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ABSTRACT _

AMIN, S.M.N. and DAVIDSON-ARNOTT, R.G.D., 1997. A Statistical Analysis of the Controls on Shoreline Erosion
Rates, Lake Ontario. Journal of Coastal Research, 13(4), 1093-1101. Fort Lauderdale (Florida), ISSN 0749-0208.

Recession of the cohesive shorelines of the Great Lakes is controlled by the complex interaction of a number of
processes and factors, including the magnitude of wave energy reaching the shoreline, sediment supply and beach
sediment budget, and several morphological and geotechnical properties of the bluff and bluff sediments. The diffi­
culties of making measurements of processes in this environment have meant that progress in determining the role
and relative significance of the controlling variables has been slow. In this study linear multiple regression is used
to determine the degree and nature of the relationship between shoreline recession rates and four predictor variables
for a section of shoreline at the south-west end of Lake Ontario. The variables used are wave energy, sediment
availability, potential longshore sediment transport rate and bluff height. The data are derived from a previous study
of littoral drift and sediment budget modelling within the study area and consist of values for each variable for points
spaced at 200 m intervals along a 14 km shoreline length. The four variables, account for 720/0 of the variability in
shoreline recession rates. The success of the model in this application is attributable in part to the uniformity of the
geotechnical properties of the cohesive sediments within the study area and to the level of detail provided by modelling
of wave refraction and littoral drift.

ADDITIONAL INDEX WORDS: Cohesive shoreline, multiple regression model, bluff recession, coastal erosion, coastal
management.

INTRODUCTION

The term cohesive shoreline is used to describe cliffed
coastlines in which the profile is developed in relatively non­
resistant sediments with a high silt and clay content. These
shorelines are characterised by steep, sub-aerial bluffs, nar­
row beaches of mixed sand and gravel, and a steep, concave
nearshore profile. Rates of bluff recession often range from
0.5-1.5 m yr -1, and in places may exceed 2 m yr - 1 • Cohesive
shorelines have been described on a number of mid- and high­
latitude marine coasts (HUTCHINSON, 1973; PRIOR, 1977;
MCGREAL, 1979; HEQUETTE and BARNES, 1990) and they are
particularly significant in the Great Lakes where they make
up about 400/0 of the shoreline of the lower lakes (Lake On­
tario, Lake Erie, southern Lake Huron and southern Lake
Michigan) in Canada and the United States. Recession of the
bluffs causes economic losses through erosion of properties,
roads and agricultural lands, as well as the costs associated
with shore protection. These losses have prompted the de­
ployment of a wide range of shore protection measures and
many studies of the processes controlling erosion and bluff
recession (BIRD and ARMSTRONG, 1970; BOULDEN, 1975;
QUIGLEY et al., 1977; EDIL and VALLEJO, 1980; BRYAN and
PRICE, 1980; BUCKLER and WINTERS, 1983; CARTER and
GUY, 1988; AMIN, 1991). Recently, damage due to flooding
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and erosion associated with the period of record high water
levels in 1985-1986 led to a major two-phase study by the
International Joint Commission for the Great Lakes (IJC) of
all aspects of flooding and erosion, including erosion of co­
hesive shorelines (INTERNATIONAL JOINT COMMISSION,
1993).

The development of strategies for the management of co­
hesive shorelines requires an understanding of the controls
on their evolution. However, erosion and bluff recession on a
cohesive shoreline is a complex process, involving a wide
range of controlling factors and processes. These factors in­
clude: deep-water wave climate; wave energy reaching the toe
of the bluff after shoaling, refraction and wave breaking; po­
tential gross and net longshore sediment transport; sediment
supply and beach sediment budget; morphological and geo­
technical properties of the the nearshore, beach and bluff;
lake level fluctuations; and the influence of shore protection
structures. In particular, it is evident that these factors are
important in controlling the rate of toe erosion, which in turn
determines the rate of bluff recession (MCGREAL, 1979;
BUCKLER and WINTERS, 1983; CARTER et al., 1986; CARTER
and GUY, 1988; AMIN, 1991; JOHNSONand JOHNSTON, 1995).

Some of the factors noted above have a direct effect on re­
cession rates, while others work indirectly - thus some of the
factors may be more important in explaining the spatial vari­
ability of recession rates, and the complex interaction among
these phenomena is likely to be more important than the ef-
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fects of any single variable. Whil e there have been a few st ud­
ies that have exa mined the effects of individua l storm events
on toe erosion (MCGREAL, 1979; CARTER an d GUY, 1988;
AMIN and DAVIDSON-ARNOTT, 1995), th e focus here is on
studies of the cont rols on long-term recession rates. Most of
these have been bivariate in nature (SEIBEL, 1972; GELINAS
and QUIGLEY, 1973; QUIGLEYand ZEMAN, 1980; BIRKEMEIR,
1980, 1981; BUCKLER and WINTERS, 1983; LAMo E and WIN­
TERS, 1989; J IBSON et al., 1994; J OHNSON and J OHNSTON,
1995), and only a few have atte mpte d to incorpora te the in­
terrelationship between wave ene rgy variables, sedimen t
supply and budget, an d morphological variables (HEQUETTE
and BARNES, 1990; J ONES and WILLIAMS, 1991). The purpose
of th is st udy is to evalua te, using mul tiple linear regression,
the statistical relationship bet ween bluff recession ra tes an d
a number of morphological factors and processes for a re la­
tively simple section of shoreline at th e south-weste rn end of
Lak e Ontario and to determine which combination of factors
provides the best prediction of recession rates.

