. Pure
gravel lake beaches are shown to have the steepest slopes (Figure 4.7A), which fell
within the range of tan β = 0.2 to 0.5 (Table 4.2). MSG lake beaches had shallower
average slopes, usually ranging between 0.1 to 0.2 tan β. Composite lake beaches
showed the most variation in gradient, some profiles being particularly steep
(especially where they were shorter width), while others were essentially flat. Two
composite lake beach profiles (from Lake Te Anau and Fraser Dam) could not be
included in Figure 4.7 as their width and storm berm elevations above the lake level
would have distorted the other lake profiles so much they could not be seen clearly.
Instead, the two larger composite profiles are included in Figure 4.8, and are shown
to differ markedly from the other composite profiles (and the other beach type
profiles) in beach width and elevation above lake level. ‘Te Anau S1’ in Figure 4.8
shows a very shallow slope below the water line (the x-axis), and is calculated to
have the lowest gradient of all composite lake beaches (average tan β = 0.04). This is
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compared to ‘Benmore S1’ (Figure 4.8) that has the largest slope of tan β = 0.62
(Table 4.2). Such a range of gradients show there is large variation in slopes between
all three beach types.
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Figure 4.7. Lake profiles comparing A) pure gravel, B) MSG, and C) composite lake beach profiles. Four profiles were selected for each beach
type to best show the typical variation observed (Nb. two composite lake beach profiles have been excluded due to their large size that would
hinder the visibility of the other beach profiles. These two larger profiles can instead be seen in Figure 4.8). Zero on the verticle axis = the top
of the storm berm; zero on the horrizontal axis = the water level (as measured from the top of the storm berm). Verticle exageration = 7.3x.
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Table 4.2. Lake beach profile data. Beach slope, width and storm berm height have
been averaged by season for ease of reading. Full profile data in Appendix 1.
Average Average Average
beach
beach
storm berm Berm
Beach
slope
width
elevation
No.
Lake
Season
type
(tan β)
(m)
(m)
range
Aviemore
Summer PG
0.12
1.62
0.43
1
Winter
PG
0.41
1.61
0.56
1-3
Coleridge
Summer PG
0.29
2.75
0.61
2
Winter
PG
0.37
4.33
1.18
3
Dunstan
Summer PG
0.33
4.70
1.2
1-2
Winter
PG
0.17
1.68
0.55
3
Fergus
Summer PG
0.18
3.67
0.8
3-5
Lyndon
Summer MSG
0.41
1.29
0.56
2
Winter
PG
0.22
12.35
2.58
1
Ohau
Summer PG
0.19
15.68
2.85
6-8
Winter
PG
0.17
12.49
2.42
2-6
Rotoiti
Summer PG
0.24
2.22
0.51
2-3
Winter
PG
0.61
1.37
0.79
3-4
Selfe
Summer PG
0.24
0.61
0.24
1
Winter
PG
0.6
1.16
0.63
2
Tekapo
Summer PG
0.5
2.87
1.24
2
Winter
PG
0.38
10.24
3.04
3
Pukaki
Summer PG
0.22
8.58
2.06
4
Winter
MSG
0.16
25.6
4.42
3-5
Hauroko
Summer MSG
0.11
19.99
1.74
2
Winter
MSG
0.13
5.21
0.8
3-4
Manapouri
Summer MSG
0.14
14.67
2.02
2
Winter
MSG
0.14
11.04
1.61
3
Wakatipu
Summer MSG
0.44
1.85
1.04
1-3
Winter
MSG
0.18
9.22
1.83
3-5
Benmore
Summer C
0.62
0.62
0.48
2
Winter
MSG
0.22
2.57
0.54
2-4
Fraser Dam Summer MSG
0.35
3.01
1.13
2
Winter
C
0.13
94.66
9.14
4
Te Anau
Summer C upper:
0.08
31.1
1.46
1-2
C lower:
0.01
Winter
MSG
0.12
4.58
0.47
1-2
Heron
Summer MSG
0.09
2.87
0.54
1
Winter
C
0.16
2.95
0.59
1-3
Opuha
Winter
C
0.45
2.19
1.14
2-3
Taylor
Summer C upper:
0.19
4.71
0.88
1
C lower:
0.06
Winter
C upper:
0.20
4.54
0.94
1
C lower:
0.07
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Figure 4.8. Composite gravel lake beach profiles extending from the storm berm to
below the water. The two profiles considered outliers for their size, Fraser Dam W1
and Te Anau S1, are compared to the four profiles shown in Figure 4.7 to show the
particularly large width and elevation of these particular profiles. The 'S' and 'W'
suffixes refer to summer or winter, while numbers refer to the particular profile
(from Appendix 1). Zero on the verticle axis = the top of storm berm; zero on the
horrizontal axis = the water level (as measured from the top of the storm berm).
Verticle exaggeration = 7x.

Recall from Chapter 3 that the slope of each beach profile was calculated by taking
an average slope value from the entire width of the beach surveyed. It should be
noted that some beaches did not have a uniform slope when measured, meaning a
single average gradient value was less representative of the entire profile. Figure 4.7
shows pure gravel beach types generally had the straightest slopes, showing a
similar gradient for all parts of the profile (excluding temporary berm variations).
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This meant a single slope value could be considered as relatively representative of
the entire profile in most cases. Conversely, nine of the 15 transects surveyed on the
composite beaches appeared to have a change in slope mid-way down the profile
(for example Lakes Te Anau, Taylor, and Heron shown in Figure 4.8) causing the
profiles to be broadly concave in shape. This change often coincided with a change
in sediment type from pure gravels or MSG to pure sand/silt. In these cases gradients
for the steeper upper sections and shallower lower sections of the beach were
calculated (shown in Table 4.2). However, the calculation of the Iribarren number
requires only a single slope value found by averaging the slope down the entire
profile for all lake beaches in this study. An average slope value was therefore used
for all composite lake beaches to calculate their Iribarren number. While this method
may not have represented some composite lake beaches well, these were a small
number of the total dataset. Jennings and Shulmeister (2002) appeared to have done
the same, given that only a single Iribarren number was presented for each
composite ocean beach (pp. 218-219).
MSG beaches had a diverse range of profile slope changes, some showing generally
straight profiles similar to pure gravel beaches, while others demonstrated a concave
shape closer to the composite gravel beaches. Most MSG beaches appeared to be
more similar to pure gravel profiles in that they were relatively uniform in slope. A
single gradient value in this situation was considered to have been appropriate for
MSG lake beach types.

4.2.2

Beach width

Beach width was measured during this study to assess whether it can be used to
discriminate between beach types when in the field. The average beach widths per
lake for each season are given in Table 4.2, measured from the storm berm to the
water edge in each case. Lake beach widths varied greatly for each beach type,
however composite lake beaches had the largest range of beach widths (0.62 – 94.66
m). The smallest composite profile measured was at Lake Benmore in summer
(Benmore S1), while the widest composite beach, Fraser Dam in winter, extended to
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nearly 95 m as a result of particularly low lake levels. Other composite beach
profiles were also very wide (both Lake Te Anau profiles in summer ranged from
20-50 m). However, 11 of the 15 composite beach profiles surveyed were found to
have widths of < 5 m (Figure 4.9), while the median composite beach width was
4.77 m. This suggests that while these beach types show the greatest variation, most
of the profiles (73 %) were of relatively narrow width.

Figure 4.9. Histogram of beach widths for every profile of each lake beach visited in
this study, stacked according to beach category.

The pure gravel beach group included a similar proportion of narrow beaches
compared to composite beaches (32 out of 47 pure gravel profiles, or 68 %, were < 5
m in width) though the median pure gravel beach width was smaller at 3.18 m. MSG
beaches ranged between 1 m in width (Lake Lyndon in summer) and 31 m (Lake
Hauroko in summer), though they demonstrated an even spread of widths with most
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profiles being between 2 – 15 m (Figure 4.9). MSG beaches had the largest median
width of all the beach types, at 7.1 m.

4.2.3

Storm berm elevation

The elevation of the storm berm was another variable examined by Jennings and
Shulmeister (2002) in their study of oceanic gravel component beaches, and was
measured here to discern if lake shores could similarly be categorised by them.
When comparing these profiles, composite gravel beaches have the lowest storm
berm heights, commonly rising to only 1 m above the lake level. A number of MSG
lake beaches had higher storm berms, with Lake Pukaki during winter and Lake
Manapouri during summer showing the highest storm berms above the water level
(Table 4.2). Fraser Dam in winter (a composite beach) had the highest storm berm
elevation of all the lake beaches studied, measuring 13 m above lake level (Table
4.2). The storm berm elevation of the Fraser Dam winter profile can be seen in
comparison to other composite beach profiles in Figure 4.8.

4.2.4

Number of Berms

The number of berms on a beach profile may indicate changes in water levels and
storm intensity, and were included as a variable in this study to find if they were
useful in discriminating between lake beach types. The pure gravel lake beaches
appeared to have a larger number of berms than other beach types, ranging from 1–8
berms tallied for each profile (Table 4.2). Furthermore, profiles surveyed at the same
lake in different seasons revealed large seasonal variations in the number of berms
present in some cases. Lake Ohau, as mentioned above, had eight berms in one
survey during summer while the return visit during winter found only a single berm.
In contrast, composite beaches had the smoothest profiles and smallest number of
berms (Figure 4.7C and Figure 4.8). Most composite lake beach profiles displayed
only a single berm (Table 4.2).
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To test if the hydrolakes included in this study were affecting the number of berms
present, the average operating range of the hydrolakes were plotted against the
number of berms to assess if a linear trend was present. The hydroelectric lakes
returned a particularly weak linear trend between average operating range and the
number of berms in summer (R2 = 0.02, where a value of 1 indicates a perfect linear
relationship, Figure 4.10A). Such a result can be considered as a nearly non-existent
linear trend. However when the largest outlier (Lake Ohau) was removed, this
relationship improved greatly, showing a much larger R2 value of 0.83 (Figure
4.10B). The linear trend line could then be considered to fit the data very well. When
the same hydroelectric lake operating range was plotted against the number of
winter-time berms, the relationship was very poor (R2 = 0.04, Figure 4.11), and the
removal of any singular datapoint did little to improve the fit of the trend line. These
results suggest that the inclusion of the hydrolakes in this study may have
influencing the number of berms dataset in the summer (though the dataset
contained a large outlier that distorted the results), however they did not appear to
have any influence on the number of berms in winter.
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A

B

Figure 4.10. The number of berms compared to the operating range for the
hydroelectric lakes of this study during summer. (A) all summer data, (B) the same
data with one outlier removed (Lake Ohau).
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Figure 4.11. The number of berms compared to the operating range for the
hydroelectric lakes of this study during winter.

4.2.5

Summary

All beach types displayed differences in beach slope, beach width, number of berms
present, and storm berm elevation. These variables were measured to find if they
were useful to characterise the lake beach types, both observationally and
statistically (the statistical results are given later in Section 4.5). Pure gravel beaches
had the steepest slopes (most being between tan β = 0.2 – 0.5), followed by MSG
beaches (tan β most commonly between 0.1 – 0.2). Composite beaches differed in
that most had a change in slope part way down the profile, with a steeper section in
the upper shore (tan β = 0.06 – 0.75) and a shallower lower profile extending below
the water (tan β = 0.01 – 0.59).
Beach widths were particularly variable within each lake beach category. Composite
beaches had the largest range of widths in this study, from 0.62 – 94.66 m. Despite a
small number of beaches in each category being particularly wide, most pure gravel
and composite lake beaches were < 5 m wide (Figure 4.9). Half of the MSG lake
beaches surveyed were < 5 m wide, and most ranged between 2 – 15 m wide.
Storm berm elevations were lowest on composite type lake beaches, with the
majority being < 1 m above the level of the lake. Composite beaches also displayed
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the largest range of storm berm elevations (0.35 – 13.03 m) compared to pure gravel
(0.17 – 3.18 m) and MSG lake beaches (0.55 – 4.53 m).
Pure gravel beaches exhibted the largest number of berms on average, ranging from
1 – 8 berms, while composite beaches had the smallest number, ranging from 1 – 3
berms. It was hypothesised that the larger lake level changes associated with the
hydroelectric lakes may have had some influence on the number of berms. When
hydrolakes were tested as a possible causal factor, only a very weak linear
relationship could be found between the prevalence of berms and the operating range
of the lakes in both seasons. Only after an outlier was removed in the summer
dataset did the fit of the trend line improve to show a good relationship of R2 = 0.83
(the winter dataset could not be improved in this way). It seems that other influences
may be affecting the number of berms present on the profile in winter, and that the
operating range of the hydrolakes had no distorting effect on the number of berms
dataset.

4.3 Hindcasted wave environment
This section details the wave environment of the lakes under maximum wind
conditions, as hindcasted using the ACES model. Knowledge of the wave climate of
the lakes is necessary for calculating Iribarren numbers as well as potential energy
levels at the shoreline of each lake. As discussed in Chapter 2, the Iribarren number
is a useful indication of the energy at the shore, and was used here as a
discriminatory variable between oceanic beach types. Differences in the significant
wave heights and periods between pure gravel, MSG, and composite beaches are
given first in this section, followed by a description of the Iribarren number trends
and predominant wave breaker types.
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4.3.1

Significant wave heights and wave periods

Generated significant wave heights were small for all lake beach types, most being
less than 0.5 m (Figure 4.12, Table 4.3). Figure 4.12 shows the majority pure gravel
and composite gravel beaches were predicted to receive wave heights of less than
0.5 m. MSG beaches were predicted to have a larger proportion of taller waves, with
over half of the significant wave heights (Hmo) being larger than 0.5 m (Figure 4.12).
MSG beach types were further hindcasted to have the two largest wave heights: 1.43
m (Lake Wakatipu in winter) and 1.5 m (Lake Pukaki in winter) (Table 4.3). Such
results suggest that MSG beaches are more prone to receiving a wider range of wave
heights than pure gravel or composite beaches.

Hmo (m)

Figure 4.12. Histogram of significant wave heights for each beach type.
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Table 4.3. Wave information for the lakes visited for both seasons. The Iribarren
numbers of the profiles have been averaged over each season for ease of reading
(full data in Appendix 1).
Beach Hm0
Tp
Iribarren Predominant
Lake
Season
type
(m)
(sec)
No.
Breaker Type
Aviemore
Summer PG
0.17
1.44
0.55
Spilling/Plunging
Winter
PG
0.28
1.80
1.74
Plunging
Coleridge
Summer PG
0.46
2.57
1.34
Plunging
Winter
PG
0.59
2.87
1.74
Plunging
Dunstan
Summer PG
0.45
2.41
1.47
Plunging
Winter
PG
0.44
2.39
0.74
Plunging
Fergus
Summer PG
0.05
0.82
0.84
Plunging
Lyndon
Summer MSG 0.15
1.35
1.76
Plunging
Winter
PG
0.26
1.72
0.93
Plunging
Ohau
Summer PG
0.95
3.57
0.87
Plunging
Winter
PG
0.76
3.23
0.80
Plunging
Rotoiti
Summer PG
0.18
1.62
1.14
Plunging
Winter
PG
0.22
1.77
2.88
Plunging
Selfe
Summer PG
0.28
1.77
1.06
Plunging
Winter
PG
0.32
1.96
2.57
Plunging to
Surging/Collapsing
Tekapo
Summer PG
0.84
3.35
2.28
Plunging to
Surging/Collapsing
Winter
PG
1.00
3.59
1.71
Plunging
Pukaki
Summer PG
0.17
1.47
0.98
Plunging
Winter
MSG 1.50
4.55
0.74
Plunging
Hauroko
Summer MSG 0.77
3.11
0.51
Spilling/Plunging
Winter
MSG 0.73
3.03
0.58
Plunging
Manapouri Summer MSG 0.43
2.46
0.64
Plunging
Winter
MSG 0.43
2.45
0.69
Plunging
Wakatipu
Summer MSG 0.72
3.22
2.07
Plunging
Winter
MSG 1.43
4.35
0.85
Plunging
Benmore
Summer C
0.12
1.24
2.77
Plunging
Winter
MSG 0.18
0.97
0.95
Plunging
Fraser Dam Summer MSG 0.08
1.01
1.56
Plunging
Winter
C
0.06
0.85
0.56
Plunging
Te Anau
Summer C
0.61
2.80
0.16
Spilling
Winter
MSG 0.61
2.80
0.54
Spilling/Plunging
Heron
Summer MSG 0.74
2.98
0.41
Spilling
Winter
C
0.96
3.36
1.35
Spilling/Plunging
Opuha
Winter
C
0.16
1.43
1.35
Plunging
Taylor
Summer C
0.38
2.16
0.44
Spilling
Winter
C
0.48
2.39
0.58
Plunging
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The hindcasted wave periods for the lakes (Figure 4.13) show less skewing than the
wave heights, with the large majority of the lake beaches receiving wave periods of
between 1-4 seconds. Again, Lake Pukaki during winter (a MSG beach) was
predicted to experience the longest wave periods (4.55 s) under maximum recorded
wind conditions (Table 4.3). However, a MSG beach and pure gravel beach were
indicated to receive the shortest wave periods (0.82 s at Lake Fergus (pure gravel)
and 0.85 s at Fraser Dam in winter (MSG)) (Table 4.3). These wave periods suggest
a more even spread between the three beach types, though MSG beaches still appear
to be more varied in the range of wave periods that are predicted to reach them (as
shown by the larger proportion of very small and very large wave periods relative to
the other beach types in Figure 4.13).

Tp (sec)

Figure 4.13. Histogram of peak wave periods hindcasted for beach type.
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The hindcasted wave heights and periods compare favourably with some studies
performed on these lakes, and less favourably with others. Significant wave heights
on Lake Dunstan in the South Island were measured at between 0.07 – 0.57 m over
seven storm events within a year-long period (Allan and Kirk, 2000). It should be
noted that Allan and Kirk (2000) combined data from both a shallow water wave
gauge and deepwater pressure sensor to find these results. The hindcasted significant
wave heights in this study for Lake Dunstan were predicted at 0.45 m and 0.44 m for
the summer and winter seasons respectively (Table 4.3), which falls within the range
of Allan and Kirk (2000). Wave periods in the present study (2.41 s and 2.39 s for
summer and winter respectively) were also similar to their study results (Allan and
Kirk (2000) measured a range from 1.7 – 3.6 s). Such similar results support the
hindcasted wave data in the present study as being correct.
Pickrill (1978) measured lake waves at Lake Manapouri (New Zealand) over a year,
finding that significant wave heights were between 0.11 – 0.29 m. This was lower
than the wave heights predicted in this study for Lake Manapouri (0.43 m, Table
4.3). Pickrill’s (1978) wave period measurements returned values of 1.5 – 2.8 s,
which was more similar to the hindcasted wave periods from this study (2.46 s in
summer and 2.45 s in winter). Pickril took wave measurements just beyond the
breaker zone, but gave no depth information or any indication of how long the
periods of measurement were. The area beyond the breakers is likely to have been in
the nearshore, whereas the wave data hindcasted by the present study were
calculated for deepwater environments. Shallow water waves have been found to be
larger in height and in period than deepwater waves (Allan and Kirk, 2000; Dawe,
2006), meaning the results of this study cannot be directly compared to those of
Pickrill (1978).
Measurements of Lake Coleridge waves (South Island, New Zealand) were made by
Dawe (2006). He used a pressure sensor in the offshore zone to measure deepwater
wave heights and periods over a two year period. Deepwater significant wave
heights were recorded at 0.01 – 0.34 m, which is lower than those hindcasted here
(0.46 m in summer and 0.59 m in winter). The maximum recorded wave height
however, was measured at 0.82 m which was larger than the predictions of the
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present study. Wave periods were also smaller than this study, at 2.33 s compared to
this study, which hindcasted wave periods of 2.57 s for summer and 2.87 s for winter
at Lake Coleridge. The smaller wave heights and periods found by Dawe (2006)
may be related to the location of the wave measurements, as Dawe measured waves
from beaches in the mid-section of the lake, whereas this study hindcasted wave data
for the southern-most tip of Lake Coleridge.

