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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 difficulties 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 nonresistant sediments with a high silt and clay content. These
shorelines are characterised by steep, sub-aerial bluffs, narrow 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 highlatitude 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 Ontario, 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 deployment 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
96080 received and accepted in revisions 5 August 1996; originally 16
July 1993 and subsequently substantially revised.

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 cohesive shorelines (INTERNATIONAL JOINT COMMISSION,
1993).
The development of strategies for the management of cohesive 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 include: deep-water wave climate; wave energy reaching the toe
of the bluff after shoaling, refraction and wave breaking; potential gross and net longshore sediment transport; sediment
supply and beach sediment budget; morphological and geotechnical 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 recession rates, while others work indirectly - thus some of the
factors may be more important in explaining the spatial variability 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 varia ble. Whil e t here have been a few st udies that have exa mined the effects of individua l storm events
on toe erosio n (MCGREAL, 1979; CARTER an d GUY, 1988;
AMIN and DAVIDSON-ARNOTT, 1995), th e focus here is on
st udies of the cont rols on long-term recession rates. Most of
these have been bivariate in natu re (SEIBEL, 1972; GELINAS
and QUIGLEY, 1973; QUIGLEY a nd ZEMAN, 1980; BIRKEMEIR,
1980, 1981; BUCKLER and WINTERS, 1983; LAMo E and WINTERS, 1989; J IBSON et al., 1994; J OHNSON and J OHNSTON,
1995 ), and only a few have atte mpte d to incor pora te the interrelationship between wave ene rgy variables, sedimen t
supply and budget, an d morphological varia bles (HEQUETTE
and BARNES, 1990; J ONES and WILLIAMS, 1991). Th e purpose
of th is st udy is to eva lua te, using mul tiple linear regr ession,
the statistical relati onship bet ween bluff recession ra tes an d
a number of morphological factors and pr ocesses for a re la tively si mple section of shoreline at th e sout h-weste rn end of
Lak e Ontario and to determine which combination of factors
provides the best prediction of recession rates.

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.
Th e longest fetch is over 200 km to th e ENE. The net longshor e tran sp ort is from east to west (DAVIDSON-ARNOTTand
AMIN, 1985) and th e st udy area encompasses a littoral cell
wit h the headl and at Grimsby forming the updrift boundary
of the cell and sediment being deposit ed in th e sink formed
by the Burlington Bar wh ich encloses Ham ilton Bay (Figure

STUDY AREA

MODEL AND DATA SOURCES

Th e study area is located at the south-west end of Lak e
Onta rio , and extends from the town of Grims by to the Burlingt on Bar (Figu re 1). The area is underl ain by red sha les
of the Queen ston Forma tion wh ich outcrop locall y to form the
headl and at Gri msby wit h bluffs up to 5 m in height. Westward from Gri ms by 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 thi n « 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 und erl 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, wh ile there is some sma ll-sca le variability, the ave rage propertie s of th e till are consistent over the
length of t he study a rea (MATAYAS et al., 1976 ). Average
grain size compositio n is abo ut 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). Th e unw eathered ti ll has
a vane shea r strength of 50-80 kP a (ASKIN, 198 1; 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 average about 1 m yr -' and locall y may be mu ch higher over period s 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 rece ssion 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 a nd there is
little sediment overlyi ng th e till in depth s greater than 3 m,
except at the ext re me western en d of the st udy area (DAVIDsOK-AR:-<OTT. 1986 ).
Pr evai ling west er ly winds blow offshore an d waves affect-

Th e model use d here is a mult iple reg ression model of the
form :

1).

Wave act ion and sediment tra ns port alongshore is restricted for about three month s each win ter by th e growth of an
ice foot. At th e time th at field measu rements were ma de in
198 1 the shoreli ne west of Fifty Mile Point was cha racterised
by the pr esence of a nu mber of shore protection st ruc tures
(DAVIDSON-ARNOTT and KEIZER, 1982 ). Th ese resul t in some
reduction in th e length of shoreline expose d to wave attac k
and may modify th e pr esen t rate of bluff recession, sediment
supply, and ra te of alongs hore sedime nt tra ns port compa re d
to values derived from long-term averages.