STUDY AREA

The study area is located at the south-west end of Lak e
Onta rio , and extends from the town of Grimsby to the Bur­
lington Bar (Figure 1). The area is underl ain by red sha les
of the Queenston Forma tion which outcrop locally to form the
headl and at Gri msby wit h bluffs up to 5 m in height. West­
ward from Grimsby the coast is characterised by blu ffs 2-5
m in height deve loped in the Halton Till, an overconsolidated
silty clay till , which is overlain in places by a thin « 1 m)
unit of lacust ri ne sa nd (HEGLER, 1974 ; DAVIDSON-ARNOTT
and AMIN, 1985 ). The Halton Till , is derived primarily from
sediments in the Lak e Ontario basin an d from the underl ying
Quee nsto n Sha le formation. Like ma ny of the tills around the
ma rgins of the Great Lakes, it is relatively homogeneous over
long distan ces an d, while there is some sma ll-sca le variabil­
ity, the ave rage propertie s of th e till are consistent over the
length of the study a rea (MATAYAS et al., 1976 ). Average
grain size compositio n is about 20-25% sa nd and gravel, and
roughly equal amo unts of silt and clay (MATAYAS et al., 1976;
ASKIN, 1981; COAKLEY et al ., 1986). The unweathered ti ll has
a vane shear strength of 50-80 kP a (ASKIN, 1981; COAKLEY
et al., 1986), The Halton Till outcrops over most of the area
in th e nea rs hore to a depth of at least 10 m (MATAYAS et al.,
1976; DAVIDSON-ARNOTT and ASKIN, 1980).

Rates of bluff recession vary along the shoreline but aver­
age about 1 m yr -' and locally may be much higher over pe­
riods of a few yea rs (HEGLER, 1974 ; RUTKA, 1975; BOULDEN,
1975 ; COAKLEY an d BOYD, 1979 ). The bluff slope generally
exceeds 45°, wit h bluff recession taking place pr imarily by
sh eet was h and ri ll deve lopment, and by shallow slides an d
slumps <Figure 2). Beaches are less than 10 m wide (Figure
2), consisting of a venee r of mixed sands and gravels up to
0.75 m thick, resti ng on a gently slop ing platform cut in the
ti ll (AMIN, 1982 J. The nea rsh ore profile is steep and there is
little sediment overlyi ng th e till in depths greater than 3 m,
except at the ext reme western end of the st udy area (DAVID­
sOK-AR:-<OTT. 1986 ).

Prevai ling west er ly winds blow offshore an d waves affect-

ing the area are generated by winds from the NW, N, NE an d
E blowing over fetches of 17, 29 , 97 an d 50 km res pective ly.
The longest fetch is over 200 km to th e ENE. The net long­
shore tran sport is from east to west (DAVIDSON-ARNOTTand
AMIN, 1985) and th e st udy area encompasses a lit toral cell
with the headl and at Grimsby forming the updrift boundary
of the cell and sediment being deposited in th e sink formed
by the Burlington Bar which encloses Ham ilton Bay (Figure
1).

Wave act ion and sediment tra ns port alongshore is restrict­
ed for about three month s each winter by th e growth of an
ice foot. At th e time th at field measu rements were made in
1981 the shoreli ne west of Fifty Mile Point was cha racterised
by the presence of a nu mber of shore protection st ruc tures
(DAVIDSON-ARNOTT and KEIZER, 1982). These resul t in some
reduction in th e length of shoreline expose d to wave attac k
and may modify th e presen t rate of bluff recession, sediment
supply, and ra te of alongs hore sediment tra ns port compa red
to values derived from long-term averages.

MODEL AND DATA SOURCES

The model use d here is a mult iple regression model of the
form :

Y = a + b1X, + b2X2 + . . . b.X, ::':: e (1)

where: Y = depend ent variable, a = intercept value , b, =
partial regr ession coefficient, Xi = independent variable, n =
number of ind epend ent variables, e = error term

The variables used in this st udy a re derived from work
carried out by AMIN (1982 ) and DAVIDSON-ARNOTT an d AMIN
(1985) which involved det ermination of the sedimen t budget
an d lit tora l dri ft modelling wit hin th e Grimsby to Burlington
littoral cell (Ta ble 1). The data set consi st s of values derived
for a nu mber of variables at 69 points spaced 200 m apart
along th e 14 km length of shore line <Figure 3).

The depend en t variable, Variable 1, is t he blu ff recession
rate which is extrapolated from measuremen ts ta ken from
HEGLER (1974 ), BOULDEN (1975 ) and COAKLEY an d BOYD
(1979). These were obtained primarily from comparison of
shore line posit ions on ae rial photographs tak en bet ween
1934 and 1973. The low bluff heigh t mea ns tha t errors due
to spatial and temporal variability in bluff fai lure are min i­
mal , and the rapid recession ra te over much of the area
means tha t actual recession is large compared to the preci­
sion of the techniq ue.