4.3.2

Iribarren number and wave breaker type

The Iribarren numbers averaged over each season for each lake are shown in Table
4.3, alongside the breaker types calculated according to Battjes (1974a). The
Iribarren number is dependent on the slope of the profile (described in Chapter 3), as
well as the wave height and wave length (hindcasted using ACES). Thus, the
Iribarren number trends follow the slope and wave parameter trends for each beach
category. Pure gravel beaches have on average the highest Iribarren numbers, while
composite beaches had the largest range. Breaker types were predominantly
plunging for all beach types, however a small number of MSG and composite
beaches were prone to the lower end of the Iribarren number spectrum, and thus
were subject to more spilling waves (Table 4.3). These breaker types are indicative
of the concentration of wave energy at the shoreline, where spilling waves affect a
larger area of the beach face with each swash. Some beaches (Lake Selfe in winter,
and Lakes Hauroko and Tekapo in summer) experienced surging/collapsing waves
that suggest wave energy is concentrated to a narrow zone of these beaches relative
to spilling breakers.

4.4 Beach type summary
The features of the three lake beach types described in the above sections are
compared directly against each other in Table 4.4. From this table, it is evident that
all beach types were found to include examples of armouring at the shore in some
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cases. Pure gravel beaches showed the least variation in terms of observed
sediments, always consisting of pure gravels or larger all the way down the profile.
MSG and composite beaches showed more variation in sediment arrangement down
the profile, sometimes showing MSG in the upper shore and sometimes showing
pure gravel. Composite beaches always demonstrated a pure sand/silt zone below the
water, either beginning abruptly at the water edge or changing more gradually via a
transition zone to sand/silt.
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Table 4.4. Summary table of lacustrine beach type characteristics compiled from
data in Appendix 1 (continued overleaf).
Pure Gravel
Mixed Sand and
Composite Gravel
Gravel
- Often well- Either poorly
- Hydraulic sorting
Observed
developed sorting
sorted sediments
caused a sediment
sediment
cross-shore and at
over the entire
boundary between
changes
depth.
profile or pure
coarse gravels/armoured
- Armouring of
gravels in the
sediments in the upper
larger cobbles over
upper profile and profile, and sand/silt in
smaller gravels
mixed, poorly
the lower profile.
sometimes present,
sorted sediments
- A zone of transition
especially below the in the lower parts between pure gravels
water line.
of the profile.
and pure sand often
- Larger clasts
evident at the water
present on berm
edge.
crests with sand
- Boundary location was
in between, as
dependent on lake
well as armouring levels, but usually
observed in a
observed just below the
number of cases.
water level.
-2.58 to -6.58 ϕ
-0.26 to -4.58 ϕ
-0.75 to -6.17 ϕ (Very
Mean D50
(Fine gravels –
(Very coarse sand coarse sand – cobbles)
cobbles)
– coarse gravel)
0 to 2.35 ϕ
0 to 2.49 ϕ
0.43 to 3.26 ϕ
Sorting
tan β = 0.04 –
Lower profile: 0.01 –
Beach slope tan β = 0.1 – 0.89
0.60
0.59
(tan β)
Upper profile: 0.06 –
0.75
Average if no slope
change present:
tan β = 0.10 – 0.62
1.09 – 31.02 m
0.62 – 94.66 m
Beach width 0.41 – 18.67 m
(median: 3.18 m)
(median: 7.1 m)
(median: 4.77 m)
0.44 – 4.06
0.18 – 2.84
0.04 – 2.77
Iribarren
No.
Plunging to Surging/ Spilling to
Spilling to Plunging
Breaker
Collapsing
Plunging
type
0.55 – 4.53 m
0.35 – 13.03 m
Storm berm 0.17 – 3.18 m
(median: 0.95 m)
(median: 1.26 m) (median: 0.93 m)
elevation
1–8
1–5
1–4
Berm no.
- Armouring
- Small amounts
- Beach slope often
Other
appeared important
of driftwood
changed at the sediment
notable
at
the
water
edge.
present
on
the
boundary, but not
features
- Driftwood was
larger MSG lakes always.
often found to cover - No breakpoint
- Lake level particularly
the upper berms of
step observed.
variable on a small
larger lakes.
number of these lakes.
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(Table 4.4 continued)
Pure Gravel
Lakes that
show each
beach type

Aviemore
Coleridge
Dunstan
Fergus
Lyndon
Ohau
Rotoiti
Selfe
Tekapo
Pukaki (summer)

Mixed Sand and
Gravel
Benmore (winter)
Fraser Dam
(summer)
Hauroko
Heron (summer)
Manapouri
Pukaki (winter)
Te Anau (winter)
Wakatipu

Composite Gravel
Benmore (summer)
Fraser Dam (winter)
Heron (winter)
Opuha
Taylor
Te Anau (summer)

The measured characteristics of pure gravel, MSG, and composite lake beaches are
presented in Table 4.4 as the minimum and maximum range measured/calculated.
This shows the overlap that can occur between these lake environments. For
example, all lake beach types showed average grain sizes that were in the range of 2.58 ϕ to -4.58 ϕ, that is, fine gravels to coarse gravels. However, a number of
features of difference between the beach types stand out. Composite type lake
beaches included the largest range of average grain sizes, sorting, beach width, and
storm berm elevation found in this study (Table 4.4). Conversely, composite type
beaches exhibited the smallest range of berms present on the profile, and smallest
beach slope (when using the average slope: tan β = 0.10 – 0.62). When a slope
change was evident on the composite beaches that occurred at the sediment
boundary, the upper shore consisting of coarser sediments was always steeper than
the sand/silt zone below the water.
Pure gravel lake beaches are noteworthy for generally having the steepest slopes (tan
β = 0.1 – 0.89), the narrowest beach widths (0.41 – 18.67m), and the most number of
berms (ranging from 1-8 berms on a single profile). Pure gravel lake beaches also
had some of the highest Iribarren numbers (0.44 – 4.06), meaning pure gravel lake
beaches were the only beach type to have surging/collapsing wave breakers
predicted for them.
MSG lake beaches tended to sit between pure gravel and composite beaches in terms
of the magnitude of most profile features, including average grain size, sorting,
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beach width, Iribarren number, and storm berm elevation (Table 4.4). Average grain
sizes were generally finer than pure gravel beaches and some composite gravel
beaches (-0.26 to -4.58 ϕ), while sorting was usually poorer (0 to 2.49 ϕ). Like pure
gravel and composite beaches, most MSG lake beaches were between 1-5 m in
width (Figure 4.9). MSG beaches did show the shallowest beach slopes (the MSG
beach at Lake Te Anau showed the shallowest beach slope of all beaches: tan β =
0.04). These beaches also exhibited the tallest significant wave heights (Figure 4.12)
and longest wave periods of any other beach type (Figure 4.13). MSG beaches
therefore were hindcasted to receive the wider spectrum of waves than either pure
gravel beaches or composite beaches.

4.5 Linear discriminant analysis results
Linear discriminant analysis (LDA) was used to determine if data collected from the
lake beaches could discriminate between beach types. It can be recalled from
Chapter 3 that LDA uses a set of independent variables (in this study, the average
grain size, beach width, number of berms, storm berm height, sorting, and average
Iribarren number) that have been pre-classified into groups (i.e. pure gravel, MSG or
composite beaches). This information is used by the LDA to calculate the
discriminant functions that give the best separation between the groups.
An objective of this study was to identify morphological differences between gravel
component lacustrine beaches, and to further identify which variables were most
useful for discriminating between beach types using LDA. Here, the assumptions of
the LDA are tested first, before the LDA stepwise procedure and structure matrix are
described to indicate which variables are useful for classifying between beach types.
The final classification is given last, with statistical differences between beach types
tested using a Leave-One-Out Cross-Validation summary (LOOCV). This test
checks how well the discriminant function separates the beach groups by excluding
each variable sequentially, predicting which group they belong to, and comparing
the accuracy of the prediction (Norusis, 2008). This test then provides a prediction
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rate that shows the percentage of correctly classified data. This indicates how
effective the discriminant function is.

4.5.1

LDA assumptions

Before the LDA can be performed, the data should be explored to check they meet
the required assumptions. Independent variable distributions should be
approximately normally distributed with no outliers, and the covariance matrices of
the populations should be equal for best LDA results (Norusis, 2008). Figure 4.14 to
Figure 4.19 show the final distributions of the test variables (i.e. the summer and
winter lake data) used in the LDA, while Table 4.5 gives descriptive statistics for
each. Only the raw data for average grain size was plotted as a normal distribution
(Figure 4.14), which was thus left unchanged. The sorting variable was transformed
by taking the square root of the data values to improve normality (Figure 4.15),
while the number of berms, storm berm elevation, beach width and Iribarren number
variables were transformed using log10 transformation (Figure 4.16 to Figure 4.19).
Such data transformations have been used before in LDA to improve the shape of
the distribution of the data (Anderson and Robinson, 2003).
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Grain size (φ)

Grain size (φ)

Figure 4.14. Distribution of D50 grain sizes for summer and winter lake beach data
shown by a histogram (above) and boxplot (below).
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Sqrt Sorting (φ)

Sqrt Sorting (φ)
Figure 4.15. Sorting distribution (after square root transformation) of summer and
winter data, shown by a histogram (above) and boxplot (below).
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Log10 No. Berms

Log10 No. Berms
Figure 4.16. Distribution of the number of berms (after Log10 transformation) of
summer and winter data, shown by a histogram (above) and boxplot (below).
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Log10 Storm berm height (m)

Log10 Storm berm elevation (m)
Figure 4.17. Distribution of storm berm elevations (after Log10 transformation) of
summer and winter data, shown by a histogram (above) and boxplot (below).
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Log10 Beach width (m)

Log10 Beach width
(m)
Figure 4.18. Distribution of beach widths (after Log10 transformation) of summer
and winter data, shown by a histogram (above) and boxplot (below).
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Log10 Iribarren Number

Log10 Iribarren Number
Figure 4.19. Iribarren number distribution (after Log10 transformation) of summer
and winter data, shown by a histogram (above) and boxplot (below).
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Table 4.5. Descriptive statistics for the six variables tested in the LDA.
Mean
Median Std. Dev. Skewness
D50 grain size (ϕ)
-3.55
-3.59
1.54
0.18
Sqrt Sorting (ϕ)
1.03
1.04
0.37
-0.40
Log10 No. Berms
0.34
0.30
0.23
-0.06
Log10 Storm Berm
0.03
0.005
0.34
0.91
Elevation (m)
Log10 Beach Width (m)
0.65
0.59
0.49
0.54
Log10 Iribarren No.
-0.01
-0.05
0.28
-0.30

Kurtosis
-0.60
0.69
-0.79
1.49
-0.20
0.33

While these transformations decreased the skewing and kurtosis of each variable, a
small number of outliers were still present within the dataset. SPSS revealed the
sorting and storm berm elevation variables had outliers falling outside the whisker
limits (1.5*Box height) on the box plots, depicted by the small circles in Figure 4.15
and Figure 4.17. LDA is sensitive to outliers as they affect the variable means from
which the discriminant functions are derived (Norusis, 2008). The outliers of the
sorting variable did not appear to negatively affect the distribution shape, as it
assumed an even bell curve (Figure 4.15). A normal distribution that is not heavily
skewed is one of the criteria of LDA and Figure 4.15 indicates that the square root
(sqrt) of sorting variable is not largely skewed as a result of the outliers. Thus they
were not considered as a serious threat to the LDA accuracy, and were left in the
analysis in the interests of retaining natural variability.
The storm berm elevation data (Figure 4.17), however, indicated an outlier that
appeared particularly different to the other variables, even after log and square root
transformations. This particular outlier was from Fraser Dam during the winter when
lake levels were very low, and the storm berm elevation was a sizable 13 m above
the lake level (8.5 m greater than any other lake storm berm in this study). While
SPSS did not class this point as an ‘extreme outlier’ (i.e. > 3*Box height), it still
appears to have skewed the data to some extent (Table 4.5 shows it is the most
skewed of all the variables at 0.91, where a value of 0 demonstrates no skewing).
However, the storm berm elevation variable also shows a relatively large leptokurtic
distribution (1.49 (Table 4.5) where a value of 0 indicates no excess kurtosis) which
some studies have indicated can actually be beneficial to discriminant analysis
(Nakanishi and Sato, 1985; Rausch and Kelley, 2009). Such kurtosis may offset the
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effects of skewing on the accuracy of LDA. Therefore, due to this point not being
‘extreme’ and having a concomitantly large excess kurtosis, as well as a general
reluctance to remove the natural variability that this point provides the dataset, the
storm berm elevation outlier was left in the analysis.
The third requirement preferred for LDA is that the covariance matrices of the
dependent variables should be equal among the beach groups. The Box’s M statistic
can be used to indicate the significance of the covariance matrix differences between
beach types, where a p-value > 0.05 is suggestive of no significant difference which
is optimal for LDA (Norusis, 2008). Table 4.6 shows the statistical significance of
the Box’s M statistic and the log determinants of the three beach groups. The Box’s
M statistic was not significant in this study (p = 0.481), suggesting the covariance
matrices are equal between beach types (Table 4.6). Furthermore, the close
similarity of the log determinants gives credence to the Box’s M results.

Table 4.6. Box's M statistics for the entire dataset, and log determinants of each
beach type group. PG: pure gravel, MSG: mixed sand and gravel, C: composite.
Box’s M test results
Box’s M
1.535
F Approx.
0.732
df 1
2
df 2
1714.934
Sig.
0.481
Log Determinants
Group
PG
MSG
C
Pooled within-groups

Rank
4
4
4
4

Log Determinant
-2.106
-2.748
-2.660
-2.374
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4.5.2

Preliminary data tests

After inspecting the normality of the data, each independent variable was
investigated further for significant differences between beach types. If no significant
difference was found between variable means, it is unlikely these variables would be
useful for discriminating between pure gravel, MSG and composite gravel beaches.
Table 4.7 shows the significance levels of the independent variables from the lake
beaches visited. Sorting, grain size, and the Iribarren number returned p-values that
showed the most significant difference between beach types (p < 0.05). Such low pvalues, suggest that these three variables may be useful for discriminating between
pure gravel, MSG and composite gravel beach types. Storm berm elevation, beach
width and the number of berms however, did not return significant p-values (p =
0.79, 0.39, and 0.23 respectively). Furthermore, the Wilks’ Lambda for these three
variables were the highest (from 0.91-0.99, where 1 indicates group mean equality),
signalling the means for each beach group were very similar. Thus, these variables,
particularly the storm berm elevation variable, are unlikely to discriminate well
between pure gravel, MSG and composite gravel beaches.

Table 4.7. Test results showing whether the variable means are significantly
different between pure gravel, MSG and composite gravel beach types.
Wilks'
F
df1 df2
Sig.
Lambda
Grain Size
0.737
5.888
2
33
0.007
Sqrt Sorting
0.637
9.397
2
33
0.001
Log10 No. Berms
0.914
1.560
2
33
0.225
Log10 Storm Berm Elevation
0.985
0.244
2
33
0.785
Log10 Beach Width
0.945
0.962
2
33
0.392
Log10 Iribarren No.
0.850
2.902
2
33
0.001

4.5.3

Stepwise procedure

Only a single variable (Sqrt sorting) was found to be useful for creating a
discriminant function by the stepwise procedure (Table 4.8) The stepwise procedure
eliminates the least useful variables for calculating the discriminant function, by
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comparing the change in Wilks’ Lambda when variables are entered or removed.
The variable that minimises the Wilks’ Lambda most and correspondingly has the
largest F value, is entered first. The F value indicates the amount of difference
between beach groups as opposed to within the groups (Huberty, 1984; Norusis,
2008). In this case, the sqrt sorting was the only variable to meet the entry criteria of
being larger than the F-to-enter (default: 3.84) and smaller than the F-to-remove
(default: 2.71). All other variables would have hindered the discriminating ability of
the functions, and were thus excluded.

Table 4.8. Variables entered in the LDA using the stepwise procedure.
Exact F
Variable
Wilks’ Lambda Statistic df 1 df 2 Significance
Step
entered
Statistic
Sqrt Sorting
0.637
9.397
2
33
0.001
1

During the stepwise procedure, the LDA compares the F ratio between each beach
type and tests for significance at each step. Table 4.9 shows the results of the
pairwise comparison test, where the difference between the F ratios of MSG and
pure gravel was significant (p = 0.018), as was the difference between composite
and pure gravel beaches (p = 0.000). MSG and composite gravel beach F ratios were
very close to being significant, with p = 0.057. This result was so close to the
threshold of p = 0.05, it was considered to not be of concern.

Table 4.9. Pairwise group comparisons for step 1 of the stepwise procedure, with 33
degrees of freedom.
Pure
MSG
Composite
Gravel
F
Pure
Gravel
Sig.
F
6.241
MSG
Sig.
0.018
F
17.559
3.906
Composite
Sig.
0.000
0.057
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Table 4.10 gives the structure matrix of correlations between the variables and
standardized canonical discriminant coefficients. The larger the coefficient
(irrespective of its sign), the more effect that variable has on the discriminant score,
and thus on the prediction rate. Table 4.10 shows that sqrt sorting is by far the most
important variable (1.000) in the first function followed by storm berm elevation
(0.273) and beach width (0.244). The other variables produced even lower values,
indicating they were poor at differentiating between beach types.

Table 4.10. The structure matrix showing the correlations between the variables and
standardized canonical discriminant functions.
Function 1
Sqrt Sorting
1.000
Log10 Storm Berm Elevation
0.273
Log10 Beach Width
0.244
Grain Size
0.117
Log10 Iribarren No.
-0.086
Log10 No. Berms
0.077

4.5.4

Test of discriminant functions

One discriminant function was derived from the data (Table 4.11). Wilks’ lambda
signified that 63.7 % of the variability of function 1 was explained by the differences
between groups, as opposed to within group variation. Furthermore, the Wilks’
Lambda statistic was significant at the 0.01 level (Table 4.11). This shows there was
a significant difference between the discriminant score means given to each beach
type by the LDA, and indicates the discriminant functions are useful for classifying
beach data.

Table 4.11. Test of discriminant functions.
Test of Function
Wilks’ Lambda Chi-square
1
0.637
14.876
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The eigenvalue indicates how well this function contributes to the differentiation of
beach types. The eigenvalues and the percentage of variance show how much each
function contributes to the differentiation between beach types (Norusis, 2008).
Function 1 had an eigenvalue of 0.570 (the ratio of the between-groups sum of
squares to within-groups sum of squares), and a canonical correlation of 0.602 (the
square root of the ratio of between groups sum of squares to total sum of squares)
(Table 4.12). These values are high enough to support the usefulness of the function
for separating between beach groups.

Table 4.12. Eigenvalues and canonical correlations for the discriminant functions
used in the stepwise LDA.
Function
Eigenvalue
% of Variance
Canonical Correlation
1
0.570
100
0.602

4.5.5

Classification of beach type

Having shown the discriminant function classifies the data in a statistically
significant manner, the LDA separates the beaches into the predetermined
categories. The coefficients that were used in the classification of each beach sample
(also known as Fisher’s linear discriminant functions) are given in Table 4.13. These
coefficients are specific to each beach type and are used to calculate a discriminant
score for each case in the analysis. The largest score calculated for a particular beach
sample dictates the beach group it is classified into. These coefficients could
potentially be used to classify new lake beach data, should it be collected (Eltayeb,
et al., 2001).

Table 4.13. Classification function coefficients, used to classify the lake beach
samples.
Pure gravel
MSG
Composite
Sqrt Sorting
8.819
11.906
14.987
(Constant)
-4.718
-7.695
-11.551
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Figure 4.20 shows the final outcome of the classification by comparing the beach
type discriminant scores using histograms. The spread of the score data for each
beach type suggests that pure gravel and composite gravel beaches differ the most,
shown by their distributions being furthest apart on the x-axis (Figure 4.20). From
the stepwise procedure (Section 4.5.3), square-root sorting is the discriminating
variable used to calculate these differences.
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Pure Gravel

MSG

Composite

Discriminant Function Score

Figure 4.20 Histograms of the canonical discriminant function results derived using
the sorting variable. Pure gravel and composite gravel beaches were the most
different in discriminant function scores.
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The rate of successful classification is shown by the LOOCV in Table 4.14. A
prediction rate that is better than chance suggests that the independent variables
discriminate well between pure gravel, MSG and composite gravel beaches.
Composite beaches were the most successfully categorised, with a correct prediction
rate of 71.4 % (Table 4.14). MSG beaches had the second best prediction rate (66.7
%) while pure gravel beaches had the poorest percentage of correct classification
(64.7 %). Overall, the LOOCV correctly predicted 66.7 % of all beach profiles in the
test.