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

(1)

where: Y = depend ent variable, a = intercept value , b, =
partial regr ession coefficient, Xi = inde pendent variable, n =
number of ind epend ent variables, e = error term
The varia bles used in this st udy a re derived from work
carried out by AMIN (1982 ) and DAVIDSON-ARNOTT an d AMIN
(1985) wh ich in volved det ermination of the sedimen t budget
an d lit to ra l dri ft modelling wit hi n 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 len gth of shore line <Figure 3).
Th e depend en t varia ble, 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). Th ese were obtained primarily from compa rison of
shore line posit ions on ae rial ph otogr aphs tak en bet ween
1934 and 1973. The low bluff heigh t mea ns tha t errors due
to spatial and tem poral variability in bluff failure are min imal , and the rapid recession ra te over much of the area
means tha t actual recession is large compared to the precision of the tec hniq ue .
It is evident that there should be some link between recession rates and the amou nt of wave energy reac hing the toe
of the bluff (GELINAS and QUIGLEY, 1973; S UNAM URA, 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 breaking and on wave run- up. An alternative is to assu me t hat,
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 Coa stal Resear ch. Vol. 13. No..t, 1997

Cont rols on Shoreline Eros ion Rates

1095

J\, Lake
lrSimcoe

N

f
o,

b

GRIMSBY

no
' .~ ,~

CATHARINES

o!
i

o
Figure 1.

I

10Km

Locat ion of study a rea.

Wave ene rgy at the break point was der ived from littoral
drift modelling of t he shore line (DAVIDSON-ARNOTT an d
AMIN, 1985 ). They used an offshore wave clim ate based on
t hree years of mea sured data to det ermine the major wave
height a nd per iod classes affecti ng the study a re a . Th e wave
refraction pr ogr am Wa venrg (MAY, 1974) was th en u til ised
to determ ine wa ve refract ion with in t he st udy a rea a nd to
predict the alongs hore variation in wave energy flux at the
break point (PB ) a nd t he longsh ore compone nt of wave energy
flux (P L ) for eac h of t he 39 wave classes. The output for eac h
wave ray was plotte d against distan ce alongs hore and then
values for ea ch of t he 69 loca tions corresponding to t he field

observatio n poin ts space d 200 m a part along t he shoreline
were interpolated from t hese graphs . The va lue s for eac h
wave class were t hen multi plie d by t he average a nnual fre que ncy of that class a nd summed for a ll t he wave classes to
give a total average annual P B a nd net an nua l P L (DAVIDSONARNOTT a nd AM IN, 1985 ).
It can be expected t hat t he presence of beach sedimen ts , a t
least beyond some threshold leve l, will lead to a degree of
protection of th e nea rshore an d blu ff toe from wav e erosion
(SUNfu'ViURA, 1977; DAVIDSON-ARNOTT a nd OLLERHEAD ,
1995) and t hus re duce the recession rate. On cohe sive coas ts
sediment cover is generally thin and varies both temporally
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Figure 2. Photograph of th e beach and bluff ju st east of Fifty Point taken in July, 1981.

and spatially. In a n attempt to incor porate all the effects of
sediment cover, an d to determin e the best predictorfs) of its
role in controlling recession rates, t hree differen t measu res
were u sed.
Beach volume (variable 3) was det ermin ed from measurements in the field of beach width, a nd t hickness of beach
sediments for eac h 200 m section of beach mad e in J une ,
1981. Th is is t he 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 P L, is derived from the long-term wave climate
and from wave refr action modelling.
n

PL =

2: P B;si n o.cos

(2)

<X;

i =l

where: P L = net a nnua l longsh ore component of wave energy
Tab le 1. List of variables used in the regression models.
Variable 1 (dependent)
Average a nnua l bluff recession rate (rn yr" )
Vari able 2 (inde pende nt ) Average a nnua l wave energy flux at th e
br eak point , P B (J m " ! yr")
Vari ab le 3 (inde pendent ) Bea ch volume (rn" m" ) measured in June,
1981
Variable 4 (independent) Average annual net alongsh ore compone nt of
wav e ene rgy flux at t he br eak point , Pi., (J
m " ! yr" ' - positive va lues indicate dir ected
toward the left viewed offshore)
Vari ab le 5 (independent) Sed iment ava ilability in th e littoral zone =
differ en ce between potential sedimen t
tran sport volum e a nd cumulative sediment
su pply (rn")
Vari ab le 6 (indepe ndent) Bluff height (m)