It is evident that there should be some link between reces­
sion rates and the amount of wave energy reac hing the toe
of the bluff (GELINAS and QUIGLEY, 1973; SUNAMURA, 1977;
CARTER and GUY, 1988; AM IN an d DAVIDSON-ARNOTT,
1995). However , thi s is difficult to measu re directly in the
field beca use of the wide ran ge of wave conditions, the effects
of shoa ling an d wave breaking , and particula rly the effects
of beach widt h and water levels on the location of wave break­
ing and on wave run-up. An alternative is to assu me that,
over a period of yea rs , wave energy at the break point is a
good predictor of wave energy reac hi ng the bluff toe. Thu s,
variable 2 in th e model is the aver age annual wave energy
flux at the break point P B'

-Iourn al of Coastal Resear ch. Vol. 13. No..t, 1997
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Figure 1. Locat ion of study area.

Wave energy at the break point was der ived from littoral
drift modelling of the shore line (DAVIDSON-ARNOTT an d
AMIN, 1985). They used an offshore wave climate based on
three years of mea sured data to determine the major wave
height and per iod classes affecti ng the study area . Th e wave
refraction pr ogr am Wavenrg (MAY, 1974) was th en u til ised
to determ ine wave refract ion with in the study area and to
predict the alongs hore variation in wave energy flux at the
break point (PB ) and the longshore component of wave energy
flux (P L ) for each of the 39 wave classes. The output for each
wave ray was plotte d against distan ce alongs hore and then
values for each of the 69 locations corresponding to t he field

observation poin ts space d 200 m a part along the shoreline
were interpolated from these graphs . The values for eac h
wave class were then multiplied by the average annual fre ­
que ncy of that class a nd summed for a ll the wave classes to
give a total average annual PB and net annua l P L (DAVIDSON­
ARNOTT and AM IN, 1985 ).

It can be expected that the presence of beach sediments , a t
least beyond some threshold leve l, will lead to a degree of
protection of th e nearshore an d blu ff toe from wav e erosion
(SUNfu'ViURA, 1977; DAVIDSON-ARNOTT and OLLERHEAD,
1995) and thus re duce the recession rate. On cohesive coas ts
sediment cover is generally thin and varies both temporally

J ourn al of Coasta l Researc h, Vol. 13, No.4, 1997
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Figure 2. Photograph of th e beach and bluff ju st east of Fifty Point taken in July, 1981.

Tab le 1. List of variables used in the regression models.

where: PL = net annua l longsh ore component of wave energy

and spatially. In an attempt to incorporate all the effects of
sediment cover, and to determine the best predictorfs) of its
role in controlling recession rates, three differen t measu res
were used.

Beach volume (variable 3) was determined from measure­
ments in the field of beach width, and thickness of beach
sediments for eac h 200 m section of beach mad e in J une ,
1981. Th is is the most direct measure of sediment volume,
but it reflects the situation as it existed on a single day, and
not ave rage values over an extended time period.

Variable 4, the net annual longshore component of wave
energy flux PL, is derived from the long-term wave climate
and from wave refraction modelling.

n

PL = 2: PB;si n o.cos <X;
i=l

(3)Qs = a(L H R) P/Pb

where: Qs = sediment su pply to the beac h (m3/200 m length),
a = proport ion by weight of beach sediment in blu ff, L =
length of shoreline reach, H = height from top of bluff to 4
m water depth , R = average annual recession rate for shore­
line reach, Pt, Pb = bullk den sity of bluff an d beac h sediments
respectively.

flux , PBi = total ann ua l wave energy flux at the break point
for wave class i, <X; = angle of wave crest to shoreline , n =
number of wave classes.
While the value of PLi at any point along the shore line is
directly re lated to PBi, the net ann ua l PLis the algebraic sum
of negative (tr ansport to the right) and posit ive (transport to
the left ) values and thus the strength of any corre lation be­
tween PL and PB is a function of the relative magnitude of
transport in the two directions. PL is a major control on the
longshore sediment transport rate an d therefore affects both
the rate of removal of sediment from the bluff toe and the
rate at which sediment is trans ported through a part icular
section; it also influe nces , through the alongs hore gradient in
PL, local deposit ion and erosion of beach sediments.

PL is a measure of the poten tial for longsh ore transport of
sediment, but actua l sediment transport rates and local ero­
sion and deposi tion will also be influenced by sedime nt ava il­
ab ility (variable 5). This was der ived from a comparison of
sediment sup ply to the littoral drift system and the pote ntial
longshore sediment transport pre dicted from the littoral drift
modelling (D AVl DSON-ARNOIT and AMIN , 1985). The average
annual sediment supply to the beach from nearshore and
bluff erosion was calculated for each 200 m section of the
sho reline from:

(2)

Average annua l bluff recession rate (rn yr" )
Average annual wave energy flux at th e

break point , PB (J m " ! yr")

Beach volume (rn" m") measured in June,
1981

Average annual net alongshore component of
wave energy flux at the break point , Pi., (J
m " ! yr" ' - positive values indicate dir ected
toward the left viewed offshore)

Sed iment availability in th e littoral zone =

differen ce between potential sediment
tran sport volum e and cumulative sediment
supply (rn")

Bluff height (m)

Variable 4 (independent)

Vari ab le 5 (independent)

Vari ab le 3 (independent )

Vari ab le 6 (independent)

Variable 1 (dependent)
Vari able 2 (independent )

J ourn al of Coastal Research , Vol. 13, No.4, 1997
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eq ual to sediment input from updrift plu s the input from ero­
sion within t he reach (DAVIDSON-ARNOTT and AMI N, 1985).