Table 4.14. Correct classification rates given by the LOOCV. Rows are true groups
while columns are predicted groups. PG: pure gravel, MSG: mixed sand and gravel,
C: composite gravel.
Overall %
Predicted Group
correctly
Membership
Group PG
MSG
C
Total classified
Count
PG
11
5
1
17
Crossvalidated
MSG 2
8
2
12
C
0
2
5
7
%
PG
64.7
29.4
5.9
100
MSG 16.7
66.7
16.7
100
C
0
28.6
71.4
100 66.7 %
The ‘cross-validated’ data shows the correct prediction rate of beach type where
each case is classified based on all data except for that particular case. The LDA
predicts the group that each beach sample should be assigned to, and compares these
predictions to the original classification that was entered into the software. This
method limits bias, and is a useful measure for showing the effectiveness of the
discriminant functions (Lachenbruch and Goldstein, 1979), which in this case are
twice as good as chance alone (66.7 % as opposed to 33 %). This information will be
compared to the classification rates found by Jennings and Shulmeister (2002) in the
next chapter, to infer if their classification scheme is broadly applicable to lacustrine
environments (research question 1).
The LDA assumes each sample (i.e. each row of data) is independent from every
other sample in the dataset (Huberty, 1984). Here, summer and winter datasets from
each lake were used in the LDA, which does not technically follow the assumption
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of complete independence. However, when tested separately, the summer and winter
datasets gave similar individual results to the LDA where the datasets were
combined. In both summer and winter datasets, sorting was the only variable that
could be entered in the stepwise procedure for discriminating between beach types
(Table 4.15), the same as for the combined dataset (Table 4.8). In the LOOCV, the
correct classification rate is larger for the summer data (66.7 %), though it
outperformed the winter data results by only a small amount (the winter data
classified 61.1 % of beaches correctly) (Table 4.16). Both classification rates were
similar to the overall LDA results presented previously (Section 4.5) where data
from both seasons were used concurrently. Table 4.17 shows that both discriminant
functions generated for the summer and winter datasets were significant
(significance < 0.05), while Table 4.18 shows that the discriminant functions explain
over half of the variance of the data in both tests. These results (note that full
statistical output is in Appendix 2) are similar to the LDA results presented and
analysed above. As well as there being little difference between the tests, including
both summer and winter data in the same test provides additional natural variation
for the test (a number of the lake beaches changed noticeably between summer and
winter), as well as nearly doubling the sample size from 19 to 36. For these reasons,
it was considered reasonable to test the summer and winter lake data together.

Table 4.15. Variables entered in the LDA using the stepwise procedure for both the
summer and winter data set tests.
Exact F
Variable
Wilks’ Lambda Statistic df 1 df 2 Significance
Step
entered
Statistic
Sqrt Sorting
0.651
4.016
2
15
0.040
Summer
Step 1
Sqrt Sorting
0.586
5.300
2
15
0.018
Winter
Step 1
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Table 4.16. Leave-one-out cross validation summaries for both summer data and
winter data, tested separately but presented here for comparison. The results show
little seasonal difference in the overall correct classification of beach types (full
statistical output in Appendix 3).
Overall %
Predicted Group
correctly
Membership
Group PG
MSG
C
Total classified
Count
PG
7
1
1
9
Summer
MSG 2
3
1
6
C
0
1
2
3
%
PG
77.8
11.1
11.1
100
MSG 33.3
50
16.7
100
C
0
33.3
66.7
100 66.7 %
Count
PG
4
4
0
8
Winter
MSG 1
4
1
6
C
0
1
3
4
%
PG
50
50
0
100
MSG 16.7
66.7
16.7
100
C
0
25
75
100 61.1 %

Table 4.17. Test of discriminant functions.
Test of Function
Wilks’ Lambda Chi-square
Summer Function 1
0.651
6.432
Winter Function 1
0.586
8.018

df
2
2

Significance
0.040
0.018

Table 4.18. Eigenvalues and canonical correlations for the discriminant functions
used in the stepwise LDA.
Function
Eigenvalue % of Variance Canonical Correlation
Summer Function 1
0.535
100
0.591
Winter Function 1
0.707
100
0.693
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4.6 The influence of seasonal lake level change
Lake levels in the South Island of New Zealand are known to fluctuate in relation to
seasonal variations in snowmelt, and could be important for the development of a
lacustrine classification scheme. Where hydroelectric lakes are concerned, the
amount of water released during periods of high lake levels can result in daily
variations in water level (Knight, 2009). By visiting each lake site during summer
and winter, the effect of lake level changes on the discriminant analysis results could
be tested. For a direct comparison of the data between summer and winter, a paired
t-test was performed on the transformed data from both visits (Table 4.19), which
found the number of berms was the only variable that had a statistically significant
difference between seasonal means (p = 0.008). All other variables indicated no
significant difference between the profiles studied in summer and the same profiles
studied in winter, that is, all variables returned a p-value > 0.05. Little seasonal
difference in profile features is further supported by the results of the LDA test
performed on the summer and winter datasets separately, presented in the previous
section (Table 4.16). Where the LOOCV returned similar classification rates for
both summer and winter, it can be assumed that little seasonal change occurred in
terms of the measured beach features. It is concluded that the sedimentary
characteristics, beach shape (except for the number of berms), and the Iribarren
number did not change significantly between seasons.

Table 4.19. Paired t-test of group means between summer and winter. Variables
were log10 or square-root transformed to improve normality, the same as for the
LDA analysis.
df
Significance
Grain size
16
0.628
Sqrt Sorting
16
0.792
Log10 No. Berms
16
0.008
Log10 Storm Berm Elevation
16
0.135
Log10 Beach Width
16
0.222
Log10 Iribarren No.
16
0.883
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Further evidence of lake level effects can be found by graphing and observing the
lake level changes recorded during the surveys (in relation to the storm berm
position during each survey). It should be noted that these indications of lake level
are not measured to fixed benchmarks, but to top of the storm berm only. This was
often the only reference point available for many of the smaller lakes, and was
therefore the method adopted for all sites. It was thus assumed that the true storm
berm elevation did not change between the measurements taken in summer and
winter. Visual observations supported a lack of storm berm elevation change,
however measured data on storm berm height relative to a fixed benchmark was not
available to support this assumption. Furthermore, minor changes observed in lake
level in the following graphs may in some instances have been the result of human
error when relocating the survey start point on the storm berm. The GPS used to
relocate the survey site often returned errors in the reported position due to the low
latitude of the South Island of New Zealand. Nevertheless, the following figures
provide some indication of morphological changes, and can be used to infer changes
to lake level between summer 2010/2011 and winter 2011.
Figure 4.21 – Figure 4.27 show a comparison of summer and winter profiles from
the pure gravel beaches in this study that remained pure gravel during both summer
and winter visits. Four of the lakes demonstrated a drop in lake level (shown as the
x-axis on each graph) between the summer and winter visits (Figure 4.21 and Figure
4.25 – Figure 4.27). Lake Dunstan water levels appeared to increase by about 20 –
60 cm between seasons (Figure 4.23), while the remaining pure gravel beaches
either varied in lake level changes between transects (Figure 4.22) or showed no
apparent change in lake level (Figure 4.24). The largest change in lake level
occurred at Lake Tekapo, where the water level appeared to drop by 2 m on all
transects (Figure 4.27). All other lake level changes were < 0.6 m.
Few consistent changes can be observed across the pure gravel beach sites between
summer and winter. Some of the transect slopes appeared to have steepened in
winter where lake levels were lower (Figure 4.21, Figure 4.25, and Figure 4.26).
However, Lake Tekapo demonstrated lower lake levels in winter and shallower
profiles on two of the transects (Figure 4.27B and C). Beach widths, as one would
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expect, were generally wider if there had been a drop in lake level, which also
increased the elevation of the storm berm by the same amount. On three of the lakes,
the water level appears to be reflected by a slight change in slope at the water edge
or by a shoreline berm (Figure 4.21, Figure 4.23, and Figure 4.24 in winter). On the
other pure gravel lakes however, the profile shape and features are less telling of the
present lake level.
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Figure 4.21. Summer and winter profiles of a pure gravel beach: Lake Aviemore, where A) is profile 1 and B) is profile 2. Zero on the verticle
axis = the top of storm berm; zero on the horrizontal axis = the water level (as measured from the top of the storm berm). Verticle exageration =
10x.
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Figure 4.22. Summer and winter profiles for Lake Coleridge, where A) is profile 1,
B) is profile 2 and C) profile 3. Zero on the verticle axis = the top of storm berm;
zero on the horrizontal axis = the water level (as measured from the top of the storm
berm). Verticle exageration = 3x.
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Figure 4.23. Summer and winter profiles for Lake Dunstan, where A) is profile 1, B)
is profile 2 and C) is profile 3. Zero on the verticle axis = the top of storm berm;
zero on the horrizontal axis = the water level (as measured from the top of the storm
berm). Verticle exageration = 3.3x

146

Chapter 4 Results

Figure 4.24. Summer and winter profiles for Lake Ohau, where A) is profile 1, B) is
profile 2, C) is profile 3 and D) is profile 4 (winter only). Zero on the verticle axis =
the top of storm berm; zero on the horrizontal axis = the water level (as measured
from the top of the storm berm). Verticle exageration = 4x
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Figure 4.25. Summer and winter profiles for Lake Rotoiti, where A) is profile 1, B) is
profile 2 and C) profile 3. Zero on the verticle axis = the top of storm berm; zero on
the horrizontal axis = the water level (as measured from the top of the storm berm).
Verticle exageration = 2.9x

.
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Figure 4.26. Summer and winter profiles for Lake Selfe, where A) is profile 1 and B) is profile 2. Zero on the verticle axis = the top of storm
berm; zero on the horrizontal axis = the water level (as measured from the top of the storm berm). Verticle exageration = 2.5x
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Figure 4.27. Summer and winter profiles for Lake Tekapo, where A) is profile 1, B)
is profile 2, C) is profile 3 and D) is profile 4 (summer only). Zero on the verticle
axis = the top of storm berm; zero on the horrizontal axis = the water level (as
measured from the top of the storm berm). Verticle exageration = 3.3x.
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The beaches classified as MSG during both seasons also displayed few significant
profile changes between summer and winter. Lake Hauroko lake levels appeared to
increase by about 1 m in winter (Figure 4.28), while Lake Manapouri levels show
more varied increases (Figure 4.29), most likely due to human error in locating the
storm berm from the previous summer season as described above. Lake Wakatipu
showed a decrease in lake level by about 1 m between summer and winter (Figure
4.30). As well as a lowered lake level, Lake Wakatipu appeared to have a shallower
gradient in the winter. However, the other two MSG lakes (particularly Lake
Manapouri, Figure 4.29) did not show this change. Lake Wakatipu also shows more
berms in the winter, probably as a result of more of the profile being exposed for
surveying. This supports the significant difference in the number of berms found by
the paired t-test (Table 4.19).
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Figure 4.28. Summer and winter profiles of a MSG lake beach: Lake Hauroko, where A) is profile 1 and B) is profile 2. Zero on the verticle axis
= the top of storm berm; zero on the horrizontal axis = the water level (as measured from the top of the storm berm). Vertical exaggeration =
13.3x.

Chapter 4 Results

Figure 4.29. Summer and winter profiles for Lake Manapouri, where A) is profile 1,
B) is profile 2 and C) profile 3. Zero on the verticle axis = the top of storm berm;
zero on the horrizontal axis = the water level (as measured from the top of the storm
berm). Verticle exageration = 4.8x.
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Figure 4.30. Summer and winter profiles for Lake Wakatipu, where A) is profile 1,
B) is profile 2, C) profile 3, and D) is profile 4 (summer only). Zero on the verticle
axis = the top of storm berm; zero on the horrizontal axis = the water level (as
measured from the top of the storm berm). Verticle exageration = 3.6x.
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The summer and winter profiles for a composite gravel lake beach (Lake Taylor) is
shown in Figure 4.31. This was the only lake where the beach remained a composite
beach type in the summer and winter visits, the other four lake beaches in this
category changed to either pure gravel or MSG during summer or winter. The lake
level at Lake Taylor does not appear to have changed in relation to the elevation of
the storm berm. This is supported by the lack of changes to profile shape that
occurred. The break in slope at the water edge did not seem to have been altered
between summer and winter, however some variation in berms was noticeable, with
a new berm appearing above the water line in profile 2 in winter that cannot be seen
in summer (Figure 4.31B). It appears that the variation in lake levels has resulted in
little change to beach profile morphology at this lake, other than a slight increase in
the number of berms.
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Figure 4.31. Summer and winter profiles for Lake Taylor, where A) is profile 1, B) is
profile 2 and C) profile 3. Zero on the verticle axis = the top of storm berm; zero on
the horrizontal axis = the water level (as measured from the top of the storm berm).
Vertical exaggeration = 6.7x.

Figure 4.32 – Figure 4.37 show the seasonal profiles of the lakes that changed beach
type between summer and winter. It is concievable that these beaches changed type
between summer and winter in part due to lake level fluctuations that either
exposing more of the profile (e.g. Figure 4.33) or covered more of it up (Figure
4.35). However, Lake Lyndon and Lake Heron changed type and exhibited
differences in profile features without an apparent change in water level. The Lake
Lyndon profile was shallower in winter compared to summer (Figure 4.34), while
Lake Heron appeared to have a drowned berm in summer that had been removed by
the winter survey to form in a very straight lower profile (Figure 4.37). Without
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more regular surveys of the shore at every lake, it is not possible to determine
exactly what caused such transformations.
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Summer

Winter

A)

158
B)

Figure 4.32. Summer and winter profiles for Lake Lyndon, where A) is profile 1 and B) is profile 2. This beach changed from being MSG in
summer to pure gravel in winter. Zero on the verticle axis = the top of storm berm; zero on the horrizontal axis = the water level (as measured
from the top of the storm berm). Vertical exaggeration = 3.3x.
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Figure 4.33. Summer and winter profiles for Lake Pukaki, where A) is profile 1, B)
is profile 2, and C) is profile 3. This beach changed from being pure gravel in
summer to MSG in winter. Zero on the verticle axis = the top of storm berm; zero on
the horrizontal axis = the water level (as measured from the top of the storm berm).
Vertical exaggeration = 3.3x.
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Figure 4.34. Summer and winter profiles for Lake Lyndon, where A) is profile 1 and B) is profile 2. This beach changed from being composite in
summer to MSG in winter. Zero on the verticle axis = the top of storm berm; zero on the horrizontal axis = the water level (as measured from
the top of the storm berm). Vertical exaggeration = 2x.
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Figure 4.35. Summer and winter profiles for Lake Te Anau, where A) is profile 1, B)
is profile 2, and C) is profile 3. This beach changed from being composite in summer
to MSG in winter. Zero on the verticle axis = the top of storm berm; zero on the
horrizontal axis = the water level (as measured from the top of the storm berm).
Vertical exaggeration = 40x
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Figure 4.36. The summer and winter profile surveyed for Fraser Dam. This beach changed from being MSG in summer to composite in winter.
Zero on the verticle axis = the top of storm berm; zero on the horrizontal axis = the water level (as measured from the top of the storm berm).
Vertical exaggeration = 4.4x.
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Figure 4.37. Summer and winter profiles for Lake Heron, where A) is profile 1 and B) is profile 2. This beach changed from being MSG in
summer to composite in winter. Zero on the verticle axis = the top of storm berm; zero on the horrizontal axis = the water level (as measured
from the top of the storm berm). Vertical exaggeration = 7x.
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4.7 Conclusion
Three types of lakeshore were identifiable during this study: pure gravel, MSG, and
composite gravel beaches. All beach types showed variation in physical
characteristics, and as a result, only sorting was found to significantly discriminate
between beach types using linear discriminant analysis (LDA). The leave-one-out
cross validation (LOOCV) test classified 70.7 % of beach profiles into the correct
beach group (i.e. pure gravel, MSG or composite) on average. In other words the
LDA discriminant functions were twice as good at predicting beach types as chance
alone. Pure gravel beaches were the most successfully categorised (78.7 % were
correctly predicted, Table 4.14).
Pure gravel lake beaches had the best sorting though some cross-shore sediment size
variation occurred, with larger cobbles often being found below the water. While
slopes were found to be steep on all lake beaches (i.e. tan β > 0.1, Wright and Short,
1984), pure gravel beaches tended to be the steepest (most falling within the tan β =
0.2-0.5 range). These beach types also had the most berms, the most consistently
narrow beach widths, and the highest average Iribarren numbers (the largest being
4.06) (Table 4.4).
MSG lacustrine beaches were either poorly sorted sands and gravels down the entire
profile, or had an upper zone of pure gravels. This variation in sediments cross-shore
ensured that average sorting values were more varied for this beach type than for
pure gravel beaches, ranging between 0 – 2.49 ϕ (though this range was smaller than
the composite lake beaches studied). Shallower slopes compared to pure gravel
beaches also coincided with smaller average grain sizes than pure gravel beaches.
The predicted wave heights and periods for MSG beaches had a larger range than
either pure gravel or composite lake beaches (Figure 4.12 and Figure 4.13). The
predicted wave conditions in some cases compared well with measured data from
other studies, but some studies gave lower measured wave heights and periods than
those hindcasted here.
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Composite beaches displayed a change in sediment characteristics cross-shore,
having either pure gravels or MSG in the upper shore and changing to sand/silt in
the lower shore. The boundary between these zones varied, however usually it
occurred within 1 m depth below the water and corresponded to a change in slope in
most cases. This sediment boundary usually consisted of a gradual change from the
coarse upper beach sediments to the fine lower beach sediments in the form of a
visible transition zone where the larger sediments armoured the finer sands around
the water edge. Where both the lower and upper sediment zones could be safely
surveyed, the slopes were always steeper in the gravelly upper shore than the sand
lower shore (Table 4.4). Sorting was particularly diverse amongst composite beaches
compared to the other two beach types, ranging from 0.43 – 3.26 ϕ. As well as
sorting, composite beaches had the widest range in beach widths and storm berm
elevation, in part due to the influence of a small number of sites that changed
considerably between seasonal visits.
The influence of lake level fluctuations on beach type classification was tested by
comparing the summer profiles (when the lake is expected to be highest) and the
winter profiles (when lake level is expected to be lowest). A paired t-test between
each of the variables found no significant difference between the summer and winter
morphological features of the profiles, except for the number of berms, which was
significant (p = 0.008, Table 4.19). This was supported by separate LDA tests of the
summer and winter data that showed little difference in classification rate.
Graphed profiles for each beach type indicated that lake levels did not change
consistently between seasons (seven lakes had low lake levels in winter as expected,
however, three lakes appeared to have higher lake levels in winter, while the
remaining lakes showed no change). Trends between lake level change and certain
profile features (such as slope, beach volume or the presence of berms) were not
consistent between sites, with some lakes showing a seasonal profile change without
any apparent alteration of the water level (e.g. Lake Coleridge, Lake Lyndon, and
Lake Heron, Figure 4.22, Figure 4.34 and Figure 4.37). Six of the 19 lakes studied
changed beach type in winter relative to their initial summer classification. In some
cases, lake level change may have resulted in the change in beach type, either by
exposing more of the profile or covering more of it up, which would affect the visual
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classification. However, two of the six lakes which changed did not seem to have an
altered lake level, suggesting other processes were causing the change in beach type.
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The research objectives of this thesis were to find if lacustrine beaches with a gravel
component fit within the morphodynamic model of Jennings and Shulmeister
(2002), as well as to use the results of this study to extend on our understanding of
lacustrine morphodynamics. Results show that lacustrine gravel component beaches
can be divided into pure gravel, mixed sand and gravel (MSG), or composite gravel
beach types. These types are statistically different according to Linear Discriminant
Analysis (LDA), as described in the results. This discussion elaborates on the
differences and similarities observed between lacustrine beaches of this study and
the oceanic beaches of Jennings and Shulmeister’s (2002). With these similarities
and differences in mind, the applicability of Jennings and Shulmeister’s (2002)
classification scheme to lacustrine beaches is assessed. The broader
morphodynamics of lake beaches are further discussed in answer to the second
research question, where a morphodynamic model for gravel component lake
beaches will be presented in comparison to other beach models.