flux , P Bi = total a nn 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 va lue of P Li at any point along the shore line is
dir ectly re lated to P Bi, the net a nn ua l P L is the alg ebraic sum
of negative (tr ansport to t he rig ht) and positive (transport to
the left ) va lues and t hus the stre ngth of any corre lation between P L and P B is a function of the relative magnitude of
transport in the two directions. P L is a major control on t he
longshore sediment transport rate an d therefore affects both
the rate of removal of sediment from the bluff toe and the
rate at which se diment is trans ported through a particular
section ; it also influe nces , through t he alongs hore gradie nt in
P L, local deposition a nd erosion of beach sediments.
P L is a measure of the poten tial for longsh ore transport of
sediment, but actua l sediment transp ort rates a nd local erosion a nd deposi tio n will also be influe nced by sedime nt ava ilab ility (va ria ble 5). This was der ived from a comparison of
sediment sup ply to the littoral drift system and t he pote ntial
longshore sediment transport pre dicted from the littoral drift
modelling ( D AVl DS O N-ARN OIT and AMI N , 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:
Qs = a(L H R) P/Pb

(3)

where: Qs = sediment su pply to t he beac h (m 3/200 m length),
a = proportion by weight of beach sediment in blu ff, L =
len gt h of shoreline reach , H = heigh t from top of blu ff to 4
m water depth , R = average annual recession rate for shoreline reach, Pt, Pb = bullk den sity of bluff an d beac h sediments
respectively.
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eq ual to sed iment input from updrift plu s the input from erosion within t he reach (DAVIDSON-ARNOTT and AMI N, 1985 ).
The pot ential immersed weight longshore transport rate I L
was determined from :

Sediment Availability m x

~
_ _--',;:--_

_

~

-2

p. P, Joules 1m x

109 7

10'

(4)

where: I L = immersed weight longshore transport rate (kg
m' sec - I), P L = net a nnual long shore 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 a nd thus K wa s assigned
a value of 0.375 whic h corresponds to K = 0.77 for rms wave
heights (KOMAR and INMAN, 1977 ).
The immersed weight sedime nt transport rate wa s converted to a volume transport rate through :

(5)
where: SL = volume transport rate (rn" yr : "), p, p,
fluid,
sediment density (kg rrr"), g = gra vita tional constant (rn S- 2),
a ' = por e space cor rection factor = 0.6. Finally, sedi me nt
availability at each point along th e shoreline was determined
from :

Bluff Heigh t (m)

8
6
4

(6)

2

Beac h Vol um e (m 3 /m)
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Figure 3. Lon gsh ore vari ations in (a) se dime nt av ailability; (b) average
a nn ua l wa ve ene rgy a t th e br eak point, P B 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 wa s su pplied from erosion
of th e nearshore zone out to a depth of at least 4 m (DAVIDSON-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 sedime nt
transport is from west to east th roughout the cell , it wa s assumed that sedim ent availability within each reach was

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 ila bility, will vary with th e value assigned
to t he 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
reachi ng the beach from high bluffs, particularly from largescale slumps, and the gr eater length of time required to remove 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 (va ria ble 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 wh at S UNAM URA (1977) terms
th e "as sa iling forces", with va ria ble 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, sedime nt av ailability , is
a n indirect mea sure of volume but is based on a long -term
a verage. Since one can be regarded as a su bstit ute for th e
oth er, the model wa s 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
reces sion is the strength of t he cohesive material itselftermed th e "resisting forces " by SUNAM URA (1977). Th ere is
little a va ilable information on wh at measure of st rengt h ca n
be used to predict resistance to erosion by wav e-induced forces , a bra sion by surficia l se diments , a nd th e effects of softening or weathering of th e till. However, because of th e uni formity of the till a longs hore , materi al st re ngt h can in effect
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Ta ble 2. R esu lt s of a ) sim ple li near regression; b) correla tion ma trix.