The pot ential immersed weight longshore transport rate IL
was determined from :

where: IL = immersed weight longshore transport rate (kg
m' sec- I), PL = net annual longshore component of wave
energy flux (joules m - I sec :" }, K = dim ensionless coefficient
of proportionality. The study of DAVIDSON-ARNOTT and AMIN
(1985) used significant wave heights and thus K was assigned
a value of 0.375 which corresponds to K = 0.77 for rms wave
heights (KOMAR and INMAN, 1977 ).

The immersed weight sedime nt transport rate was con­
verted to a volume transport rate through:

(4)

(5)

p. P, Joules 1m x10'

2j Sediment Availability m
3

x 104
a .~__--',;:--_ _

-2 ~

8 Bluff Heigh t (m)

6

4

2

Beach Vol um e (m 3/m)
20

15

10
5

0-'----- - - - - - - - _

i.s ~ """"0""o,m,~
1 .0 ~
0.5

Figure 3. Longsh ore variations in (a) se dime nt av ailability; (b) average
a nnua l wa ve ene rgy a t th e break point, PB a nd the long sh ore compone nt
of this, PI.; (c) bluff height; (d) beach volume; (e) recession rat e .

It was assumed that sediment was supplied from erosion
of th e nearshore zone out to a depth of at least 4 m (DAVID­
SON-ARNOTT and ASKIN, 1980 ; DAVIDSON-ARNOTT and
AMIN, 1985) and that silts and clays were not st able on th e
beach and were lost offshore. Sinc e th e littoral sediment
transport is from west to east th roughout the cell , it was as­
sumed that sediment availability within each reach was

where: SL = volume transport rate (rn" yr : "), p, p, fluid,
sediment density (kg rrr"), g = gravita t ional constant (rn S- 2),

a ' = pore space correction factor = 0.6. Finally, sedime nt
availability at each point along th e shoreline was determined
from :

(6)

where: QA(i) = sediment availability (m") for point i-where i
represents a 200 m length of shore line.

It should be noted that th e ab solute value of th e potential
longshore sediment transport, and thus the va lue determined
for sediment ava ilability, will vary with th e value assigned
to the coefficient K (e.g. DEAN et al., 1982 ). However it does
not affect th e rel ative values for points along th e shoreline
and thus should not alter the strength of any relationship of
variable 5 to recession rates .

It ha s been suggested that th e larger volumes of sediment
reaching the beach from high bluffs, particularly from large­
scale slumps, and the greater length of time required to re­
move this material , might offer a greater degr ee of protection
to the toe of the bluff than is the case with low bluffs. Bluff
height (variable 6) was mea sured direct ly in th e field at th e
same time that measurements were made of bea ch width and
thickn ess .

Variables 2-6 all relate to what SUNAM URA (1977) terms
th e "as sailing forces", with variable 2 bein g a direct measure
of incident wave en ergy, and variabl es 3-6 acting to mod ify
the effect s of this on toe erosion. Vari ab le 3, beach volume,
is a direct measure of sediment cover, but for one instant in
time. On the other hand variable 5, sediment availability , is
an indirect measure of volume but is based on a long -term
average. Since one can be regarded as a subst it ute for th e
oth er, the model was run first using variable 3 and th en a
second time substituting variable 5 for variable 3.

Th e other major factor thought to cont rol the rate of bluff
recession is the strength of the cohesive material itself­
termed th e "resisting forces" by SUNAMURA (1977). Th ere is
little available information on what measure of st rengt h can
be used to predict resistance to erosion by wave-induced forc­
es , abra sion by surficia l se diments , and th e effects of soft­
ening or weathering of th e till. However, because of th e uni ­
formity of the till a longs hore , materi al st rengt h can in effect

Journal of Coasta l Research , Vol. 13, No. 4, 1997
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Table 2. Resu lt s of a ) simple li near regression; b) correla tion ma trix.

Std. Std .
Variable R' Ccoefficient Error F-ratio

2 (1',,1 0.320 0.565 0.117 31.470*
3 (volum e ) 0.006 0.079 0.017 0.417
4 (P,I 0.001 - 0.036 0.319 0.086
5 (available I 0.169 - 0.411 0.041 13.613*
6 (height! 0.003 0.053 0.034 0.190

Pearson Correlation Matrix

Avail- Vol-
Erosion Height PH P\, ability ume

Eros ion 1.0
Height 0.053 1.0
PH 0.565 - 0.076 1.0
P\. - 0 .036 0.013 0.266 1.0
Avai la bility - 0.411 - 0.369 - 0.203 - 0.670 1.0
Volum e 0.079 - 0.397 0.161 0.043 0.074 1.0

*Significant at th e 95'1, confidence level

be regarded as a cons tant within th e study area, thus per ­
mitting th e eva luation of th e sign ificance of th e oth er factors.
Mater ial st re ngth was thus not included as a variable in th e
regre ssion modelling.

Simple lin ear regression , multiple linear regression, and
ste pwise mul tipl e linear regression wer e carried out usin g
the program SYSTAT (SYSTAT INC., 1990 ).