5.1 Lacustrine vs. oceanic beaches
This section compares the lacustrine beaches analysed in this study with the oceanic
beach features studied by Jennings and Shulmeister (2002). Here, the first research
question will be answered: do lacustrine beaches in the South Island of New Zealand
exhibit the same three beach types of pure gravel, MSG, or composite beaches as
observed on oceanic beaches by Jennings and Shulmeister (2002). Jennings and
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Shulmeister (2002) observed pure gravel beaches (consisting of gravel-sized
sediments or larger, with relatively steep but undulating profiles), MSG beaches
(where sands and gravels were present on the profile together, either poorly sorted or
demonstrating some cross-shore sorting around berms), and composite beaches
(where either pure gravel or mixed sediments in the upper shore gave way to pure
sand and silt at some point down the profile). These beach types were significantly
different when an LDA test was performed, and 90 % of the oceanic beaches were
classified correctly using the variables measured (Iribarren number, beach width,
average grain size, and storm berm elevation). In the present study, the prediction
rate was poorer than Jennings and Shulmeister (2002), being only 66.7 % (Table
4.14). Furthermore, in this study only sorting was useful for discriminating between
the beach types, as opposed to the four variables that provided discriminating power
on oceanic beaches. The following section discusses some specific differences and
similarities between equivalent lacustrine and oceanic gravel component beaches, as
well as providing explanations for the poorer rates of discrimination for the lake
beaches of this study.

5.1.1

Common differences between lake and oceanic beaches

The following section discusses general differences observed between oceanic
beaches and lacustrine beaches, before each beach type is examined individually
(later in Sections 5.1.2 to 5.1.4). Some features were observed on all lake beach
types in the present study, but were not observed on any of the oceanic beaches
studied by Jennings and Shulmeister (2002). Characteristics common to lake
beaches but not to oceanic ones suggest there are processes occurring on lakes that
are limited in oceanic coastal environments. These potential differences are
important when considering the applicability of coastal classification schemes to
lacustrine environments.
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Beach widths
All lake beach types were found to be narrower than their oceanic counterparts. Pure
gravel beaches exhibited this difference best, with lake pure gravel beaches having a
width range from 0.4 – 18.7 m, while oceanic pure gravel beaches ranged from 1850 m (Table 5.1). Here, the lake widths in this category barely reached the smallest
width of pure gravel beaches found on oceanic coasts. MSG and composite beaches
too were generally far narrower than the oceanic versions (Table 5.2 and Table 5.3).
The narrowness of the lake beach widths measured can be attributed to the absence
of a tidal range as experienced by oceanic beaches, as well as lake shores being
subjected to smaller wave energies than oceanic pure gravel beaches. Oceanic waves
have more power at the shore to move sediments further and extend the beach
landward compared to lake beaches. The oceanic beaches studied by Jennings and
Shulmeister (2002) on the east coast of New Zealand have had maximum wave
heights recorded over 5m, though predominant swells sit within the 0.5 – 2 m wave
height spectrum (Pickrill and Mitchell, 1979). Wave heights for pure gravel lake
beaches were hindcasted to be 1.5 m or less during strong wind conditions, with two
thirds of the lake profiles having maximum wave heights of < 0.5 m (Figure 4.12).
The fluctuation in water level in oceanic environments due to tidal processes results
in a wider distribution of wave energy than would occur on most lake beaches, and
increases the vertical range of erosion, resulting in wider oceanic beaches. Only
small fluctuations of lake levels were observed at the majority of lakes during this
study (Figure 4.21 to Figure 4.37). Waves on lakes are thus restricted to a small area
of impact compared to oceanic environments. Lower maximum wave heights
combined with the limited lake level fluctuations experienced by most lake beaches
results in narrower gravel component beaches in lacustrine environments.

Lake beach step
None of the lake beaches surveyed exhibited a prominent beach step feature below
the water line. The only lake that showed a feature similar to a beach step on the
profile graph was the Te Anau S1 transect measured in summer (Figure 4.35). This
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feature occurred 125 m from the water edge and was not noted when doing the
survey in the field, it is exaggerated due to the extreme vertical exaggeration (40x)
that also exaggerated the depth change at this point to look like a prominent beach
step. The absence of beach steps on these lakes was surprising given that beach steps
have been observed on lakeshores before (Pickrill, 1978; Kirk and Henriques, 1986),
and since the beach step is regarded as important for the morphodynamics of oceanic
gravel component beaches (Jennings and Shulmeister, 2002; Masselink, et al.,
2010). Such studies have noted the persistence of the beach step on oceanic gravel
component beaches, being either permanently present (Kirk, 1980; Jennings, 2002;
Ivamy and Kench, 2006), or present for the majority of the time (Austin and
Buscombe, 2008).
The beach step is often cited as an important feature for modifying the wave
environment, as it is thought to initiate wave breaking (Kirk, 1975; 1980; Jennings
and Shulmeister, 2002; Ivamy and Kench, 2006; Austin and Buscombe, 2008). On
lake beaches, some studies have suggested step features are also a regular, if not
permanent, feature that is important in the same way. Pickrill (1985) included the
beach step in his interpretation of a typical lake beach profile, while Kirk and
Henriques (1986) also presented a model of lake profiles showing a sudden drop off
in slope below the water (Figure 5.1). However, no step features were observed
when undertaking the surveys during this study. Pierce (2004) similarly found that
beach steps were not always observable on Loch Lomond, Scotland, and therefore
did not present lake beach steps as a permanent feature in her classification (Figure
2.4). It seems the step is not as morphodynamically important as on oceanic beaches,
since so many lake beaches failed to exhibit such a characteristic. Perhaps the steep
nearshore zone of lakes combined with steep lake waves hinders the development of
a beach step in lacustrine environments. Perhaps a beach step is not needed in such
steeply sloping nearshore environments where steep waves break very close to the
shore. Oceanic beaches have a much wider transition zone from the sandy oceanic
floor to the steeper beachface, and waves have more time to shoal and break. These
waves may promote the development of a beach step better than lake waves.
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Figure 5.1. A common alpine lake beach profile according to Kirk and Henriques
(1986), with (A) the foreshore, (B) the nearshore shelf and (C) the nearshore face.
The distinct change in slope between B and C appears to be a lake beach step.
Sourced from Kirk and Henriques (1986, p. 309).

The implications of not having a beach step for even a short period of time are likely
important for the resulting morphodynamics of the lake beaches. Without a sudden
depth change, lake wave runup is enhanced and wave bore collapse occurs closer to
the shore than had a beach step been present (Masselink, et al., 2010). On MSG
beaches, or composite beaches that have a MSG foreshore, the increase in sand
content increases the risk more sediment being removed (Quick and Dyksterhuis,
1994; Wilcock, et al., 2001), and this, combined with having no beach step, may
initiate high rates of erosion. The sand content further limits the dissipation of
incoming wave energy by decreasing infiltration rates into the beachface (Horn and
Walton, 2007). Thus, the lack of a beach step is likely to have more of an impact on
MSG beaches where sediments are harder to entrain, profile slopes are steeper, and
higher infiltration limits the downcombing of sediments with the backwash. The
absence of a permanent beach step may be just as influential for lake beach
morphodynamics as their presence is for the morphodynamics of oceanic beaches
(Jennings and Shulmeister, 2002).
The greater energy and consistency of wave attack that oceanic coasts are exposed to
is perhaps the cause of the persistent beach steps found on oceanic MSG beaches in
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New Zealand (e.g. Kirk, 1980; Ivamy and Kench, 2006). The surveys of this study
should have picked up step formations, as the profiles were surveyed to around 1 m
in depth below the water. This point should have been the seaward limit of the swash
zone in the majority of cases, as only 3 out of the 36 lakes were hindcasted to have
maximum wave heights of > 1 m (Figure 4.12). It is likely, therefore, that the
surveys of this study would have captured the beach step in the large majority of
cases should one have been present.

Lake armouring
A feature found to be prevalent on lacustrine beaches is that of ‘armouring’ at the
shoreline. On pure gravel beaches this took the form of a surface cobble layer over
gravels (Table 5.1), while on MSG (or the transition zone of composite beaches)
gravels or cobbles were observed to overlie sand and silt (Table 5.2 and Table 5.3).
This feature predominantly occurs in low energy environments where waves can
only winnow out smaller sediments, thus leaving behind a protective lag deposit
(Pickrill, 1985). If a long enough period of calm ensues (as is common on New
Zealand lakes) the small beach materials will be winnowed out from between the
larger clasts as lake waves during non-storm periods are usually too small to initiate
large clast movement (Dawe, 2006). This causes the large particles to remain at the
shore while smaller particles are carried offshore or down-current. The result is that
the beach is sorted into stable layers in equilibrium with the non-storm wave energy
conditions at the site (Isla, 1993). If larger storm waves occur, the armoured surface
may protect the beach from erosion up to a certain point (Isla, 1993), after which
larger sediments are either thrown onshore by the waves (Masselink and Li, 2001),
or carried offshore following the dominant direction of sediment transport. The lake
beaches that were armoured in this study (8 out of the 19 lakes visited) had little or
no wave action during all field visits, and lacked sufficient energy to rework
observed beach materials.
Armouring has also been linked to lake environments where sediment supply to the
beach is limited (Kirk and Henriques, 1986; Pierce, 2004). Without a supply of
recharge material, small scale erosion of by wind waves can occur as the beach face
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is not replenished (Pickrill, 1985; Kirk and Henriques, 1986). Should an influx of
sediment to the beachface occur, the crevasses of the armoured surfaces would be
filled, either covering a formed feature or halting its development. Thus, the most
conducive conditions to the occurrence and preservation of armouring include both
limited wave energy and limited sediment supply to the beach. A large influx of
sediment (which may reverse the state of the beach to that of equilibrium or
accumulation) or another storm event (that erodes the beach further) must occur to
interrupt the process of armouring.
Armouring has been noted on oceanic beaches before (e.g. Nordstrom, 1977; Carter
and Rihan, 1978; Isla, 1993), however Jennings and Shulmeister (2002) did not
describe this feature in their classification scheme. It is possible that the oceanic
beaches of their study were subjected to more regular powerful waves which would
have destroyed any depth sorting in the swash zone.
The presence or absence of armouring in both lacustrine and oceanic beaches could
delineate a fourth beach type alongside pure gravel, MSG and composite beach
categories. In fact, Pickrill (1985) concluded that beaches on lakes Manapouri and
Te Anau, N.Z., consisted of a fourth beach type defined by the presence of
armouring that he called ‘pavement’ beaches. However, when the armoured lake
beaches in the present study were separated from the other beach types in the
statistical tests, the Leave-One-Out Cross-Validation test (LOOCV) could not
significantly discriminate between beach groups. This was compared to the
successful classification result presented in Chapter 4 where only the three beach
groups were used. Therefore, it is concluded that the lake beaches in this study that
showed evidence of armouring do not make up a fourth beach type.

Lake cusps
Cusps are a prominent feature of oceanic gravel component beaches that were not
found at any of the lake beaches in the present study. Jennings and Shulmeister
(2002) considered cusps to be important for the morphodynamics of gravel
component beaches. Following Carter and Orford (1984) and Sherman, et al. (1993),
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they suggested cusps potentially concentrate erosion in the cusp embayments, which
channel the swash and increase the likelihood of berm overwash. In this way,
beaches with cusps are more likely to have higher rates of beachface erosion.
The lack of cusps on the lakes in this study may be due to an absence of
subharmonic edge wave motion. Cusps have been observed on lakes before (Butler,
1937; Komar, 1973), though these lake shores are sandy and the cusps are far
smaller than oceanic examples. It has been suggested that cusps are the result of
subharmonic edge wave activity occurring at the beach, which cause cusp horns to
form at wave nodal points and bays to form at the antinodal points (Carter and
Orford, 1984; 1993). According to Austin and Masselink (2006a), edge waves are
best generated by long period waves exceeding 8 s, which commonly makes up the
swell component of the wave energy spectrum on oceanic beaches. Austin and
Masselink (2006a) argued the lack of long period swell waves hindered cusp
development on the oceanic Slapton Sands beach in the U.K. The lakes of the
present study also lack long period waves: all gravel component lake beaches were
hindcasted to receive wave periods of < 5 s (Figure 4.12). These wave periods would
hinder subharmonic edge wave development and limit cuspate formation.
Prolonged calm conditions have also been linked to the destruction of cusps that are
present, by allowing sediment to accumulate in the bays, thus smoothing the beach
surface or creating a berm (Masselink and Pattiaratchi, 1998; Almar, et al., 2008).
Calm conditions were observed almost always on the lake beaches when visited
during the present study (the only exceptions being Lake Coleridge and Lake Selfe).
If this mechanism of cusp infilling did occur, any cusps that were present could have
been destroyed by the calm conditions preceding lake visits. This does not explain
the absence of cusps on the two lakes that did have breaking waves during
surveying. The alternative theory of self-organisation (Werner and Fink, 1993;
Coco, et al., 2003) also offers no reasoning as to why cusps would not be present on
the lake beaches in this study.
One explanation may come from an earlier study of Slapton Sands by Huntley and
Bowen (1975). These authors suggested that the cusps were hindered by the
presence of a strong longshore current at this beach (approximately 10cm/s). This
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caused incoming waves to be oblique to the shore, which Huntley and Bowen (1975)
argued would interfere with the formation of rhythmic cuspate morphology.
Measurements taken by Dawe (2006) found nearshore currents in Lake Coleridge,
New Zealand, averaged between 15-30cm/s, which would be enough to hinder
cuspate development if Huntley and Bowen (1975) are correct. It can be inferred
from Dawe’s (2006) study that similarly strong currents might occur at other lakes
of the present study, and that such currents could be retarding cusp development.
Strong currents are generally directed towards the lake outlet, causing the oblique
waves that do form to be angled in this direction in accordance with the dominant
wind direction (Dawe, 2006). Waves normal to shore are considered very important
for cuspate development (Guza and Inman, 1975; Werner and Fink, 1993;
Vousdoukas, 2012). Thus, cusps would be unlikely to form on lakes due to the
strong longshore currents that affect wave incidence and likely eliminate any edge
wave activity (should this be a contributing factor). While currents may explain why
no cuspate features were observed at the sample sites further away from the lake
outlet, it does not however, explain why cusps were not present at the sites nearer
the lake outlet, where waves are often normal to shore.

5.1.2

Pure gravel beaches

A comparison of features observed in pure gravel beaches by this study with those
found by Jennings and Shulmeister (2002) for the same beach type is shown in Table
5.1. The comparison shows a close similarity between sedimentological
characteristics, with well sorted, large sediments between -2 and -7 ϕ common to
both lacustrine and oceanic pure gravel coasts. Sorting was uniformly good on
lacustrine beaches. Good sorting was reported to be a characteristic of gravel
oceanic beaches by Jennings and Shulmeister (2002), though sorting was only
qualitatively observed. These similar sedimentary features suggest both
environments experience the same rates of infiltration and sediment transport.
However, wave heights and periods differ between the oceanic coasts and small
New Zealand lakes (e.g. Allan and Kirk, 2000; Dawe, 2006), meaning lacustrine
hydrodynamic regimes will be less pronounced.
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Table 5.1. Summary table comparing pure gravel lacustrine beaches with pure
gravel oceanic pure gravel beaches. Note that the lake beach data is compiled from
Appendix 1. N.d. : no data provided, N.a. = not applicable.
Lacustrine pure gravel
Oceanic pure gravel beaches
beaches (this study)
(Jennings and Shulmeister,
2002)
Often well-developed sorting
Observed sediment Often well-developed
sorting cross-shore and at
cross-shore and at depth.
changes
depth. Armouring of larger
cobbles over smaller gravels
sometimes present,
especially below the water
line.
-2.58 to -6.58 ϕ
-2 to -6 ϕ
D50 grain size
0
to
2.35
ϕ
N.d.
Sorting
tan β = 0.1 – 0.89
tan β = 0.1 – 0.25
Beach slope
0.41 – 18.67 m
18 – 50 m
Beach width
(median: 3.18 m)
0.17 – 3.18 m
N.d.
Storm berm
(median: 0.95 m)
elevation
1–8
N.d.
No. berms
0.44 – 4.06
1.6 – 4.0
Iribarren number
Plunging to
Surging and collapsing
Dominant wave
surging/collapsing
type(s)
N.a.
Highly reflective during all
Tidal influences
tides
None
Present, may result from
Cuspate
erosion or accretion
Morphology
- Armouring appeared
- Edge waves and cusps very
Other features/
important at the water edge. important for morphodynamic
influences
- Driftwood was often found regime
to cover the upper berms of - Storm cycle of slope erosion
larger lakes.
during storms, and build-up of
offshore bars during calm
periods that migrate up-slope
Aviemore
N.a.
Lakes that have
Coleridge
this beach type
Dunstan
Fergus
Lyndon
Ohau
Rotoiti
Selfe
Tekapo
Pukaki (summer only)
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Sediment size and sorting have a direct effect on beach slopes (McLean and Kirk,
1969). Beach slopes have the same lower range in both oceanic and lacustrine pure
gravel beaches, but some pure gravel lakes were steeper (lacustrine slopes: tan β =
0.10-0.89 compared to oceanic slopes: tan β = 0.10-0.25, from Table 5.1). These
steep slopes (> 0.10) result in profiles that are highly reflective of wave energy in
comparison to flatter beach types (Wright and Short, 1984), which suggests both
lake and oceanic pure gravel beaches are relatively resistant to wave action. The
steeper slopes observed on lake shores may be the result of the steeper, higher
frequency waves that can form on lakes compared to oceans (Pierce, 2004; Dawe,
2006). These waves push large sediments upslope, and, due to the high angle of
repose of large grain sizes, the beach material forms a steep gradient in the swash
zone. Despite their smaller wave heights, the steepness of the lake waves also means
they are more erosive at the shore than oceanic beaches and can create particularly
steep foreshore gradients. The steep gradients are further likely to cause the
collapsing waves that were calculated to occur on lakes from the Iribarren number.
The differences in wave energy between oceanic and lacustrine pure gravel coasts
are further reflected in the differences in the Iribarren number. While the upper
limits of the Iribarren number range were very similar for both environments, most
lakes were estimated to have lower Iribarren numbers overall, with 80 % of the lake
profiles falling below the lowest Iribarren number of 1.6 found for oceanic pure
gravel beaches (Table 5.1). Wave steepness is an important component within the
Iribarren number (refer to Equation 2). Lake waves have been shown in other studies
to be of higher steepness than oceanic beach waves (Allan and Kirk, 2000; Pontee,
et al., 2004; Dawe, 2006) as a result of lake waves having shorter periods and
lengths. The higher wave steepness is the best explanation for the lower overall
Iribarren numbers found in lake environments. Lake pure gravel beach slopes (the
other important component for calculating the Iribarren number) were often steeper
than their oceanic equivalents (lacustrine tan β = 0.10-0.89, compared to oceanic tan
β = 0.1-0.25), and could not be the cause of such difference.
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5.1.3