Variable

R'

Std.
Ccoefficient

Std .
Error

F-ratio

2 (1',,1
3 (volum e )
4 (P,I
5 (a va ila ble I
6 (height!

0.320
0.006
0 .00 1
0 .169
0.003

0.565
0.07 9
- 0.036
- 0.4 11
0.053

0.117
0.017
0.31 9
0.041
0.034

31. 470*
0.417
0.086
13.613*
0.190

Pearson Correlation Matrix
Erosion
Eros ion
Height

PH
P\.
Avai la bility
Volum e

1.0
0.053
0.565
- 0 .036
- 0.411
0.079

Height
1.0
- 0.076
0.013
- 0.369
- 0.397

PH

1.0
0.266
- 0.203
0.16 1

P\,

1.0
- 0.670
0.043

Availability

Volume

Tab le 3. R es ult s of mu ltip le linear reg ression for two models .
Model 1: N = 69; R'
Variable

= 0.368; S.E. = 0.369; D.F. = 4 and 64; F-ratio = 9.335*

constant
2 ( 1' ,,)
4( 1',)
6 (he ight)
3 (volume )
Model 2: N = 69; R'
Variab le

1.0

Std . Error

Std . Coefficient

- 1.663
0.722
- 0.534
0.032
0.005

0.450
0.121
0.269
0.030
O.oI5

0.0
0.623
- 0.205
0.116
0.034

= 0.716; S.E. = 0.247; D.F. = 4 and 64; F-ratio = 40.35*

cons ta nt
2 (P h)
4 (1',)
6 (he ight)
5 (ava ilab ility )
1.0
0.074

Coefficient

Coefficient

Std. Error

Std. Coefficient

- 0.530
0.666
- 2.079
0.333
0.064

0.322
0.081
0.251
0.038
0.02 1

0.0
0.57 4
- 0.797
0.913
- 0.230

"Significa nt at t he 95'k confide nce level

*Significa nt at th e 95'1, confide nce level

be regarded as a cons ta nt within th e study a rea, thus per mitting th e eva lua tion of th e sign ificance of th e oth er factors.
Mater ial st re ngth was thus not included as a va ria ble in th e
regre ssion modelling.
Simple lin ear regression , multiple linea r regression, and
ste pwise mul tipl e lin ear regression wer e carried out usin g
t he program SYSTAT (SYSTAT IN C., 1990 ).

RESU LTS
Simple lin ear regression with recession rate as th e dependent variabl e was ca rried out first in order to examine t he
expla na tion provided by eac h of the va riables se pa ra te ly (Ta ble 2a ). Variab les 2 (PH) and 5 (sediment a va ila bility ) had R2
values of 0.320 a nd 0.169 respectiv ely, both of whi ch are significant at th e 95% confiden ce level. Th e oth er three variables had much lower R2 va lues a nd were not sign ifica nt at
th e 95% confidence level. Th e relationship among the va ria bles was also asse ssed through use of a Pea rson Corre la t ion
Matrix (Ta ble 2b).
Lin ear multiple regr ession was carried out on tw o se ts of
vari abl es with variabl e 1 (re cess ion rate ) as t he dependen t
va riable. Th e first analys is wa s carried out using variabl es
2, 3, 4 a nd 6 (PH' beach volume, P L and bluff height) as th e
ind ependent va riables a nd t he second substit uti ng variabl e 5
(sediment availa bility) for varia ble 3. Th e results of th e t wo
mod els a re given in Tabl e 3.
Whil e both model s a re sign ificant a t the 95% prob ab ility
level , it is clea r that that th e level of expla na ti on of model 2,
whe re sedime nt ava ila bility is substit ute d for sediment volum e, is far su perior to th at of model 1. Moreover , in model 1
th e pa rti al corre lation ceofficients of both beach volume a nd
blu ff heigh t a re posit ive, which is the opposi te to wh at would
be expecte d. The poor performance of the va riable Volume
was confir me d by a stepwise multiple reg ression using th e
va riables of model 1 which showed that th e added expla natio n resulting from th e introdu cti on of the variabl e Volume
was not significa nt at t he 95'h confidenc e level.
In mode l 2, th e ind ep end ent va riab les together explain
a bout 72'7, of t he va ria nce (Ta ble 3). An exa mina tion of t he