RESULTS

Simple lin ear regression with recession rate as th e depen­
dent variabl e was carried out first in order to examine the
explana tion provided by each of the variables se para te ly (Ta ­
ble 2a ). Variables 2 (PH) and 5 (sediment availability ) had R2
values of 0.320 and 0.169 respectively, both of which are sig­
nificant at th e 95% confidence level. Th e oth er three vari­
ables had much lower R2 values and were not significant at
th e 95% confidence level. Th e relationship among the vari­
ables was also asse ssed through use of a Pearson Corre la t ion
Matrix (Ta ble 2b).

Linear multiple regr ession was carried out on tw o se ts of
vari abl es with variabl e 1 (recess ion rate ) as the dependen t
variable. Th e first analysis was carried out using variabl es
2, 3, 4 and 6 (PH' beach volume, PL and bluff height) as th e
ind ependent variables a nd t he second substituti ng variabl e 5
(sediment availability) for variable 3. Th e results of th e two
models are given in Tabl e 3.

Whil e both model s are sign ificant a t the 95% prob ab ility
level , it is clea r that that th e level of explana tion of model 2,
whe re sediment availability is substit ute d for sediment vol­
um e, is far superior to th at of model 1. Moreover , in model 1
th e parti al correlation ceofficients of both beach volume and
blu ff heigh t are posit ive, which is the opposi te to what would
be expected. The poor performance of the variable Volume
was confir med by a stepwise multiple reg ression using th e
variables of model 1 which showed that th e added explana­
tion resulting from th e introduction of the variabl e Volume
was not significant at the 95'h confidence level.

In model 2, th e ind epend ent variab les together explain
about 72' 7, of the variance (Table 3). An exa mination of t he

Tab le 3. R esult s of mu ltip le linear regression for two models .

Model 1: N = 69; R' = 0.368; S.E. = 0.369; D.F. = 4 and 64; F-ratio = 9.335*

Variable Coefficient Std . Error Std . Coefficient

constant - 1.663 0.450 0.0
2 ( 1' ,, ) 0.722 0.121 0.623
4(1',) - 0.534 0.269 - 0.205
6 (he ight) 0.032 0.030 0.116
3 (volume ) 0.005 O.oI5 0.034

Model 2: N = 69; R' = 0.716; S.E. = 0.247; D.F. = 4 and 64; F-ratio = 40.35*

Variab le Coefficient Std. Error Std. Coefficient

cons ta nt - 0.530 0.322 0.0
2 (P h) 0.666 0.081 0.574
4 (1',) - 2.079 0.251 - 0.797
6 (he ight) 0.333 0.038 0.913
5 (ava ilab ility ) 0.064 0.02 1 - 0.230

"Significa nt at the 95'k confide nce level

standardized coefficients sh ows th at recession increases with
increasing wave power PH' and decreases with increa sed sed­
iment availability and wit h increasing bluff height. Th ese are
all cons istent with the expected relationships outl ined in th e
previou s sect ion. Th e coefficient for P L is negative, indicating
that recession rates decrease with higher values of PL'

Stepwise lin ear regression was performed on th e variables
in model 2 in order to exa mine th e cont ribution mad e by each
variable and to iden tify a ny prob lems of collinearity that
might exist (Table 4). At ste p one variabl e 2 (PH), which has
th e highest parti al corre latio n coefficient, was introduced into
the equa tio n a nd was found to expla in about 32'7c of th e vari­
ation in recession rate (R2 = 0.320). With th e introduction of
a second variabl e (variable 5, sediment ava ilability) th e level
of explan ation rose to about 41% (R2 = 0.4 11). Variable 4 (PL)
was introduced next and R2 incre ase d to 0.676, or about 68%
of th e variation in recession rates. With the addit ion of vari­
able 6 (bluff heightl ther e is a further increase in R2to 0.716,
or roughly 72% of the vari an ce. Th e F values for th e addi­
tional expla nation provided at each ste p are all significant at
the 95% confidence level (Table 4).

It is clea r th at changes in PI. should have little or no influ ­
ence on blu ff recession rates in areas where sediment supply
is much sma ller th an th e potential alongs hore sedim ent
tran sport volume, as is th e case at th e easte rn end of th e

Table 4. Result s of stepwise linear regr ession for model 2.

Step Variab les SS DF Varia nce F-rat io

1 2 4.401
2 2. 5 5.66 1 2

Change in 5S 1.260 I 1.260
Residu al 8.111 66 0.140 9.0'"

2 2. 5 5.661
3 2. 5. 4 9.31 1 3

Change in 55 3.650 1 3.650
Residua l 4.46 1 65 0.069 52.89 '

3 2.5. 4 9.3 11
4 2. 5. 4, 6 9.862 3

Change in 5 5 o.ss: I 0.55 1
Residu al 3.91 64 0.06 1 9.03"

" Significan t at th e 95'/' confidence leve l

Jo urnal of Coastal Research . Vol. 13. No. 4. 1997
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Table 5. Results of multiple linear regression for variables 4 and 5.