MSG beaches

The principle difference between lacustrine and oceanic MSG beaches was the
arrangement of sediment down the profile. Jennings and Shulmeister (2002) gave a
simple definition for MSG oceanic beaches: well mixed sands and gravels down the
entirety of the profile. Some MSG lake beaches adhered well to the oceanic
definition (e.g. Lakes Lyndon in summer, Hauroko, Manapouri, and Wakatipu). In
these cases where MSG extended down the entire profile the processes described by
Jennings and Shulmeister (2002) would ensue: plunging or collapsing waves
dominate due to the moderately steep slopes and low levels of infiltration down the
entire profile. In a number of cases, lake beaches had well sorted gravels (or larger)
on the upper shore, and armoured mixed sands and gravels in the lower shore and
below the water (Fraser Dam in summer, Lake Benmore in winter, Lake Te Anau in
winter and Lake Heron in summer). Due to the mixed sediments down part of the
profiles, these particular beaches were not considered to fit within the pure gravel or
composite beach categories. Instead, the MSG beach definition was broadened to
include these lacustrine beaches (Table 5.2).
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Table 5.2. A summary table comparing MSG lacustrine beaches with MSG oceanic
beaches from Jennings and Shulmeister (2002). NB. Lake beach data compiled from
full data in Appendix 1. N.d.: no data provided, N.a.: not applicable.
Lacustrine MSG beaches Oceanic MSG beaches
(this study)
(Jennings and Shulmeister,
2002)
- Poorly sorted, well mixed
Observed sediment Either poorly sorted
sediments over the entire
sediment cross-shore and at
changes
profile or pure gravels in
depth.
the upper profile and
mixed, poorly sorted
sediments in the lower
parts of the profile. Larger
clasts on berm crests with
sand in between, as well as
armouring observed in a
number of cases.
-0.26 to -4.58 ϕ
0.5 to -6 ϕ
D50 grain size
0 to 2.49 ϕ
N.d.
Sorting
tan β = 0.04 – 0.60
tan β = 0.04 – 0.12
Beach slope
0.55 – 4.53 m
N.d.
Storm berm
(median: 1.26 m)
elevation
1–5
N.d.
No. berms
1.09 – 31.02 m
30 – 80 m
Beach width
(median: 7.1 m)
0.18 – 2.84
0.7 – 1.95
Iribarren number
Spilling to plunging
Plunging and collapsing
Dominant wave
type(s)
N.a.
- Little horizontal tidal
Tidal influences
translation
None
May be highly developed with
Cuspate
multiple tiers of cusps
Morphology
- Small amounts of
- Stable, single beach step
Other features/
driftwood present on the
- In storm conditions, minimal
Influences
larger MSG lakes
surf zone development, with
- No beach step observed
beach step unchanging
Benmore (winter only)
N.a.
Lakes that have
Fraser Dam (summer only)
this beach type
Hauroko
Heron (summer only)
Manapouri
Pukaki (winter only)
Te Anau (winter only)
Wakatipu
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It could be argued that the four beaches above which differed to the original MSG
beaches are a separate beach category unique to lacustrine settings. However, a LDA
test that included these beaches as a fourth beach group was unable to discriminate
between beach types using any of the measured variables. In fact, the LDA test gave
better results when these four beaches were included as MSG. The lack of statistical
evidence for this fourth beach type suggests that it does not exist among the sample
lakes, and that the four individual lake beaches in question are actually MSG.
Furthermore, there were few features in common between the four lake beaches
other than the change to pure gravel in the upper profile. Without other
characteristics that are unique to this potential beach type, and having found no other
evidence of such beaches in the literature (for oceanic or lacustrine coasts), it is
difficult to define this fourth potential category. Therefore, it was considered more
likely that these beaches were a variation of the original MSG beach type. The
definition of MSG beaches was broadened to include lake beaches where mixed
sand and gravel is present over a significant portion of the profile (as opposed to
MSG covering all of it).
In the cases where the sediment sorting differed, the location at which the upper
profile changes to pure gravels marks a point where the hydraulic roughness of the
sediment and local infiltration rate changes, encouraging a loss of wave momentum.
Gravels (as opposed to mixed sand and gravel) are more permeable and tend to
hinder the forward motion of waves through increased infiltration (Austin and
Masselink, 2006a; Dawe, 2006). The changing sediment type may result in less
wave momentum than had the entire beach been the MSG beach of Jennings and
Shulmeister (2002).
Lacustrine MSG beaches differ in other ways to oceanic MSG beaches. They have
steeper slopes, smaller widths, and a bigger range in Iribarren numbers (Table 5.2).
Similar differences were observed between pure gravel type ocean and lake beaches
(above), and the causal factors can similarly be attributed to MSG beach differences.
Higher wave steepness and frequency results in erosive waves and steep upper beach
gradients which in turn cause high levels of wave reflection. There was a larger
range in Iribarren numbers on MSG lake beaches (0.18 – 2.84) compared to oceanic
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MSG beaches (0.7 – 1.95) (Table 5.2). The Iribarren number is calculated using
beach slope, and the discrepancy in this variable is in part due to the wider range of
slopes measured on MSG lake beaches than on oceanic MSG beaches (tan β = 0.04 –
0.60 compared to tan β = 0.04 – 0.12. It should be noted that 50 % of MSG lake
beaches had Iribarren numbers lower than 0.7 (the lowest Iribarren number found for
MSG oceanic beaches by Jennings and Shulmeister, 2002, Table 5.2), suggesting the
steeper waves found on lakes cause a higher proportion of low Iribarren numbers.
Lake beach widths are smaller, likely as a result of lake level fluctuations being
smaller and less frequent than the tidal ranges of Jennings and Shulmeister’s (2002)
sample of oceanic beaches.
For the MSG lake beaches studied here, the median grain sizes were smaller than
oceanic MSG beaches (Table 5.2). Lacustrine MSG D50 values range from very
coarse sand to coarse gravels (-0.26 to -4.58 ϕ) while oceanic MSG beaches range
from coarse sands to cobbles (0.50 to -6.00 ϕ). Grain size is largely a response to the
size and volume of source material that a beach receives (Folk and Ward, 1957;
McLean, 1970), suggesting that the lacustrine MSG beaches in this study receive
smaller amounts of sediment and/or that source sediments are of a smaller average
size than that of oceanic beach sediments. It should be noted that interpreting the
meaning of the average grain size values for MSG beaches is difficult since the
sediments are by definition bimodal. Thus, an average (i.e. median) value gives little
information on the spread of sediment sizes present at each MSG beach. If the
narrower range of D50 values given for lacustrine MSG beaches accurately reflect a
narrower range in lake beach grain sizes at each site, this should result in increased
beach slopes (McLean and Kirk, 1969), increased wave reflectivity (Kobayashi, et
al., 1991; Mason, et al., 1997), and a decrease in sediment transport potential
(Kuhnle, 1993) compared to oceanic MSG beaches. Further comparable data for
oceanic MSG beaches are required, including relative proportions of sand and
gravel. Then, MSG beaches from both environments can be compared.
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5.1.4

Composite beaches

Jennings and Shulmeister (2002) found oceanic composite beaches had the
narrowest range of grain sizes of all the beach types (-4.17 to -5.64 ϕ). Grain sizes
on lacustrine composite beaches however had the largest range of average grain
sizes out of the three lake beach types (-0.75 to -6.17 ϕ) (Table 5.3). Oceanic
composite beaches were described by Jennings and Shulmeister (2002) as having
two distinct sedimentary zones: pure gravel (or larger) in the upper foreshore; and
pure sand extending down-profile into the intertidal zone, which is exposed at low
tide. Similar sedimentary zones were observed in lacustrine environments. Most
lacustrine composite beaches had similar pure gravels in the upper profile and pure
sand and silt in the lower profile (Table 5.3). However, two of the lakes out of seven
(Lake Opuha and Fraser Dam in winter) were observed to have MSG in the upper
shore instead of pure gravel, and then changed to pure sand/silt down the profile.
The observable change to pure sand/silt warranted their inclusion in the composite
beach category. The difference in upper profile sediments could affect the local
hydrodynamics. Sand present in the foreshore potentially increases entrainment and
results in more grain movement by swash (Wilcock, et al., 2001). Lacustrine
composite beaches exhibiting this difference may therefore be more likely to
experience higher rates of erosion during storms.
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Table 5.3. A summary table comparing composite lacustrine beaches with composite
oceanic beaches. NB. Lake beach data compiled from Appendix 1. N.d.: no data
provided, N.a.: not applicable.
Lacustrine composite
Oceanic composite beaches
beaches
(Jennings and Shulmeister,
(this study)
2002)
- Hydraulic sorting caused a
- Hydraulic sorting causes a
Observed
sediment boundary between
distinct sediment boundary
sediment
coarse
gravels/armoured
cross-shore at top of the
changes
sediments in the upper profile, intertidal zone.
and sand/silt in the lower
- Coarse gravels above
profile.
boundary and sand below.
- A zone of transition between - Gravel berms may be well
pure gravels and pure sand
sorted.
often evident at the water edge.
- Boundary location was
dependent on lake levels, but
usually observed just below the
water level.
-0.75 to -6.17 ϕ
-4.17 to -5.64 ϕ
D50 grain size
0.43 to 3.26 ϕ
N.d.
Sorting
Lower profile: tan β = 0.01 –
Lower seaward profile:
Beach slope
0.59
tan β = 0.03 – 0.1
Upper profile: tan β = 0.06 –
Upper landward profile:
0.75
tan β = 0.1 – 0.15
Average: tan β = 0.10 – 0.62
Average: tan β = 0.05-0.14
0.62 – 94.66 m
Varies greatly, but often
Beach width
(median: 4.77 m)
between 20 – 60 m
0.35 – 13.03 m
N.d.
Storm berm
(median: 0.93 m)
elevation
1–4
- N.d.
No. berms
0.04 – 2.77
0.5 – 1.8
Iribarren No.
Spilling to plunging
Spilling waves at low tide,
Dominant
plunging at high tide
wave type(s)
N.a.
- At low tide, dissipative surf
Tidal
and long-shore bars/troughs
influences
may develop.
- At high tide, reflective surf,
hydrodynamics determined by
underlying substrate.
None
May develop on the gravel
Cuspate
berm
Morphology
Other features/ - Beach slope often changed at - Distinct change in slope at the
the sediment boundary, but not boundary between sand and
influences
always.
gravel parts of the profile.
- Lake level particularly
variable on a small number of
these lakes.
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Table 5.3 (continued).
Lacustrine composite
beaches
(this study)
Benmore (summer only)
Lakes that
have this beach Fraser Dam (winter only)
Heron (winter only)
type
Opuha
Taylor
Te Anau (summer only)

Oceanic composite beaches
(Jennings and Shulmeister,
2002)
N.a.

The differences observed at Lake Opuha and Fraser Dam, as mentioned above, may
be due to the lower wind wave energy they receive compared to the other lacustrine
composite beaches. The fetches on Lake Opuha and Fraser Dam were particularly
small compared to other composite lake beaches, ranging from only 1–2 km (Table
3.1). Wind-wave development would be limited as a result, and the smaller
significant wave heights would not extend far up the beach or initiate as much
sediment entrainment. The smaller sediments in the upper MSG shore of Fraser Dam
and Lake Opuha are less frequently exposed to intensive wave action and have less
opportunity to be removed from the profile. Lake Opuha was only recently
constructed as an irrigation reservoir (it is only 20 years since it was built, Opuha
Water Ltd., 2011), which could be part of the reason why the sands and silt have not
been winnowed out of the upper shore. The limited reworking opportunities for the
beach sediment means that smaller sediments could be the remains of surface
materials from before the construction of the reservoir. Smaller sediments are still in
the process of being combed downslope as lake waves erode the banks further. The
combination of the smaller and less frequent wave energy at the shore and the short
exposure time to waves may be the cause of the difference in upper profile sorting at
this beach.
Composite lake beaches display a more complex wave regime than pure gravel or
MSG beaches. The upper profile consists of pure gravels or mixed sediments while
the lower profile (mostly below the waterline) is purely sand and silt. This is
sometimes accompanied by a change in slope at the sediment boundary. Where a
slope change is prominent, the hydrodynamics and breaker types will likely respond
in a similar way to the oceanic composite beaches described by Jennings and
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Shulmeister (2002). That is, the lower sandy terrace provides a shallow runup zone
in which spilling breakers dominate until the steep, gravel component upper shore is
reached. At this point the change in slope forces a change to plunging waves. These
zones have low permeability in the sand zone and higher permeability in the upper
profile, depending on whether the material consists of pure gravel or MSG. The
steep upper profile results in a large proportion of wave reflection relative to the
lower portion of the beach (Mason, et al., 1997).
On composite beaches when lake levels are higher, water covers the lower profile
sand zone causing spilling breakers at the shoreline when wave activity occurs.
When larger waves reach the (sometimes steeper) pure gravel or MSG zone in the
upper part of the profile, they transform into plunging breakers (Dawe, 2006). This
is similar to high tide shoaling on oceanic beaches where the water drowns the pure
sand zone (the intertidal terrace) so that waves shoal and break as plunging breakers
on the upper beach pure gravels (Jennings and Shulmeister, 2002). Such wave
transformations would only occur when the largest waves approach the beach since
the sand/silt zone was usually observed to start at around 50 cm depth of most
composite lake beaches (too deep to affect the shoaling of most lake wind-waves).
Furthermore, if the sand/silt zone is far underwater, the change in slope that also
sometimes occurred would be too deep to affect the form of wave breaking as most
waves had significant wave heights of < 1 m even when maximum wind conditions
occurred (Figure 4.12).
A further difference between the oceanic and lacustrine composite beaches is the
regularity at which the lower sandy terrace is exposed. Lake level fluctuations
usually last longer than a daily tidal cycle, especially on hydroelectric lakes where
lake levels can be held at the same volume for weeks or months (e.g. Kirk, et al.,
2000). Should the lake be raised either naturally or manually for an extended period
of time, the wave activity that occurs would be concentrated at the upper foreshore
gravel or MSG zone of a composite beach. High lake levels have been shown to
correspond with higher rates of erosion if they coincide with large storm events (e.g.
Lorang, et al., 1993a; Kirk, et al., 2000, though neither study was undertaken on a
lake composite beach). The timing of high lake levels is potentially very important
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for lake composite beaches, especially if the upper shore consists of MSG that could
decrease the overall shear stress of the beach sediments resulting in increased
entrainment (Wilcock, et al., 2001; Horn and Walton, 2007). For this reason,
composite lake beaches with MSG upper shores may be more prone to erosion than
composite beaches with pure gravel upper shores, unless they receive a more regular
supply of sand and gravel to the beachface.
Lake composite beach Iribarren numbers correspond to the same wave breaker types
(spilling and plunging) as found for composite oceanic beaches. Waves were only
observed at two lakes during the field work, demonstrating how common it is for
New Zealand lakes to experience calm conditions. However the Iribarren numbers
calculated for the lake beaches indicate composite lake beaches can receive either
spilling or breaking waves. Where there is a break in slope at the lakeshore, the
breaker type may be dependent on lake level with spilling breakers occurring when
lake levels are low (similar to low tide waves on an oceanic composite beach,
Jennings and Shulmeister, 2002), and plunging breakers at high lake levels when
waves break on the steeper upper shore (similar to high tide on oceanic composite
beaches).
Many lakes had an armoured zone of transition at the shoreline. Armouring at the
shoreline is not specific to composite lake beaches, being found at many of the pure
gravel and MSG lake beaches. However, lacustrine composite beaches were the only
beach type observed to change to a pure sand zone below the armoured section.
Oceanic composite beaches have been found to change suddenly between pure sand
and pure gravel (Jennings and Shulmeister, 2002). Conversely, lacustrine composite
gravel beaches revealed a zone of transition in a number of cases, where pure
gravels formed a shallow layer over the pure sand at the water edge, i.e. armouring
(e.g. Figure 4.3), which gradually gave way to pure sand/silt entirely below the
water.
Jennings and Shulmeister (2002) presented two ranges of oceanic composite beach
slopes, firstly giving the gradients for the sandy lower shore (tan β = 0.03 – 0.1)
which from Wright and Short (1984) is dissipative, and secondly describing the
steeper, reflective upper shore slopes (tan β = 0.1 – 0.15). These gradients
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correspond to sediment zones of pure gravel and sand that were separated by a
distinct and sudden change in slope (Jennings and Shulmeister, 2002). In this study,
where lake beaches showed the same characteristic break in slope between beach
zones, slope data was collected for each section and presented in the same way
(Table 5.3). However, six of the 15 lacustrine composite beach profiles surveyed had
no change in slope, or the sand zone was underwater and unable to be fully
surveyed. In these situations, lake composite beach slopes were calculated as a
single value (the average of the entire slope, also given in Table 5.3). Where there
was a slope change, the lake composite profiles were universally steeper in the upper
shore than the lower shore, displaying a concave profile shape. The same trend was
observed on oceanic beaches where the upper gravelly profile was steeper than the
lower beach sand zone. When lake and ocean beach slopes are compared directly,
some composite lake beaches (in both zones of the beach) had much higher
gradients than the oceanic composite beaches. The same patterns of generally
steeper slopes were shown for pure gravel lake beaches, and the reasons are likely to
be the same: a more variable wave climate with the potential for steeper, higher
frequency waves that are more conducive to steeper profiles.
A result of the seasonal visits to these sites was that the majority of composite gravel
beaches changed between seasons. Only a single lake included in the present study
(Lake Taylor) was identified as having a composite beach in both summer and
winter. The other composite lake beaches were either observed to have composite
beaches in the summer and MSG in the winter, or the reverse change from MSG in
the summer to composite in the winter (Lake Heron and Fraser Dam). The exact
triggers behind such changes were beyond the scope of this study, though it is
speculated that the lake level was an important component of these changes. For
example, Lake Taylor did not appear to have any change in lake level between visits
which may have resulted in its consistent classification over both visits. If the water
level was high during a visit to a lake, the sand apron of a composite beach could
potentially be covered by water causing the beach to be classified on the basis of the
exposed upper profile only (i.e. pure gravel or MSG depending on the sorting of the
upper shore). A long period of high lake levels will provide enough time for the
waves to sufficiently rework the shore materials so that the sedimentological
187

Chapter 5 Discussion

features represent the current hydrodynamic conditions of the site. Whether the
observer is looking at the modal beach state (Wright and Short, 1984) is hard to
determine without long term lake level records that in many cases are not available,
especially for some of the smaller alpine lakes (e.g. Lake Heron and Fraser Dam).

5.2 Lacustrine processes and morphodynamics
The following section focuses on lacustrine processes and morphodynamics as
observed during this study. Along with interpreting similarities and differences
between lake and oceanic beach types (as discussed in the last section), an aim of
this thesis was to expand on the field of lake coastal processes and morphodynamics.
This section will first explain the importance of various lake beach features in
relation to the wider literature, featuring sedimentary characteristics, the impacts of
wave energy, storm wave affects, and the potential effects of lake level change.
These influences have been noted by other studies to alter the form of a gravel
component lake beach in the past (e.g. Lorang, et al., 1993a; Nordstrom and
Jackson, 2012).
This section will then go on to answer the second research question: Do lacustrine
gravel component beaches conform to the processes and resulting morphologies of
Wright and Short’s (1984) and Jennings and Shulmeister’s (2002) morphodynamic
models? To best answer this, a lacustrine model will be presented and incorporated
within these existing coastal frameworks. In light of the presented model, other
classification schemes and models will be reflected on. In doing so, it is intended to
better define lake beaches containing a proportion of gravel, and provide a more
appropriate framework for future study and treatment of lake beaches with a gravel
component.
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5.2.1

Sedimentological lake features

Sediment sorting was the only variable in this study that could be used to statistically
discriminate between lake beach types. If sorting is good, it has been argued grain
sizes will invariably be larger where gravel component beaches are concerned
(Shepard, 1963; McLean and Kirk, 1969). This relationship is shown in this study to
some extent, with pure gravel beaches generally having the best sorting. Beaches
with larger grain sizes and no sand present have high permeability and hydraulic
conductivity (Horn and Walton, 2007). Higher hydraulic conductivities encourages
steeper slopes through a weakened backwash and onshore dominated sediment
movement (Quick, 1991; Austin and Masselink, 2006b). Where sand is present
within a poorly sorted matrix (such as an MSG lake beach) the hydraulic
conductivity is lowered, and uprush and backwash forces are more evenly matched.
This causes sediments to be combed down the profile and beach slopes to shallow
(Pickrill, 1985; Quick and Dyksterhuis, 1994; Horn and Walton, 2007).
A direct relationship between sorting and beach slope, as found by McLean and Kirk
(1969), is only present if sediment supply to the beach is ample and beach exposure
to wave energy is not too high, as each of these factors can alter the beach slope
regardless of sorting characteristics (Kirk, 1980). The lake beaches in this study did
not adhere to this relationship. When plotted, sorting appears to have no relationship
to beach slope, regardless of beach type (Figure 5.2). Grain size also appeared to
have very little linear trend when compared to beach slope, though the composite
gravel beaches showed a better R2 value of 0.3 (Figure 5.3). At odds with Shepard’s
(1963) and Jennings and Shulmeister’s (2002) findings, pure gravel beaches did not
show a good linear relationship between grain size and beach slope, returning an R2
value of just 0.04 (Figure 5.3). MSG beaches were expected to have shallower
slopes than pure gravel beaches due to poorer sorting and lower hydraulic
conductivities (Horn and Walton, 2007). However, as shown in both Figure 5.2 and
Figure 5.3, many MSG beaches and pure gravel beaches consist of similar beach
slopes, while some MSG beaches were actually steeper than the better sorted pure
gravel beaches. This finding supports the very poor linear trend between sorting and
beach slope in Figure 5.2. It is possible that differences in lake beach exposure or a
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lack of sediment supply to some sites relative to others may have distorted the
sorting/slope relationship in this sample (Kirk, 1980).
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Figure 5.2. Beach slope verses sediment sorting for all lake beach profiles in this study. R2 values for all beach types are < 0.2 indicating the
data have a very poor linear trend.
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Figure 5.3. Beach slope verses average grain size for all lake beach profiles in this study. Composite beach types showed the best linear trend,
however this was still a poor fit to the data (R2 value < 0.4). Pure gravel and mixed sand and gravel beaches showed particularly poor linear
trends (R2 < 0.1).
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One reason why lake beaches do not adhere to the grain size/slope relationship could
be because a single gradient value was used for profile slopes that were not linear.
Having even a small number of beaches that are not well represented by a slope
value could distort the relationship. The same limitation can be said of the sediment
size representation. A single value is unlikely to represent the range of sediment
sizes present on all profiles (especially bimodal MSG beaches), which would have
further disguised any grain size/slope relationship. As there is no agreement in the
literature as to how much sand is required before a beach profile should be classed
as an MSG beach (Mason and Coates, 2001), the lake beaches in this study were
simply classified as MSG if any sand was observed within the 10 cm deep surface
sediments. This meant that profiles with large amounts of sand as well as those with
a very small amount of sand are categorised as the same, when in fact the differing
sand proportions could cause differences in infiltration and swash, and therefore
beach slope (Mason, et al., 1997; Horn and Walton, 2007). It is possible that such
differences in sand/gravel proportions between MSG beaches were not adequately
represented by the single grain size values used in Figure 5.3, producing the poor
relationships observed.