sta nda rdized coefficients sh ows th at recession incre ases with
increasing wave power PH' a nd decreases with increa sed sediment a vailability and wit h increasing bluff height. Th ese are
all cons istent wit h 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 orde r to exa mi ne th e cont ribution mad e by each
va riable a nd to iden tify a ny prob lem s of collinearity that
might exist (Table 4). At ste p one variabl e 2 (PH), which has
th e hi gh est parti al corre latio n coefficient, was introduced into
the equa tio n a nd was found to expla in a bout 32'7c of th e variation in recession rate (R2 = 0.320 ). With th e introdu ction of
a second variabl e (va riable 5, sediment ava ila bility) th e level
of explan ation rose to ab out 41% (R2 = 0.4 11). Variable 4 (PL)
wa s introdu ced next a nd R2 incre ase d to 0.6 76, or about 68%
of th e va riation in recession rates. With t he addition of variable 6 (bluff he ightl ther e is a further increase in R2 to 0.716,
or roughl y 72% of the vari an ce. Th e F values for th e additi onal expla nation provided at eac h ste p a re all sign ifica nt at
the 95% confide nce level (Ta ble 4).
It is clea r th at cha nges in PI. should have little or no influ ence on blu ff recession ra tes in a reas whe re sediment supply
is mu ch sma ller th an th e potential alongs hore sedim ent
tran sp ort volume, as is th e case at th e easte rn end of th e
Ta ble 4. R esult s of stepwise li near regr ession for model 2.
Step

Variab les

SS

1
2

2
2. 5
Cha nge in 5S
Residu al
2. 5
2. 5. 4
Change in 55
Residua l
2.5. 4
2. 5. 4 , 6
Cha nge in 5 5
Residu al

4 .401
5.66 1
1.260
8.111
5.661
9.31 1
3.650
4.46 1
9.3 11
9.862

2
3

3
4

o.ss:
3.9 1

" Significan t at th e 95'/' confid enc e leve l
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DF

Varia nce

F-rat io

66

1.260
0.140

9.0'"

3
1
65

3.650
0.069

52.89 '

0.55 1
0.06 1

9.03"

2
I

3
I

64
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Table 5. Results of multiple linear regression for variables 4 and 5.
Variable

Coefficient

Std. Error

Std. Coefficient

constant
5 (available)

-1.407
0.288
-1.471

0.149
0.049
0.350

0.0
-0.788
-0.563

4(P\)

Model 3: N
17.309*

=

69; R2 = 0.344; S.E.

=

0.370; D.F.

=

2 and 66; F-ratio

=

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 regression 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 (P L) 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 P B and that a
considerable portion of the explanation that they provide is
due to their joint variation. The increase in R2 over that obtained for a simple linear regression against sediment availability is also significant at the 95% level.

DISCUSSION AND CONCLUSIONS
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 (MARESCA, 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 energy, but a similar study along a different section of the
shoreline (QUIGLEY and ZEMAN, 1980) showed a much weaker relationship between wave energy and recession. It is likely that the significance of total wave energy as a predictor
will be greatest where beaches are narrow and there is limited 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 energy 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 DAVIDSONARNOTT, 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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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 correlation 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 provides 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 P B 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 afforded by sediments since it determines the potential sediment transport volume and pattern. Unlike the first two variables, P L by itself is not a good predictor of bluff recession,
and clearly it acts in a complex way with sediment availability.
The fact that bluff height makes a significant contribution
to the prediction of recession rates was somewhat unexpected, 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 stratigraphy is complex, it may be that the effect of height is overshadowed 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 recession, can all be seen as being linked to a complex controlling 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 restricted by the degree of sediment build-up on the beach and
in the inner nearshore area. It is likely therefore that variation 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 sediment as a result of changes in sediment input and the gradient 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
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means that ab solute rates of shoreline recession are primarily controlled by variations in what SUNAMURA (1977) terms
"t he 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 regres sion mode l described here
shows t hat 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 protection 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 in stantaneous measurements of beach width
a nd 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
ot he r factors. In areas with a more complex strat igr a phy it
would be necessary to include some measure of the strength
or resistance of the cohesiv e material in ord er to achieve the
sa me level of explanation.
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