DISCUSSION AND CONCLUSIONS

Model 3: N = 69; R2 = 0.344; S.E. = 0.370; D.F. = 2 and 66; F-ratio =

17.309*

study reach. Indeed, as was shown in Table 2, a simple linear
regression of recession rate against P L showed no significant
relationship. Nevertheless, P L should have some influence on
the alongshore distribution of sediments in areas where there
is sufficient sediment available and it does make a significant
contribution to the explanation provided by the multiple re­
gression model in conjunction with variable 5, sediment
availability (Tables 3 and 4). In order to explore this further
a multiple regression was run using just variables 4 (PL) and
5 (sediment availability) and this resulted in an R2 of 0.34
which is significant at the 950/0 confidence limits (Table 5). It
is notable that this is almost the same as the increase in R2
associated with the introduction of these two variables at
steps 2 and 3 in the stepwise regression model (Table 3) and
suggests that they are both independent of PB and that a
considerable portion of the explanation that they provide is
due to their joint variation. The increase in R2 over that ob­
tained for a simple linear regression against sediment avail­
ability is also significant at the 95% level.

indirect measure of wave energy reaching the bluff toe, it
does appear to provide a reasonable measure for predicting
long-term recession rates.

Sediment availability for beach building has a negative cor­
relation with shoreline recession, indicating that recession is
generally lower where there is more sediment available to
form a protective beach. As noted above, this probably pro­
vides a better prediction of the recession rates in areas where
there is sufficient sediment to provide an effective cover, and
it likely becomes more important than PB in these areas. The
fact that recession rates showed no significant relationship
with beach volume, which is also a measure of the protection
provided by sediment, can be attributed to the fact that it
reflects measurements made on a single day rather than a
long-term average.

The net longshore component of wave energy flux acts with
sediment availability to influence the degree of protection af­
forded by sediments since it determines the potential sedi­
ment transport volume and pattern. Unlike the first two vari­
ables, P L by itself is not a good predictor of bluff recession,
and clearly it acts in a complex way with sediment avail­
ability.

The fact that bluff height makes a significant contribution
to the prediction of recession rates was somewhat unexpect­
ed, although the contribution is quite small. Previous studies
examining the role of bluff height have had mixed results in
relating bluff recession to bluff height (e.g. BUCKLER and
WINTERS, 1983). However, in areas where the bluff stratig­
raphy is complex, it may be that the effect of height is over­
shadowed by alongshore variations in composition and
strength of the bluff sediments. In this study there is little
variation in bluff composition both vertically and alongshore,
thus providing a better test of the influence of height alone.

The four variables in the regression model, which together
account for some 72% of the total variation in shoreline re­
cession, can all be seen as being linked to a complex control­
ling variable that might be termed effective wave energy
reaching the shoreline. While total wave energy reaching the
shoreline is obviously important, its effectiveness can be re­
stricted by the degree of sediment build-up on the beach and
in the inner nearshore area. It is likely therefore that vari­
ation in total wave energy is most important as a predictor
along those sections of the coastline where there is limited
sediment cover. On the other hand, in those areas where
there is some sediment accumulation, recession is likely to
reflect more closely variations in the actual amount of sedi­
ment as a result of changes in sediment input and the gra­
dient of net longshore sediment transport (MCGREAL, 1979L
Bluff height can also be seen as being related to the degree
of protection from wave action, both because of the increased
length of time taken for waves to break-up and remove
slumped debris and the greater volumes of littoral sediment
input associated with higher bluffs.

Finally, the success of the multiple regression model in
terms of the high degree of explanation provided by the first
four variables is attributable to two factors: 1) The section of
shoreline studied has a very simple stratigraphy and there
appears to be very little variation in the strength parameters
of the till that forms the bluff and nearshore substrate. This

0.0
-0.788
-0.563

Std. Coefficient

0.149
0.049
0.350

Std. Error

-1.407
0.288

-1.471

CoefficientVariable

constant
5 (available)
4(P\)

The results presented above show that in this study the
average annual total wave energy at the shoreline correlates
positively with shoreline recession and is a good predictor of
it. A number of other researchers have suggested the link
between total wave energy and rates of bluff recession (MA­
RESCA, 1975; DAVIS, 1976; SUNAMURA, 1977; BUCKLER and
WINTERS, 1983; KAMPHUIS, 1987). GELINAS and QlJIGLEY
(1973) found that bluff recession along a portion of the north
shore of Lake Erie correlated well with deep-water wave en­
ergy, but a similar study along a different section of the
shoreline (QUIGLEY and ZEMAN, 1980) showed a much weak­
er relationship between wave energy and recession. It is like­
ly that the significance of total wave energy as a predictor
will be greatest where beaches are narrow and there is lim­
ited protection from beach and nearshore sediments. In the
section of coastline used in this study beaches are generally
narrow and it is only at the western end of the area that
sediment accumulation is likely to dominate over wave en­
ergy as the primary control on recession.

Bluff recession is controlled directly by wave attack at the
bluff toe (SUNAMURA, 1977) which is linked to P B through a
series of controlling factors which reflect lake level, beach
slope, sediment supply, among others (AMIN and DAVIDSON­
ARNOTT, 1995). However, over the long-term the overall rate
of profile adjustment and shoreline recession is dependent on
vertical lowering of the nearshore profile, which itself is more
directly linked to PH (DAVIDSON-ARNOTT and OLLERHEAD,
1995). Thus, while wave energy at the break point is only an
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means that absolute rates of shoreline recession are primar­
ily controlled by variations in what SUNAMURA (1977) terms
"the assailing forces", rather than variations in the "resisting
forces" or some combination of both; 2) The combination of
refraction modelling and sediment budget analysis provide a
good description of the variability of wave energy and th e
potential degree of protection offered by the accumulation of
surficial sediments over the long-term.