5.2.2

Wave environment and lake level

The wave environment of lakes is dominated by low height, short period windwaves of high wave steepness (Allan and Kirk, 2000; Dawe, 2006). Nearly two
thirds of the lakes in this study returned significant wave heights of < 0.5 m during
maximum wind conditions (Figure 4.12). Such environments would be considered
‘low energy’ beaches according to Jackson, et al. (2002), as wave heights during
strong wind conditions never get large enough for substantial cross-shore sediment
movement (that is, wave heights do not get larger than 0.5 m). The remaining lakes
found to have waves of > 0.5 m experience more intensive reworking of the
beachface as a result of larger fetch lengths at these particular sites (the shortest
fetch length of lakes with these wave heights was 5.62 km at Lake Heron, Table
3.1). Although these lakes experience larger significant wave heights of > 0.5 m,
they also experience long periods of low energy conditions or complete calm, as
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observed in nearly all lake visits in this study and supported by other lacustrine
studies (Pickrill, 1985; Allan and Kirk, 2000; Pierce, 2004; Nordstrom and Jackson,
2012). Calm conditions do little to affect the beach profile which is predominantly
only altered by higher-energy events. This was one of the criteria for the
classification of a ‘low energy’ beach by Jackson, et al. (2002). There is evidence
that not all fetch-limited environments do exhibit high-energy behaviour as well as
the expected low-energy characteristics (Goodfellow and Stephenson, 2005). The
wave environments of these lakes were hindcasted, and only the maximum
significant wave heights, that is, storm waves, were examined. Further study into the
wave environment of these lakes is required before they can be considered lowenergy, high-energy, or a combination of the two (‘bimodal’ after Goodfellow and
Stephenson, 2005).
When higher windspeeds and wind durations do occur (i.e. storm events) energy is
efficiently translated to the water surface where wind-waves and sometimes swell
waves develop more rapidly than in oceanic environments (Pickrill, 1985; Pierce,
2004; Dawe, 2006). The resulting waves are steep and able to efficiently erode
sediment from the shore (Allan and Kirk, 2000). Even on particularly porous pure
gravel profiles, the waves can still saturate the surface sediments to hinder
infiltration and strengthen backwash (Kirk, 1975). When this happens, the backwash
encourages the downcombing of sediments, which steepens the upper shore
(sometimes to a vertical slope), which results in a lowering of the gradient of the
swash zone. These processes have been measured on the oceanic gravel component
beaches studied by Jennings (2002) and Ivamy and Kench (2006), and are the likely
response of gravel component lakeshores as well.
When storm waves erode scarps on the beachface, they would remain for as long as
calm conditions prevail afterward. Long shore currents on lakes are an important
supply of small sediments to the beaches, especially when calm conditions dominate
and the reworking of cross-shore sediments by waves is limited (Dawe, 2006).
Sediment availability therefore, is equally as important as wave conditions to the
types of lake beaches that develop.
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Wave and lake level effects on berms
During large storm events, berms build at the top of the swash zone as sediments are
pushed upslope by steep, tall waves (Pedrozo-Acuña, et al., 2006; Bertoni and Sarti,
2011). When calm conditions resume after the storm event, the berm remains and
the swash zone steepens as sediment is deposited there by smaller wind-waves
(Dawe, 2006). Subsequent storm events may build the berm higher or wider
(Bascom, 1953), or, if coupled with a rise in water level, may drown the berm and
build another at the new lake level elevation (Pickrill, 1985). Lowered lake levels act
to strand berms high up on the lake beach away from wave action. Should the water
level drop and storm conditions occur, a new berm lakeward of the first may be
constructed.
In this study, a significant difference was found when the number of berms observed
during summer and winter was tested using a paired t-test (summer average mean =
2.2 berms, winter average mean = 2.7 berms, p-value = 0.008, Table 4.19). In fact,
this was the only variable out of the six tested (grain size, sorting, beach width,
slope, berm elevation, number of berms and Iribarren number) that showed a
significant difference between the seasons. When the dataset was examined more
closely, 12 of the 17 lakes that were compared between seasons showed an increase
of at least one extra berm on the profile when revisited in winter. However, when the
lakes managed for hydropower were excluded from the dataset, the remaining
unmanaged lakes did not return a significant difference between the number of
berms (p = 0.19), and neither did any other variable (i.e. there was no change). The
influence of the hydroelectric lakes on the number of berms dataset only can be
attributed to the changes in lake level that were more prevalent at these lakes. Rising
water levels in summer due to snow melt (Kirk, et al., 2000) would have caused the
either the drowning or destruction of winter berms, while a drop in water level in
winter would strand the recent berms on the upper shore and increase the berm
count. These berms are then preserved until the next rise in water level or perhaps
the next significant storm event (Pickrill, 1985). However, four lakes experienced a
rise in lake levels in winter, two of which were hydroelectric lakes (Lakes Dunstan
and Manapouri). This suggests that changes to lake level alone do not account for
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the overall increase found in the number of berms during winter, and that the
coincidence of storm events with changes in water level are perhaps equally
important.
An increase in the magnitude (though not necessarily the frequency) of storm events
in summer can remove smaller berms formed in winter resulting in the lower
number of berms found there in summer. Studies of northern hemisphere lakes have
argued for the existence of differing summer and winter lake profiles, linked to
differences in storm severity and wave heights between seasons (Davidson-Arnott,
1988; Lawrence and Davidson-Arnott, 1997). Some evidence for a difference in
storm intensity between seasons has been shown by a study of the wave regime at
Lake Dunstan, New Zealand (Allan and Kirk, 2000). In this study, wave heights
were measured to be predominantly < 0.25 m in summer/spring at Lake Dunstan,
while 0.25 – 0.5 m waves dominated in winter/autumn. The increase was noted to be
minor by the authors, and the seasonal changes to the wave regime are probably too
small on their own to be a significant factor in the formation and development of
gravel component lake beaches in New Zealand (Kirk, 1980; Pickrill, 1985).

Wave and lake level effects on beach slope and width
The large majority (34 out of 36) of lake beaches studied here, regardless of beach
type, exhibited steep average slopes of more than tan β = 0.10. This would place
nearly all lake beaches in this sample in the wave reflective category of Wright and
Short (1984). Pure gravel beaches and composite beaches had some of the steepest
slopes surveyed, with three pure gravel beaches tan β > 0.5 and one composite beach
tan β > 0.6 (Table 4.2), though composite beaches were more varied in gradients.
High gradients such as these are likely to be particularly reflective of wave energy,
and are important for the longevity and stability of lake beach types since less
energy is directed into the beach face to cause erosion (Allan, et al., 2006). The
steep gradients are likely the result of the lake beaches containing large particle sizes
(gravel and larger), having high wave steepness, and the exposed nature of some of
these environments (Pickrill, 1978). Despite these observed trends, lake beach slope
did not appear to be important for distinguishing between lake beach types observed
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in this study. Slope was combined with wave steepness to produce the Iribarren
number for each beach, which was found to be one of the worst discriminators
between beach type in the LDA tests (Table 4.10). This suggests that beach slope is
not strongly affected by the beach type that develops. The method of measurement
employed within the literature and within the present study, may be part of the cause
for the poor results as a single slope measurement cannot adequately capture smaller
variations in beach gradient. This approach is especially inadequate for composite
type beaches as found in this study, where the profile resembles a more concave
shape and multiple slope measurements are required.
Steep lake beach profiles tend to be narrow in width, with 29 of the 36 lake beaches
surveyed (81 %) being narrower than 11.48 m: the narrowest oceanic beach included
in Jennings and Shulmeister’s (2002) study. Jennings and Shulmeister (2002) found
beach width was one of the most important discriminating variables for oceanic
gravel component beaches, however this study found it to be a poor discriminator
between lake beach types. The narrow widths found here are indicative of the
absence of tides on lakes which limits the ability for wave energy to widen and
flatten the beachface. It appears beach width is better linked to the type of coastal
environment than the type of beach present.
Pure gravel lake beaches tended to be generally steeper than other lake beach types
in this study (as can be seen in Figure 5.2 and Figure 5.3), which has an important
effect on the wave climate of these beaches. As previously mentioned, lake waves
have been found to generally be steeper than oceanic waves (Dawe, 2006) meaning
when they arrive at the beach face, they break very soon after shoaling. Due to the
steepness of the beach face, minimal sediment transport occurs (Lorang, et al.,
1993a; Dawe, 2006; Ivamy and Kench, 2006) and a large proportion of wave energy
is reflected (Mason, et al., 1997). A high level of wave reflection is an important
protective characteristic of the beach against erosion, and suggests pure gravel lake
beaches are most resistant to variations in wave energy.
On MSG beaches, higher volumes of sand and poorer sorting results in steep slopes
(though slopes varied greatly during this study probably due to the variation in sand
content), and lower sediment permeability impedes dissipation of wave energy into
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the beach face. Lower infiltration can result in higher rates of sediment transport
(Mason, et al., 1997; Dawe, 2006; Ivamy and Kench, 2006). To avoid long-term
erosion, these beach types are likely to be more dependent on a higher sediment
supply from river inputs or backshore cliffs (Kirk, 1980; Pontee, et al., 2004). If no
sediment supply is available, these beaches may erode quickly.

5.2.3

Morphodynamic model

Having compared a number of the features observed in this study with the wider
literature in the previous sections, this section focuses on a morphodynamic model
for gravel component lacustrine beaches, presented within the framework of Wright
and Short’s (1984) morphodynamic model. Figure 5.4 shows the lacustrine and
oceanic gravel beach types of both this study and Jennings and Shulmeister’s (2002),
are placed within the ‘reflective’ end member category of Wright and Short’s (1984)
scheme. The beach slope and sediment size in particular, resemble the characteristics
of the reflective beach type category, making this the most appropriate choice for the
beaches of this study relative to the other categories presented by Wright and Short
(1984). Jennings and Shulmeister’s (2002) model is also incorporated as they did not
situate their model within any other past schemes, and as the present study builds off
their work.
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Figure 5.4. Morphodynamic model of beach types.
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The combined conceptual diagram in Figure 5.4 shows that the reflective beach state
of Wright and Short (1984) is divided into oceanic reflective beaches and lacustrine
reflective beaches. The oceanic reflective beach types are pure gravel, MSG, and
composite which can be best differentiated by Iribarren number (ξ), wave breaker
type, beach width, storm berm elevation and average grain size. Lacustrine reflective
beaches are also divided into pure gravel, MSG, and composite beach types,
however these types differ to the oceanic versions in width, gradient, and Iribarren
number ranges. Lacustrine reflective beach types are best distinguished from each
other by sediment sorting, where pure gravel lake beaches have the best sorting (0 to
2.35 ϕ, average = 0.75 ϕ), followed by MSG lake beaches (0 to 2.49 ϕ, average =
1.23 ϕ), while composite lake beaches show the poorest sorting (0.43 to 3.26 ϕ,
average = 1.84 ϕ).
Pure gravel beaches in general can be characterised by large grain sizes and good
sediment sorting compared to the other beach types. These beach types demonstrate
a wide range of Iribarren numbers and wave breaker types, though lacustrine pure
gravel beaches have the largest range of all (ξ = 0.44 – 4.06) and include plunging
breakers not observed on oceanic pure gravel beaches. Pure gravel beach types also
exhibit the steepest slopes compared to MSG and composite beach categories, with
lacustrine beaches reaching tan β of 0.89 and oceanic pure gravel beaches having
maximum slopes of tan β = 0.24. As a result, these types of profiles are highly
reflective of wave energy at all times, maintained by the high permeability of the
gravels that limit wave backwash and encourage onshore sediment transport (Mason,
et al., 1997; Masselink and Li, 2001). Oceanic pure gravel beaches are far wider
than their lacustrine pure gravel counterparts, extending to about 35m wide
(compared to 3 m wide for the lake beaches). Oceanic pure gravel beaches further
have higher storm berm elevations than the lacustrine settings, which results from
higher, more frequent water level fluctuations caused by tides (this is the cause of
the marked differences in width and slope between the other lake and oceanic beach
types also).
MSG beaches are dominated by a larger range of grain sizes that are more poorly
sorted down the profile. Some lacustrine MSG beaches can have better sorted pure
gravels in parts of the upper profile at times, which will affect the local
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hydrodynamics at the site (Mason, et al., 1997; Horn and Walton, 2007), and may be
linked to a lack of sediment replenishment to the lake beach (Folk, et al., 1962;
Nordstrom, 1977). Plunging breaker types are common on both lacustrine and
oceanic MSG beaches, however spilling breakers (and lower Iribarren numbers of
down to 0.18) can occur on lake MSG beaches. Lake MSG beach slopes are often
steeper than oceanic ones (the maximum being tan β = 0.60 compared to tan β =
0.12), however both environments have the same lower limit of gradients (tan β =
0.04). Oceanic MSG beach gradients are shallower than both pure gravel and
composite oceanic beach gradients, while lake MSG beaches are generally only
shallower than pure gravel lake beaches.
Composite beaches have a more complex hydrodynamic regime, with both lake and
oceanic beaches demonstrating a complete change in sediment part-way down the
profile. On oceanic beaches, this sediment boundary is associated with tidal
fluctuations, where a low tide causes the shallow sandy terrace to be exposed and
initiate spilling wave breaker types (Jennings and Shulmeister, 2002). At high tide,
waves break directly on the steep pure gravel upper shore, and consist of
predominantly plunging breakers. Lacustrine beaches also display a distinct change
in sediments from coarser gravels in the upper shore to pure sand below the water
(often associated with a change in slope). However, this sandy zone is only exposed
when the lake level is low, and can remain completely covered by water for months
or longer. When covered, the sandy zone on a composite lake beach is too deep to
affect most waves, only altering wave propagation if particularly large storm events
occur. When exposed, the sand zone of these lake beaches (where there is also a
corresponding change in beach slope) is likely to affect wave breaking in the same
way as on oceanic composite beaches (with a change from spilling to plunging).
Composite lake beaches with small fetches and very limited wind-wave energy
sometimes exhibit more sand in the upper beach profile, more closely resembling
MSG than pure gravel in this zone. Armouring of sediments at the shoreline is very
common on lacustrine composite beaches (this feature can also occur on pure gravel
and MSG lake beach types as well) unlike oceanic coastal environments where it
seems to be very rarely present. Composite lake beaches can also be far steeper in
both the upper profile gravel (up to tan β = 0.75) and lower profile sand gradients
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(up to tan β = 0.59) compared to oceanic composite beaches where the tan β only
reached 0.15 and 0.1 respectively.
The lake beaches of this study can further be classified as reflective according to the
descriptions given by Lorang, et al. (1993b) and Pickrill (1985). Lorang, et al.
(1993b) classified reflective lake beaches on Flathead Lake, Montana, U.S.A. as
having large sediment sizes (compared to dissipative sandy profiles), steep and
narrow beach profiles, a step and berm (compared to multiple nearshore bars), and a
high surf similarity parameter of > 30 (after Wright and Short, 1984). Aside from the
surf similarity parameter, a number of the lake beaches in the present study adhere
well to these descriptions of a reflective beach type, though more variation in slopes
and sediment sizes are shown to exist. Pickrill (1985) broadly defined gravel
component beaches on Lakes Manapouri and Lake Te Anau, New Zealand, as also
having large sediments (he separated pure gravel and MSG beaches by the presence
or absence of sand) and steep or near-vertical beach profiles. Both of these beach
types were observed during this study, along with the additional composite beach
type. Pickrill (1985) also defined a pavement beach category, however these beaches
were not found to form a separate category in the present study, and the armouring
patterns that Pickrill observed were considered here to be simply a commonly
occurring feature on the pure gravel, MSG and composite beach types instead, as has
also been argued by Pierce (2004).
Many of these beaches could be adapted to Pierce’s (2004) classification scheme for
gravel component lake beaches (Figure 2.4). The large majority of the lake beach
sample in the present study were of Type A, Type B, or both, with only two lakes
(Lake Rotoiti in winter and Lake Selfe in winter) showing a slight convexity in
profile shape that might warrant a Type C classification. The additional
characteristics of berms, multiple ridges, flat profiles (0o), and steep profiles (≥ 10o)
described by Pierce (2004) were all observed either separately or together on a
number of occasions during this study, however the beach step characteristic was not
surveyed on any of the lake beaches. Pierce’s (2004) classification scheme does not
incorporate variations in sedimentary characteristics that may occur down the
profile, which are considered important for the hydrodynamics and morphodynamics
of beach profiles (Mason and Coates, 2001; Buscombe and Masselink, 2006). As has
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been shown in the present study, the slope of a beach is not a proxy for sediment size
or sorting (Figure 5.2 and Figure 5.3), and it follows that Pierce’s classification
scheme must also include the sedimentary characteristics of a profile before it can
correctly identify the dominant hydrodynamic processes occurring at each lake
beach sites.