In conclu sion, th e multiple regression mode l described here
shows that in the chosen study area, longshore variations in
bluff recession are controlled primarily by variations in total
wave energy reaching the shoreline and by the degree of pro­
tection by surficial sediment accumulation. Variables that
were most successful in predicting recession are related to
long-term averages or to inherent prop erties of the shoreline,
rather than to instantaneous measurements of beach width
and thickness. It should be noted that the regression model
itself was not designed to be applied to prediction of absolute
recession rates in other areas. In this study, because of th e
uniformity of th e till alongshore, material strength in effect
can be regarded as a constant, thus permitting evaluation of
othe r factors. In areas with a more complex strat igr aphy it
would be necessary to include some measure of the strength
or resistance of the cohesive material in order to achieve the
sa me level of explanation.

ACKNO~DGEMENTS

We would like to thank Marie Puddister , Carol Hart and
Becky Morrison for th eir cartogr aphic and secretarial assi s­
tanc e with the paper. The work on which thi s paper is based
was originally supported by a National Research Council of
Ca nada operating gra nt to RD-A.

LITERATURE CITED

AMI N. S.M.N ., 1982 . A Littoral Drift Model and Sediment Budget
for th e Shore of South-Western Lake Ontario and Implications for
Sh oreline Protection . M.Sc. Thesis. Univer sity of Guelph, Canada,
123p .

AMI N, S.M.N., 1991. Bluff Toe Erosion: Magn itude, Processes and
Facto rs Along a Section of Lak e Erie South Sh ore. Ph .D. Th esis ,
Kent St ate University , 235 p.

AMIN, S.M.N. and DAVIllSON-ARNOTT, R.G.D., 1995. Toe eros ion of
glac ia l till bluffs: Lak e Erie South Shore. Canadian Journal of
Earth Sciences, 32:829-837.

ASKIN , R.W., 1981. Nearsh ore Ero sion : An Invest igation of th e Fa c­
tors Cont rolling Ero sion of th e Nearshore Profil e in Overconsoli­
dated till , Grimsby, Ontario, Ca nada. M.Sc. Th esis , Univers ity of
Gue lph, Ca nada, 138p .

BIIW, S.J .G. and ARMSTRONG, J .L., 1970. Scarborough Bluffs-A re­
cess iona l study. Proceedin gs 18th Conference Great Lakes Re­
search. Int ernational Association Great Lak es Resear ch , pp. 187­
197 .

BIRKE l'M;IER, W.A , 1980. Th e effect of st ructures an d lake level on
blu ff and shore erosion in Berrien County, Michigan, 1970-74.
US. Army Coastal Engineering Research Center Miscellaneous Re­
port No. 80-2, 1980.

BI R K EM~;I ER , W.A, 1981. Coas ta l cha nges East ern Lak e Michigan ,
1970- 74, US. Army Coastal Engin eering Research Center Miscel­
laneous Report No. 81-2, 1981.

B() lJLD~: N , R.S., (ed)., 1975. Cana da/Ontario Grea t Lakes Sh ore
Dam age Survey: techni cal report. En vironment Canada and On­
tario Ministry of Natural Resources. Ottawa, Ca na da , 97p .

BRYAN, R.B. and PRICE, AE., 1980. Recession of th e Scarborough

Bluffs , Ontario , Cana da. Zeitschrift fur Geomorph ologie, Supp!. Bd
34, 48-64.

BUCKLER, W.R. and WINTERS, H.A., 1983. Lake Michigan Bluff re­
cession. Annals Association of American Geographers, 73, 89-110.

CARTER, C.H. and GUY, D.E. JR. , 1988 . Coastal erosion : Processes,
timing and magn itudes at the bluff toe. Marin e Geology, 84, 1-17 .

COAKLEY, J.P. a nd BOYD, G.L., 1979. Fift y Mile Point Case History
Part I, Longterm recession and sediment sources. Unpublished
report. Hydraulic Research Division, NWRI , Burlington, Ontario ,
Canada, lOp.

COAKLEY, J .P .; RUKAVI NA, N.A., a nd ZEMAN, AJ., 1986. Wave-in­
duced subaqueous erosion of cohesive tills: Preliminary results.
Proceedings Symposium on Cohesive Shores. Ottawa, Canada : Na­
tional Research Council of Can ada , pp. 120-136.

DAVIDSON-ARNOTT, R.G.D., 1986. Rates of eros ion of till in th e near­
shore zone. Earth Surface Processes and Landforms, II , 53-58.

DAVIllSON-ARNO'lvl', R.G.D. a nd ASKIN, R.W., 1980. Factors cont rol­
ling erosion of the nearshore profile in overcon solid at ed till ,
Gr imsby, Lake Ontario. Proceedings Canadian Coastal Conference,
1980. Ottawa, Canada : National Research Counc il of Cana da ; pp.
185-199.

DAVIllSON-ARNOTT, R.G.D. and AMIN, S.M.N., 1985. An approach to
the problem of coasta l erosion in Quat ernary sediments , Applied
Geography, 5, 99-116.

DAVIS, R.A., ,JR., 1976. Coast al cha nges , east ern Lak e Michigan,
1970-73. U.S. Arm y Corps of Engineer s , Coastal Engineering Re­
search Center, Technical Paper No. 76-16.

DEAN, R.G.; BER~;K , E.P.; GABLE, C.G., an d SEYMOUR, R.J ., 1982.
Longshore transport determined by a n efficient trap. Proceedings
18th Coastal Engineering Conference, (ASCE l, pp. 954-968.

EDIL, T.B. , a nd VALLE.IO, L.E ., 1980. Mechanics of coast al landsl ides
a nd the influ enc e of s lope param et er s. Marine Geology. 16, 83-96.

GELINAS, P.J . and QUIGU;Y, R.M., 1973. The influence of geology on
eros ion rates a long th e north shore of Lak e Eri e. Proceedings 16th
Conference on Great Lakes Research. International Association
Great Lak es Research , pp. 421-430.

HEGLER, D.P., 1974. Lake Ontario Sh ore Ero sion in th e Regional
Municipal of Niagara . M.Sc. Th esis , Civil Engineering, University
of Waterloo , 346 p.

H~;QUETTE , A and BARNES, P.W., 1990. Coas ta l retreat and shore­
face profile variations in th e Canadian Beaufort Sea . Marin e Ge­
ology, 91, 113-1 32.

HUTCHINSON, J .N., 1973. The respon se of London Clay cliffs to dif­
fering rates of toe erosion . Geologia Applicata e Idrogeologia, 8,
221-239 .

INTERNATIONAL J OINT COMMISSION, 1993. Levels Reference Study:
Great Lak es-St. Lawrence River Basin . Final Report, Levels Ref­
erence Study Board , Ottaw a, Ontario, 108p .

JillSON, R.W.; On uxr. J .K., and STAUDE, J -M., 1994. Rat es and pro­
cesses of bluff recession along th e Lak e Michigan shorelin e in Il­
linois. Journal of Great Lakes Research, 20, 135-1 52.

J ONES, D.G. and WILLIAM S, AT., 1991. Statistica l an alysis of facto rs
influencing cliff erosion along a sect ion of th e west Wales coast ,
U.K. Earth Surface Processes and Landforms, 16, 95-111 .

KAMPHlJIS, J .W., 1987. Recession rate of glacial till bluffs. Journal
of Waterway, Port. Coastal and Ocean Engin eering , 113, 60- 73.

MCGHEAL, W.S., 1979. Marine erosio n of glacia l sedimen ts from a
low-en er gy cliffline environment nea r Kilkeel , Northern Ireland.
Marin e Geology. 32 , 89- 103 .

KOM AR, P.D. and INM AN, D.L., 1970. Longshore sa nd tr an sport on
beach es. Journal of Geophysical Research. 75, 5914-5927 .

LAMm:, J .P . and WINTlms, H.A, 1989. Wave energy es t ima tes and
bluff recession along Lake Michigan 's southeast shore . Profession­
al Geograph er. 41 , 349-358.

MARESCA, J .W., JR., 1975. Blufflin e recession , beach change, an d
ne arshore cha nge rela ted to storm passa ges alon g southeas tern
Lake Michigan . Ph.D. Disser ta tion, Depa rtment of Ocean ogr aph y,
University of Michigan.

MATAYAS, E.L.; LELIEV RE, 8. , and Wurnc, O.L. , 1976. Geotechn ical
factors affecti ng shoreline erosion and bluff stability, west ern
Lake Ontario. Ottaw a , Canada: Geological Survey of Ca nada ,
Technical Report , 62p.

Journal of Coasta l Research. Vol. 13, No. 4. 1997



Controls on Shoreline Erosion Rates 1101

MAY, J.P., 1974. Wavenrg: A computer program to determine the
dissipation in shoaling water waves with examples from coastal
Florida. In: TANNER, W.F. (ed.), Sediment Transport in the Near­
shore Zone. Department of Geology, Florida State University,
Coastal Research Notes pp. 22-80.

PRIOR, D.B., 1977. Coastal mudslide morphology and process, Eo­
cene Clay, Denmark. Geogr. Tidskr, 76, 19-33.

QUIGLEY, R.M. and ZEMAN, A.J., 1980. Strategy for hydraulic, geo­
logic and geotechnical assessment of Great Lakes Shoreline

bluffs. In: MCCANN, S.B., (ed.), The Coastline ofCanada. Ottawa,
Canada: Geological Survey of Canada, Paper 80-10, pp. 397-407.

QUIGLEY, R.M.; GELINAS, P.J.; Bou, W.T., and PACKER, R.W., 1977.
Cyclic erosion-instability relationships: Lake Erie north shore
bluffs. Canadian Geotechnical Journal, 14, 301-323.

RUTKA, R.N., 1975. Bluff Recession in Western Lake Ontario. M.Sc.
Thesis, University of Waterloo, 210 p.

SEIBEL, E., 1972. Shore Erosion at Selected Sites on Lake Michigan
and Lake Huron. Ph.D. Dissertation, Department of Oceanogra­
phy, University of Michigan, 175p.

Journal of Coastal Research, Vol. 13, No.4, 1997