5.3 Conclusion
This study had two research questions. The first asked if gravel component lake
beaches are similar enough to oceanic beaches that they exhibit the same beach
types after Jennings and Shulmeister (2002), as well as asking if their classification
scheme can be successfully replicated in lake environments? It was found that the
same beach types were observed (pure gravel, MSG, and composite beaches) and
this is supported by the statistical findings (66.7 % successful classification rate in
the LOOCV test, Table 4.14). However, the LDA could only successfully
discriminate between beach types based on sediment sorting. All other variables
tested in this study (average grain size, beach width, number of berms, storm berm
elevation and Iribarren number) were found to be poor discriminators between lake
beach type in this study, contrary to Jennings and Shulmeister’s (2002) results.
Larger physical variation was found on the New Zealand lakes studied here than the
oceanic beaches from Jennings and Shulmeister (2002). Lake beach widths were
found to generally be narrower than oceanic beaches, regardless of beach type. This
was most likely as a result of the lack of tidal fluctuations on lakes, and the less
regular and often smaller wave heights that are unable to rework the same area of the
beach face as oceanic beaches can on a daily basis. Beach steps on the lakes were
largely absent or unobservable, which differed to studies of oceanic beaches (Kirk,
1980; Jennings, 2002; Ivamy and Kench, 2006; Austin and Buscombe, 2008) and
some studies of lake beaches (Pickrill, 1985; Kirk and Henriques, 1986). Lake cusps
were also noted to be absent from the lake beaches when surveyed. It is speculated
the lack of cusps is linked to the presence of a strong longshore current in some
circumstances (for example on Lake Coleridge, Dawe, 2006), however this is not a
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satisfactory argument for all lake the beaches of this study. The presence of
armoured sediments at the shoreline is a feature that does not exist in Jennings and
Shulmeister’s (2002) classification scheme. Vertical sorting of the sediments (where
larger sediments form a shallow surface layer over smaller sediments) occurred on
pure gravel, MSG, and composite type lake beaches, and may be linked to smaller
wave energies most commonly occurring on lakes, as well as a limited sediment
supply (Pickrill, 1985; Kirk and Henriques, 1986; Pierce, 2004).
Specific differences were observed between lacustrine and oceanic beach types. Pure
gravel beaches on lakes had steeper slopes than oceanic pure gravel beaches (tan β =
0.10-0.89 compared to tan β = 0.10 – 0.25) and lower Iribarren numbers (80 % were
hindcasted to be < 1.6, the lowest calculated for oceanic pure gravel beaches by
Jennings and Shulmeister, 2002).
MSG lake beaches were generally similar in sorting to oceanic MSG beaches,
however four out of the 12 MSG lake beaches had better sorted gravels in the upper
shore, and mixed sands and gravels (sometimes with armouring) below the
waterline. This differed to the oceanic examples of MSG beaches reported by
Jennings and Shulmeister (2002) where sand and gravel was mixed down the entire
profile. MSG lake beaches also had a larger proportion of lower Iribarren numbers
than oceanic MSG beaches, with 50 % of the lake MSG beaches having numbers <
0.7 (the lowest Iribarren number for oceanic MSG beaches as found by Jennings and
Shulmeister, 2002). MSG lake beaches further had a smaller range in grain sizes.
The most noteworthy difference found between lake composite beaches and their
oceanic counterparts was the sedimentary zones observed. Most composite lake
beaches showed similar sedimentary zones of pure gravel in the foreshore and
sand/silt beginning around the water edge. Two out of seven composite lake beaches
differed from the oceanic sample of composite beaches reported by Jennings and
Shulmeister (2002). These lakes showed mixed sands and gravels in the upper shore
instead of pure gravels. In a number of cases, a change in slope was observed at the
sediment boundary on the composite lake beaches where the upper section was
always steeper than the lower sand/silt zone. This would affect larger incoming
waves, where the sudden change to a steeper profile would cause wave breaker types
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to transform from spilling waves to plunging as they reach the shore (in a similar
way to the findings of Jennings and Shulmeister, 2002). The lake level would affect
whether incoming waves are altered in this way, as high lake levels may render the
shallower sand/silt zone too deep, that is, deeper than 1 m, to affect wave breaking.
An aim of this thesis was to expand on the current understanding of lacustrine
morphodynamics, by examining aspects of the sedimentological characteristics,
wave environment, and lake level influences. Whilst sorting was the only variable
that could statistically discriminate between beach types in the LDA, it did not have
a good linear relationship to beach slope (Figure 5.2), as was suggested by McLean
and Kirk (1969). Nor was there a good trend between grain size and beach slope for
any of the lake beach types in the lake sample (Figure 5.3), as thought by Shepard
(1963). It is speculated that any trends that do exist between sorting/slope or grain
size/slope are hidden either by differences in exposure and sediment supply to the
beaches in question (Kirk, 1980), or by the limitations of using only single values to
represent sediment grain size and gradient, as is commonly used in the literature.
Furthermore, variations in the proportions of sand present in each of the MSG
beaches may have resulted in unclear trends between beach slope and average grain
size for MSG beaches in particular.
All lake beaches were hindcasted to have low wave heights, short periods and high
wave steepness. Almost two thirds of the lakes in this study returned storm wave
heights of < 0.5 m (Figure 4.12), which could place these lakes at least in the ‘lowenergy’ category wave environment of Jackson, et al. (2002). However, there is
some debate as to the effectiveness of such a broad classification of fetch-limited
environments and further study is needed to determine if larger lakes with larger
waves (< 0.5 m) are also low-energy environments or whether they are instead
‘bimodal’ after Goodfellow and Stephenson (2005).
The number of berms on the lakeshore may be a useful indicator of lake level
fluctuations. The number of berms measured on the lake beaches was found to be
higher in winter than summer, and this difference was significant (p-value = 0.008).
None of the other beach characteristics measured (average grain size, beach width,
storm berm elevation, Iribarren number, or sorting) were found to show a
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statistically significant difference between summer and winter. When the lakes that
have water levels manually controlled for hydroelectric power generation were
removed from the dataset, the number of berms no longer significantly differed
between seasons (p-value = 0.19). This rules out the effect of seasonal lake level
changes on the beach morphology of natural lakes at least, and is only significant in
terms of the berm number on the beachface. The timing of storm events in relation to
changes in lake level was also recognised as an important factor for the number of
berms present on the shore. Storm events in New Zealand are unlikely to differ
enough in frequency/severity between seasons to initiate distinct summer and winter
profiles (Kirk, 1980; Pickrill, 1985; Allan and Kirk, 2000), as has been presented for
lake beaches in the Northern hemisphere (e.g. Davidson-Arnott, 1988).
Lake beaches with a gravel component are early all of the lake beaches (34 out of
36) in this study can be considered reflective of wave energy, as beach slopes were
generally steep at tan β > 0.10 (Wright and Short, 1984). Steep profiles are likely to
increase the amounts of wave reflection, especially on pure gravel beaches and some
composite gravel beaches that were found to have very high gradients (some with
tan β > 0.50). However beach slope was found to be a poor discriminator between
lake beach types in the LDA tests of this study. As well as being steep, most lake
beaches were narrow, with 81 % of the lake beaches surveyed being < 11.48 m
which was the narrowest oceanic beach studied by Jennings and Shulmeister (2002).
The narrow lake beaches are probably a reflection of the lack of tides on lakes that
assist in widening beach profiles on oceanic coasts. While tidal fluctuations occur on
a daily basis, lake level can remain at the same point for weeks or months. This
concentrates wave energy at the same point for longer on lake beaches, which could
be erosive if lake levels are high when storm events occur. MSG beaches and some
composite lake beaches that have an MSG upper shore may be more at risk of
erosion under such circumstances.
The above differences between the classification scheme of Jennings and
Shulmeister (2002) and the lakes studied here have instigated the development of a
modified classification scheme and conceptual model for lake beaches with a gravel
component. The model has been incorporated into the scheme of Wright and Short
(1984), where the three lake gravel component beach types make up part of the
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‘reflective’ end member of the beach state continuum (Figure 5.4). The three beach
types described by Jennings and Shulmeister (2002) were also incorporated into this
model for comparison with the lake environments. Both oceanic reflective beaches
and lacustrine reflective beaches could be split into pure gravel, MSG, and
composite beaches, however the lake beaches can have more variation in sediment
characteristics and beach slopes. The three categories of oceanic reflective beaches
are best differentiated by Iribarren number, wave breaker type, beach width, storm
berm elevation and average grain size. The lacustrine reflective beaches from this
study are best distinguished by sediment sorting, with pure gravel lake beaches
having the best sorting (average = 0.75 ϕ) and composite lake beaches having the
poorest sorting (average = 1.84 ϕ).
The lake beaches studied here expand on the more simplistic lacustrine classification
schemes of the past. While some of the lake beaches did conform to the broad
‘reflective’ beach categories of Pickrill (1985) and Lorang, et al. (1993b), this study
has revealed there is more variation than these studies suggest, including the
existence of a composite beach type. Pierce’s (2004) classification describes gravel
component lake beaches as having a range of beach features and shapes, most of
which were observed on the lake beaches here, the exceptions being the beach step
feature that was not observed at all, and the convex Type C lake profile shape that
was very rare. Despite showing some success at identifying the lake beaches of this
study, Pierce’s (2004) classification scheme fails to incorporate the sedimentary
features of the profile, which are important determining the hydrodynamics of the
beach. For this reason, it is considered that morphodynamic model presented in
Figure 5.4 better defines the beach types, and better represents the differences in
processes that occur on each type of gravel component lake beach.
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Lake beaches that consist of a gravel component (gravel sediments > 2 mm in b-axis
diameter) have been neglected by coastal researchers relative to the study of oceanic
beaches (Stephenson, 2006). While there is a growing number of lacustrine studies
that have focused on lake beach erosion (Lorang, et al., 1993a; 1993b; Kirk, et al.,
2000; Vilmundardóttir, et al., 2010), little effort has been put into conceptualising
lake beaches in the form of a classification scheme. Such a scheme has suggested as
the best starting point for future studies of coastal systems (Steers, 1964; Finkl,
2004). The few studies that have attempted to identify lake beach categories have
based their classification schemes on only one or two lakes per study (Pickrill, 1985;
Lorang, et al., 1993b; Pierce, 2004), greatly limiting the potential for global
applicability of such schemes.
Gravel type beaches have traditionally been grouped into the same steep, wavereflective category in beach models (e.g. Guza and Inman, 1975; Wright, et al.,
1979; Wright and Short, 1984). Such classifications were at odds with other oceanic
beach research that suggested there may be different types of beaches within the
reflective, gravel beach category (Bluck, 1967; McLean and Kirk, 1969; Orford,
1977). Jennings and Shulmeister (2002) conducted one of the few studies that
identified statistical differences between oceanic beaches with a gravel component.
They classified such beaches as pure gravel beaches (all sediments > 2 mm
diameter), mixed sand and gravel (MSG) beaches (sands and gravels well mixed
throughout the profile), and composite gravel beaches (with shallow sloped sandy
foreshores and a steep pure gravel upper beach). Statistically, the Iribarren number,
beach width, average grain size, and storm berm height of the beaches differed most
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between these three beach types, while the number of berms and beach gradient
were less useful for discrimination purposes. Despite recent advances in oceanic
gravel component beach research, the focus on lake beaches with a gravel
component continues to be poor, even though there is some evidence to suggest that
the gravel beach types found on lakes differ to oceanic versions (Pickrill, 1985;
Pierce, 2004).
There has been little focus on understanding processes in lacustrine gravel
component environments, and no coastal research has undertaken work on more than
one or two lakes at a time. This serious limitation of past lake beach classifications
(Pickrill, 1985; Lorang, et al., 1993b; Pierce, 2004) has been addressed by this
present study. Further detailed study of lake beaches from multiple lakes would
expand on the small body of lacustrine research that presently exists.
The first aim of this thesis was to determine if the lake beaches visited in the South
Island of New Zealand fall into the same three categories of gravel component ocean
beaches, as found by Jennings and Shulmeister (2002). Jennings and Shulmeister’s
(2002) study is one of the only attempts to classify oceanic beaches with a gravel
component, and has been well accepted in the literature. The present study
questioned if their classification scheme could be as successfully replicated in New
Zealand lacustrine environments that are not tidal and are limited in fetch.
Secondly, the contribution of lacustrine research to the field of coastal
morphodynamics was noted to be poor in comparison to the contribution of oceanic
coastal studies. As a second research aim, this study intended to contribute to the
current body of knowledge on other lake features. These included sedimentological
characteristics, the wave environment and processes related to lake level
fluctuations. In doing so, it was hoped to shed light on the broader similarities and
differences between lacustrine and oceanic environments.
A random sample of 19 New Zealand, South Island lakes were selected and visited
both in the summer and winter months to account for any possible seasonal
differences between the lake beaches. The beaches were surveyed and had sediment
collected from them. The beach width, storm berm elevation, number of berms,
average sediment size, and sorting were obtained. Except for sorting, all of these
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variables were used by Jennings and Shulmeister (2002), and were measured here to
best replicate their methods. Sorting was included as studies have suggested it may
be important for beach morphodynamics (Mason, et al., 1997; Horn and Walton,
2007). The final variable in the analysis was the surf scaling parameter: the Iribarren
number which indicates wave form. Wind data from nearest the sites was used to
hindcast maximum wave lengths and periods, which were then used to calculated the
Iribarren number for each lake. This variable was another that was used to
discriminate between oceanic beach types by Jennings and Shulmeister (2002).

6.1 Lake beach types
Lake beaches did show the same three categories of pure gravel, MSG and
composite beach types. These differences were supported by the statistical tests:
linear discriminant analysis (LDA) and leave-one-out cross validation (LOOCV),
which returned a correct prediction rate of 66.7 % for the three lake beach types
(33.4 % better than chance alone). Of the five variables used in the LDA (average
grain size, sorting, beach width, storm berm elevation, number of berms, and
Iribarren number) only sorting was revealed to significantly discriminate between
the three beach types. This compared poorly with Jennings and Shulmeister’s (2002)
LDA results that found the Iribarren number, beach width, average grain size, and
storm berm elevation to significantly discriminate between the oceanic beach types,
in that order. Furthermore, the LOOCV test of the present study (66.7 % correct
prediction rate for the discriminant functions used to classify the data into the beach
groups) was lower than the 90 % correct prediction rate in Jennings and
Shulmeister’s study. Despite the poorer discrimination, the lake beach types found in
the present study were significantly different (p = 0.001) when sorting was used to
discriminate between them. These statistical results indicate that these lake beach
types do exist, but that lake beaches are more varied in physical characteristics and
wave environment than oceanic beaches.
Lake beaches were narrower and steeper than their equivalent oceanic beach types.
Lacustrine pure gravel beaches were the narrowest of the three beach types, ranging
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from 0.4 – 18.7 m, while oceanic pure gravel beaches were much wider, ranging
from 18-50m (Table 5.1). This was probably because of a lack of tidal fluctuations
on lakes, that on oceanic beaches assist to widen and flatten the beach profiles.
No beach cusps or beach steps were observed on the lakes studied here, which
differed to the oceanic beaches studied by Jennings and Shulmeister (2002). The
absence of cusps was not surprising, given that other lacustrine research has also
failed to find them (Pickrill, 1978, 1985; Lorang, et al., 1993b; Dawe, 2006). One
theory argues the lack of cusps on lakes is related to the strong longshore currents
that may affect edge wave motion at some beach sites (Dawe, 2006). Beach steps
however, have been observed on lakeshores before (Pickrill, 1985; Kirk and
Henriques, 1986), suggesting that the processes forming them are either absent on
the lake beaches in this study, or that beach steps are not as permanent on lake
beaches as they are assumed to be on oceanic beaches (e.g. Kirk, 1980; Jennings and
Shulmeister, 2002; Ivamy and Kench, 2006).
Armoured sediments at the shoreline are a feature that should be added to the
morphodynamic model of Jennings and Shulmeister (2002) when adapting it to
lakes. Armouring, where larger sediments form a protective shallow layer above
smaller sediments (Pickrill, 1985), was observed on eight out of the 19 lakes of the
present study, regardless of the beach type identified. This feature has been observed
before on lakes, and is suspected to be the result of a poor sediment supply to the
beach and limited wave energy with which to properly mix sediments (Pickrill,
1985; Kirk and Henriques, 1986; Pierce, 2004).
Further differences specific to each beach type included generally lower Iribarren
numbers for pure gravel and MSG beaches (80 % and 50 % respectively were lower
than the smallest Iribarren numbers calculated for those oceanic beach types: 1.6 and
0.7 respectively, Jennings and Shulmeister, 2002). There were differences in sorting
patterns down the profile for some MSG and composite lake beaches compared to
MSG and composite oceanic beaches. Some lake MSG beaches had better sorted
gravels in the upper shore as opposed to well mixed sand/gravel down the entire
profile (as described for oceanic beaches). The upper shore sediments of lake
composite beaches were also found to deviate from the accepted oceanic definition,
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with some having mixed sand and gravels in this zone (instead of pure gravels), and
sand/silt below the water. Apart from the small number of beaches that differed in
these ways, most MSG and composite beaches adhered to the oceanic definition of
the sorting patterns for these beach types. Some composite lake beaches did not
show a change in slope between the sediment zones. Without a change in slope, the
wave environment would not undergo a change in breaker type from spilling to
plunging as explained by Jennings and Shulmeister (2002), which is assumed to
occur during storm conditions on other lake composite beaches that do exhibit a
change in slope. It was noted that the lake level during storm conditions would also
influence the types of wave breaking that occur on composite lake beaches where
the beach gradient did change down the profile.

6.2 Lacustrine morphodynamics
A number of findings resulted from this study in relation to sorting/slope and
size/slope relationships, the storm wave conditions of South Island (N.Z.) lakes, lake
level influences on the profile (namely on the number of berms present), and profile
morphology caused by an absence of tides. In terms of sediment/slope relationships,
neither average grain size or sorting had a good linear relationship with beach slope
in this study, as found on oceanic beaches by other authors (Shepard, 1963; McLean
and Kirk, 1969; Jennings and Shulmeister, 2002). The best relationship returned was
between average grain size and beach slope of composite gravel beaches: R2 = 0.3
(Figure 5.3), which is still a poorly fitting linear trend. For the sorting/slope
relationship, it was speculated that either marked differences in lake beach exposure
or a lack of sediment supply to some sites relative to others may have distorted the
sorting/slope relationship in this sample (Kirk, 1980). Using single values to
represent both beach slope and sediment composition for beaches that are not
uniform in these ways may also have hindered these relationships.
Wave heights hindcasted for the lakes under maximum recorded windspeeds found
very low significant wave heights for almost two thirds of the lakes studied (> 0.5
m). These lakes were usually smaller with lesser wind-fetches for wave
212

Chapter 6 Conclusions

development, and can be defined as low energy since non-storm significant wave
heights must be below the 0.5 m threshold (Jackson, et al., 2002). The remaining
third of the lakes in this study had significant wave heights of > 0.5 m for storm
conditions, which may mean these environments are not low energy all the time, but
perhaps ‘bimodal’ after Goodfellow and Stephenson (2005). More research into the
wave regime of these larger lakes is required to determine the wave energy
characteristics.
Lake level changes were examined by visiting the beaches during summer and
winter, and testing the features measured for significant differences between
seasons. Average grain size, beach width, beach slope, Iribarren number, and storm
berm elevation were found to show no significant difference between summer and
winter. Sorting was the only variable to return a significant difference (p-value =
0.008), with a higher average number of berms in winter compared to summer (2.7
berms in winter, 2.2 berms in summer). However, when the lakes managed for
hydropower generation were removed from the dataset, the p-value increased to
0.19: a non-significant difference between seasons. This suggests that the seasonal
changes to lake levels on hydrolakes are influencing the number of berms on the
profile in summer and winter. This relationship was not a direct one on two of the
hydrolakes, indicating other influences (most likely the occurrence of storm events
that coincide with lake level changes) are also playing a role in the number of berms
on the profile.
Almost all of the lake beaches included in this study can be considered reflective of
wave energy according to Wright and Short’s (1984) morphodynamic model, as 34
out of 36 summer and winter lake profiles had beach slopes of tan β > 0.10. Most of
these beaches were also narrower than oceanic beaches, with 81 % being smaller
than the smallest width measured in Jennings and Shulmeister’s (2002) study: 11.48
m. The narrow, steep lake beaches are probably the result of having no tidal
translation to provide a mechanism by which waves can widen and flatten the shore
to the extent they do on oceanic gravel component beaches.
A morphodynamic model was subsequently developed, to answer the research
question: Do lacustrine beaches conform to the processes and resulting
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morphologies of Wright and Short’s (1984) and Jennings and Shulmeister’s (2002)
morphodynamic models? This was answered by developing a morphodynamic
model which shows how lacustrine beaches can be incorporated into Wright and
Short’s (1984) framework. This study does however, offer more detail of such
reflective environments, and has defined them more specifically. The model
presented here divides the reflective end member of Wright and Short’s (1984)
morphodynamic model into oceanic beach types (from Jennings and Shulmeister,
2002) and lacustrine beach types (this study), as both environments showed clear
differences in beach features. Both environments consisted of pure gravel, MSG and
composite beach types, as shown by the statistical analyses. The oceanic beach types
are best differentiated by the Iribarren number, wave breaker type, beach width,
storm berm elevation and average grain size. The lacustrine reflective beaches from
this study are best distinguished by sediment sorting, with pure gravel lake beaches
having the best sorting (average = 0.75 ϕ) and composite lake beaches having the
poorest sorting (average = 1.84 ϕ).
Finally, this model was compared with other past classification schemes for lake
beaches to reflect on their overall effectiveness in light of the results. The beaches in
the present study expand on these classification scheme that class all gravel
component lake beaches as reflective of wave energy with large sediment sizes
(Pickrill, 1985; Lorang, et al., 1993b). The findings from this study also indicate the
importance of sediment sorting and grain size on beach type, variables that could
improve the morphological classification of Pierce (2004). The model presented here
for gravel component lake beaches is considered to be more in depth and more
representative of lacustrine environments than other schemes that currently exist.

6.3 Limitations and directions for future research
Most lacustrine geomorphological research has focused on erosion and engineering
shore protection structures as opposed to the morphodynamics of coasts. The
fundamental processes that affect lake and oceanic coasts need more attention,
especially with respect to the gravel component beach types. The classification
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scheme presented here was developed from lake beaches in New Zealand only, and
there remains a need for more studies of lake beach variability in other regions of the
world where conditions may differ. The gravel beach classification scheme
presented by Jennings and Shulmeister (2002) was also limited to oceanic beaches of
the same geographical region, meaning oceanic beaches with a gravel component
may differ significantly elsewhere in the world, perhaps having further beach type
variations as suggested by Horn and Walton (2007) and Holland and Elmore (2008).
More international research is needed before either the oceanic beach types or the
lacustrine beach types presented here can be considered as generally representative
of other coasts world-wide.
In the present study, due to access problems, not all of the beaches in the sample
adhered to the aim of being at the southern end of the lake. The location of the beach
relative to wind channelling is important for consistency in effects from local wind
conditions across all the sample sites. Had the southern-most ends of all the lakes
been accessible for this study, the lake beaches may have shown more consistent
differences between each beach type observed.
Using hindcasted wave data to calculate the Iribarren number is a significant
limitation of this study. As mentioned earlier in Chapter 3, measured wave data is
not available for the majority of lakes in this study, especially the smaller lakes.
Without measured wave data, the hindcasted information cannot be calibrated, and it
is uncertain how accurate the representation of the hindcasted wave data is of the
actual wave environment. The hindcasted wave data may have been incorrect for
some sites as the wind data used for the ACES modelling had to be taken from
weather stations sometimes many kilometres from the lake. This could have resulted
in over- or under-estimations. Other information also could not be obtained, such as
the air-sea temperature difference and sometimes the exact elevation of measured
wind speeds. Without such data, the default options in ACES were resorted to, and
this may have increased error rates. Such methods could not be avoided. However,
in most cases wind stations were located directly on the shoreline of the lake,
meaning the wave data, and therefore the Iribarren numbers calculation, were the
best estimates possible for this study.
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Lake level changes could not be measured using fixed benchmarks, which limited
the interpretation of lake level change between seasons. The effects of these lake
level changes were further hampered by the lack of research into storm severity and
frequency on lakes, especially for the small alpine lakes in this study. Past studies
have noted the importance of lake level fluctuations combined with storm events for
beach change (e.g. Lorang, et al., 1993a; Kirk, et al., 2000), stating that an increase
in lake level coupled with a severe storm is particularly erosive on the upper part of
the beach. An investigation of lake level changes that coincide with storm events
would be useful to determine their impact on the observed beach type, especially on
hydrolakes where lake levels are lowered manually and relatively quickly.
Other, broader, influences could not have been included in the present study due to
time and financial constraints, however the results of this study suggests that these
factors are playing a role in the variation observed between lake beaches. For future
studies into lake beach type and morphodynamics, it is suggested here that the
following aspects be explored:


The rate of sediment supply to individual lake beaches – Pierce (2000) found
beaches that received larger inputs of sediment showed more variation than
sediment poor beaches on Loch Lomond in Scotland. This may further affect
whether armouring is present (Kirk and Henriques, 1986) and could influence
the type of lake beach that develops.



Local geology of the lake catchment – The ease of sediment
entrainment/deposition may be affected by mineralogical and density variations
of source materials between lakes (Clifton, 1969), as would longshore and crossshore sediment transport (Lorang, 2002). The size of source material may also be
important, as lakes that form in glacial landscapes bounded by moraines (such as
a number of the alpine lakes in this study) are likely to have a higher proportion
of gravels than lakes that are partly bordered by sandstone or mudstone. This
may also affect lake beach development.



Antecedent beach form – Jackson, et al. (2005) suggested the immediate geology
such as back-beach cliffs that surround beaches can confine and limit beach
development. This may be a factor on lakes as well, influencing the type of
beach that can develop.
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Hydrodynamics of the lake beachface – The hydrodynamics are suspected to
vary down the profile along with sediment sorting (Horn and Walton, 2007),
however this has yet to be investigated. Permeability has an effect on wave
reflection/dissipation, and only reflection rates of MSG beaches have been
specifically tested in the literature (Mason, et al., 1997). How effectively pure
gravel and composite beach types on lakes reflect incident waves of different
frequencies would shed light on the hydrodynamic regime of each lake beach
type, and therefore how they form.

Despite the limitations involved, this study has been successful in adding to past
classification schemes and contributing to our knowledge of some areas of lacustrine
morphodynamics. Even more significantly perhaps, this study has measured and
recorded the physical characteristics of 19 lakes as well as hindcasting the waves for
these lakes; tasks that have never been undertaken on so many lake beaches before.
Such an extensive compilation of data has meant that these lakes could be compared
directly for the first time, revealing great variation present in physical beach features
despite their similar geographic location. It is hoped that the information gathered
here will aid future studies in their plight to understand the lacustrine environment,
and further fuel more inquiry into this topic.
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Morphological characteristics of the summer profiles (white) and winter profiles (grey) of the lake beaches visited in this study. Beach types are
either pure gravel (PG), mixed sand and gravel (MSG) or composite gravel (C). Deep water wave heights (Hmo) and wave periods (Tp) were
hindcasted using the ACES model.
Profile Beach
Beach slope Average
Sorting Hmo
Tp
Iribarren
Storm berm
Beach
No.
Lake
No.
type
(tan β)
grain size (ϕ) (ϕ)
(m)
(s)
No.
elevation (m)
width (m) berms
1
PG
0.15
-2.58
2.35
0.17 1.44
0.65
0.45
1.67
1
2
PG
0.10
-4.58
2.07
0.17 1.44
0.44
0.41
1.57
1
Aviemore
1
PG
0.16
-3.58
1.41
0.28 1.80
0.68
0.53
2.47
1
2
PG
0.66
-3.58
1.41
0.28 1.80
2.80
0.59
0.75
3
1
PG
0.32
-5.04
0.30
0.46 2.57
1.51
0.27
1.85
2
2
PG
0.32
-5.11
0.01
0.46 2.57
1.51
0.90
2.58
2
3
PG
0.21
-5.83
0.19
0.46 2.57
0.99
0.66
3.82
2
Coleridge
1
PG
0.26
-4.88
0.17
0.59 2.87
1.21
1.13
4.46
3
2
PG
0.70
-4.88
0.17
0.59 2.87
3.27
1.25
1.84
3
3
PG
0.16
-4.88
0.17
0.59 2.87
0.75
1.15
6.70
3
1
PG
0.33
-4.58
1.10
0.45 2.41
1.48
0.87
4.86
2
2
PG
0.34
-5.58
1.09
0.45 2.41
1.53
1.21
2.94
1
3
PG
0.31
-4.58
1.10
0.45 2.41
1.39
1.54
4.54
1
Dunstan
1
PG
0.15
-3.58
0.80
0.44 2.39
0.68
0.56
1.89
3
2
PG
0.16
-3.58
0.80
0.44 2.39
0.72
0.57
1.72
3
3
PG
0.18
-3.58
0.80
0.44 2.39
0.81
0.51
1.41
3
1
PG
0.16
-2.58
0.75
0.05 0.82
0.74
0.83
3.93
3
Fergus
(summer)
2
PG
0.20
-2.58
0.58
0.05 0.82
0.93
0.76
3.42
5
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Appendix 1 (continued).
Lake

Lyndon

Ohau
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Rotoiti

Selfe

Tekapo

Profile
No.
1
2
1
2
1
2
3
1
2
3
4
1
2
3
1
2
3
1
2
1
2
1
2
3
4
1

Beach
type
MSG
MSG
PG
PG
PG
PG
PG
PG
PG
PG
PG
PG
PG
PG
PG
PG
PG
PG
PG
PG
PG
PG
PG
PG
PG
PG

Beach slope Average
Sorting
(tan β)
grain size (ϕ) (ϕ)
0.46
-2.58
0.80
0.35
-2.58
2.15
0.18
-6.58
1.02
0.26
-6.58
1.02
0.20
-4.58
0.79
0.18
-3.58
1.08
0.19
-5.05
0.60
0.19
-5.45
1.09
0.17
-5.45
1.09
0.15
-5.45
1.09
0.18
-5.45
1.09
0.25
-4.58
0.47
0.25
-2.58
0.71
0.22
-3.58
0.46
0.71
-4.58
0.4
0.55
-4.58
0.4
0.57
-4.58
0.4
0.26
-3.58
0.00
0.22
-2.58
0.00
0.84
-2.58
0.43
0.35
-2.58
0.43
0.29
-4.39
0.78
0.51
-4.64
1.10
0.89
-5.23
0.47
0.31
-4.91
0.74
0.66
-5.58
1.36

Hmo
(m)
0.15
0.15
0.26
0.26
0.95
0.95
0.95
0.76
0.76
0.76
0.76
0.18
0.18
0.18
0.22
0.22
0.22
0.28
0.28
0.32
0.32
0.84
0.84
0.84
0.84
1.00

Tp
Iribarren
(s)
No.
1.35
2.00
1.35
1.52
1.72
0.76
1.72
1.10
3.57
0.91
3.57
0.82
3.57
0.87
3.23
0.88
3.23
0.79
3.23
0.69
3.23
0.83
1.62
1.19
1.62
1.19
1.62
1.05
1.77
3.35
1.77
2.59
1.77
2.69
1.77
1.15
1.77
0.97
1.96
3.63
1.96
1.51
3.35
1.32
3.35
2.33
3.35
4.06
3.35
1.42
3.59
2.96

Storm berm
elevation (m)
0.53
0.58
2.43
2.72
2.50
3.18
2.88
2.16
2.35
2.37
2.81
0.53
0.57
0.43
0.77
0.77
0.84
0.17
0.31
0.60
0.66
0.95
1.29
1.43
1.28
2.77

Beach
No.
width (m) berms
1.08
2
1.50
2
14.08
1
10.63
1
13.13
6
18.67
8
15.25
6
10.03
2
12.21
4
13.67
5
14.03
6
2.27
2
2.20
3
2.20
2
1.11
3
1.50
3
1.49
4
0.41
1
0.80
1
0.64
2
1.68
2
3.18
2
2.24
2
1.71
2
4.33
2
4.35
3
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Appendix 1 (continued).
Profile
No.
(Tekapo
2
continued)
3
1
2
3
Pukaki
1
2
3
1
2
Hauroko
1
2
1
2
3
Manapouri
1
2
3
1
2
3
Wakatipu
4
1
2
3
Benmore
1
Lake
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Beach
type
PG
PG
PG
PG
PG
MSG
MSG
MSG
MSG
MSG
MSG
MSG
MSG
MSG
MSG
MSG
MSG
MSG
MSG
MSG
MSG
MSG
MSG
MSG
MSG
C

Beach slope Average
Sorting
(tan β)
grain size (ϕ) (ϕ)
0.28
-5.58
1.36
0.20
-5.58
1.36
0.22
-4.92
0.19
0.22
-4.68
0.71
0.22
-5.58
0.44
0.16
-2.58
1.33
0.17
-2.58
1.33
0.15
-2.58
1.33
0.04
-1.58
2.49
0.19
-1.58
2.49
0.13
-3.17
2.06
0.13
-3.17
2.06
0.13
-1.94
1.56
0.14
-1.10
1.30
0.14
-0.26
1.05
0.16
-0.26
1.31
0.13
-0.26
1.31
0.15
-0.26
1.31
0.60
-3.58
0.00
0.41
-3.17
1.15
0.45
-3.58
1.67
0.29
-4.58
2.45
0.20
-2.58
1.11
0.20
-2.58
1.11
0.16
-2.58
1.11
0.62
-1.58
1.77

Hmo
(m)
1.00
1.00
0.17
0.17
0.17
1.50
1.50
1.50
0.77
0.77
0.73
0.73
0.43
0.43
0.43
0.43
0.43
0.43
0.72
0.72
0.72
0.72
1.43
1.43
1.43
0.12

Tp
Iribarren
(s)
No.
3.59
1.26
3.59
0.90
1.47
0.98
1.47
0.98
1.47
0.98
4.55
0.74
4.55
0.79
4.55
0.70
3.11
0.18
3.11
0.84
3.03
0.58
3.03
0.58
2.46
0.61
2.46
0.66
2.46
0.66
2.45
0.75
2.45
0.61
2.45
0.70
3.22
2.84
3.22
1.94
3.22
2.13
3.22
1.37
4.35
0.91
4.35
0.91
4.35
0.73
1.24
2.77

Storm berm
elevation (m)
3.18
3.17
2.07
1.97
2.14
4.53
4.38
4.35
1.59
1.90
0.55
1.06
2.05
2.04
1.98
1.70
1.61
1.53
0.78
1.07
1.39
0.91
1.97
1.73
1.78
0.48

Beach
No.
width (m) berms
11.11
3
15.26
3
8.53
4
8.78
4
8.43
4
26.48
4
24.06
3
26.27
5
31.02
2
8.95
2
4.04
3
6.38
4
14.80
2
14.71
2
14.49
2
10.41
3
12.36
3
10.36
3
1.09
1
2.44
2
1.72
1
2.15
3
9.25
5
8.66
4
9.76
3
0.62
2
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Appendix 1 (continued).
Lake
(Benmore
continued)
Fraser
Dam

Te Anau
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Heron
Opuha
(winter)

Taylor

Profile
No.
1
2
1
1
1
2
3
1
2
3
1
2
1
2
1
2
1
2
3
1
2
3

Beach
type
MSG
MSG
MSG
C
C
C
C
MSG
MSG
MSG
MSG
MSG
C
C
C
C
C
C
C
C
C
C

Beach slope Average
Sorting
(tan β)
grain size (ϕ) (ϕ)
0.22
-1.58
0.35
0.21
-1.58
0.35
0.35
-2.58
0.75
0.13
-3.17
2.04
0.01
-1.58
3.18
0.04
-3.88
1.84
0.06
-6.17
0.50
0.07
-5.58
0.98
0.15
-5.58
0.98
0.14
-5.58
0.98
0.09
-5.17
0.75
0.10
-4.58
1.17
0.22
-2.58
2.64
0.10
-2.58
2.64
0.47
-0.75
3.26
0.43
-0.75
3.26
0.09
-3.58
1.20
0.11
-2.58
2.90
0.10
-5.58
0.43
0.13
-5.58
0.98
0.12
-5.58
0.98
0.15
-5.58
0.98

Hmo
(m)
0.18
0.18
0.08
0.06
0.61
0.61
0.61
0.61
0.61
0.61
0.74
0.74
0.96
0.96
0.16
0.16
0.38
0.38
0.38
0.48
0.48
0.48

Tp
Iribarren
(s)
No.
0.97
0.97
0.97
0.93
1.01
1.56
0.85
0.56
2.80
0.04
2.80
0.18
2.80
0.27
2.80
0.31
2.80
0.67
2.80
0.63
2.98
0.39
2.98
0.43
3.36
0.94
3.36
0.43
1.43
2.10
1.43
1.92
2.16
0.39
2.16
0.48
2.16
0.44
2.39
0.56
2.39
0.52
2.39
0.65

Storm berm
elevation (m)
0.49
0.60
1.13
13.03
1.69
1.25
1.44
0.55
0.35
0.52
0.55
0.53
0.58
0.60
1.11
1.16
0.87
0.88
0.90
0.98
0.93
0.91

Beach
No.
width (m) berms
2.32
2
2.81
4
3.01
2
94.66
4
51.03
2
19.18
1
23.07
1
7.81
2
2.22
2
3.71
1
3.37
1
2.37
1
2.02
1
3.88
1
2.34
3
2.04
2
4.77
1
4.92
1
4.44
1
4.83
1
5.03
1
3.76
1

Appendix 2
Statistical output for summer and winter LDA tests
Explanations of the following tables are given in the main body of this thesis.

Descriptive statistics for the six variables tested in the LDA for the summer and
winter dataset.
Std.
Season Variable
Mean Median
Dev. Skewness Kurtosis
D50 grain size (ϕ)
-3.51
-3.66
1.29
0.39
-0.88
Sqrt Sorting (ϕ)
0.99
1.01
0.39
-0.87
1.26
Log10 No. Berms
0.28
0.30
0.23
0.79
0.68
Log10 Storm Berm
Summer
-0.04
-0.02
0.29
-0.12
-0.54
Elevation (m)
Log10 Beach Width
0.57
0.47
0.49
0.30
-0.45
(m)
Log10 Iribarren No.
-0.03
0.01
0.31
-0.70
0.55
D50 grain size (ϕ)
-3.59
-3.38
1.79
0.14
-0.75
Sqrt Sorting (ϕ)
1.07
1.05
0.36
0.18
-0.02
Log10 No. Berms
0.39
0.48
0.21
-0.99
-0.21
Log10 Storm Berm
Winter
0.10
0.02
0.39
1.13
1.12
Elevation (m)
Log10 Beach Width
0.73
0.66
0.50
0.84
0.54
(m)
Log10 Iribarren No.
0.004
-0.08
0.24
0.68
-1.01
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Box's M statistics for the summer and winter dataset, and log determinants of each
beach type group.
Box’s M test results
Summer
Box’s M
6.088
F Approx. 2.743
df 1
2
df 2
250.405
Sig.
0.066

Winter
0.277
0.125
2
387.598
0.882

Log Determinants
Group
Pure gravel
MSG
Composite
Pooled within-groups

Rank
1
1
1
1

Summer
Log Determinant
-1.778
-2.823
-5.393
-2.202

Rank
1
1
1
1

Winter
Log Determinant
-2.543
-2.574
-2.097
-2.446

Test results showing whether the variable means are significantly different between
pure gravel, MSG and composite gravel beach types for the summer and winter
dataset.
Wilks'
Season Variable
F
df1
df2
Sig.
Lambda
Grain Size (ϕ)
0.731
2.758
2
15
0.095
Sqrt Sorting (ϕ)
0.651
4.016
2
15
0.040
Log10 No. Berms
0.879
1.036
2
15
0.379
Summer Log10 Storm Berm Elevation
0.978
0.171
2
15
0.844
(m)
Log10 Beach Width (m)
0.980
0.152
2
15
0.860
Log10 Iribarren No.
0.900
0.833
2
15
0.454
D50 grain size (ϕ)
0.724
2.862
2
15
0.089
Sqrt Sorting (ϕ)
0.586
5.300
2
15
0.018
Log10 No. Berms
0.969
0.244
2
15
0.787
Winter Log10 Storm Berm Elevation
0.900
0.832
2
15
0.454
(m)
Log10 Beach Width (m)
0.615
4.699
2
15
0.026
Log10 Iribarren No.
0.824
1.600
2
15
0.234
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Variables entered in the summer and winter LDA using the stepwise procedure.
Exact F
Step
Variable
Wilks’ Lambda
Statistic df 1 df 2 Significance
entered
Statistic
Summer
Sqrt
0.651
4.016
2
15
0.040
Step 1
Sorting
Winter
Sqrt
0.586
5.300
2
15
0.018
Step 1
Sorting

Pairwise group comparisons for step 1 of the stepwise procedure for the summer
dataset with 15 degrees of freedom.
Pure Gravel
Pure
Gravel
Summer

MSG
Composite
Pure
Gravel

Winter

MSG
Composite

F
Sig.
F
Sig.
F
Sig.
F
Sig.
F
Sig.
F
Sig.

MSG

Composite

4.767
0.045
5.781
0.030
-

-

1.369
0.260
10.596
0.005

-

0.409
0.532
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-

-
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The structure matrix showing the correlations between the variables and
standardized canonical discriminant functions for the summer and winter dataset.
Function 1
Sqrt Sorting
1.000
Log10 Storm Berm Elevation
0.321
Log10 Beach Width
0.308
Summer
Grain Size
-0.180
Log10 Iribarren No.
0.120
Log10 No. Berms
0.076
Sqrt Sorting
1.000
Log10 No. Berms
0.200
Log10 Storm Berm Elevation
0.184
Winter
Grain Size
-0.154
Log10 Iribarren No.
0.114
Log10 Beach Width
0.086

Test of summer and winter data discriminant functions.
Test of Function
Wilks’ Lambda Chi-square
df
Summer Function 1
0.651
6.432
2
Winter Function 1
0.586
8.018
2

Significance
0.040
0.018

Eigenvalues and canonical correlations for the discriminant functions used in the
stepwise summer LDA.
Function
Eigenvalue % of Variance
Canonical Correlation
Summer Function 1
0.535
100
0.591
Winter Function 1
0.707
100
0.693

Classification function coefficients for the summer data.
Pure gravel
MSG
Summer
Sqrt Sorting
6.987
10.448
(Constant)
-3.797
-7.132
Winter
Sqrt Sorting
10.099
12.246
(Constant)
-5.519
-7.597
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Composite
11.808
-8.805
16.870
-13.432
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Histograms of the summer data canonical discriminant function results derived
using the sorting variable. Pure gravel and composite gravel beaches differed most
in discriminant function scores.
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Histograms of the winter data canonical discriminant function results derived using
the sorting variable. Pure gravel and composite gravel beaches were differed most
in discriminant function scores.
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Leave-one-out cross validation summaries for both summer data and winter data,
tested separately but presented here for comparison. The results show little seasonal
difference in the overall correct classification of beach types
Predicted Group Membership
Overall %
correctly
Group PG
MSG
C
Total classified
Summer
Count
PG
7
1
1
9
MSG 2
3
1
6
C
0
1
2
3
%
PG
77.8
11.1
11.1
100
MSG 33.3
50
16.7
100
C
0
33.3
66.7
100 66.7%
Winter
Count
PG
4
4
0
8
MSG 1
4
1
6
C
0
1
3
4
%
PG
50
50
0
100
MSG 16.7
66.7
16.7
100
C
0
25
75
100 61.1%
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