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CHAPTER I 

INTRODUCTION 

This thesis presents a study in quantitative drainage basin 

morphology, based on the principles of what is colloquially known as 

"Horton Analysis"; certain morphometric properties of 18 drainage basins 

in the Niagara Peninsula and adjacent areas of South West Ontario were 

measured and analysed. The method of investigation, originally devised 

by R. E. Horton (1945), has been applied to numerous drainage basins in 

well scattered and highly con t ras ting areas of the Unit ed States, and to 

some extent has been modified in this appl ic~t ion. The writer, however, 

has no t ed only one paper, (Roberts, 1963) , which has at tempted a quantitative 

examination of the morphology of Canadian streams developed on glacial 

materials. Thus the selection and study of stream basins in glaciated 

Southern Ontario seems both appropriate and a valuable contribution to 

the wider application of quantitative morphological -analysis. The 

importance of this quantitative approach can be i llustrated by the fact 

that, as a result of the tabulation of the values of parameters which 

mus t be incorporated in such a study, direct, accurate and statistically 

satisfactory comparisons will be permitted between this study of Canadian 

stream basins and other such studies carried out in different areas. 

Using the National Topographic Series of maps of Canada, published 

by the Department of Mines and Technical Survey on a scale of 1:25,000 
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where these are availabl e , and similar maps on a scale of 1 : 50,000 

in all other areas , linear and areal measurements of planimetric 

aspects o f the chosen basins we re measured directly from the maps . 

Other parame ters express ing the charac te rist ics of the basins were 

derived from the measured quantities. Certain statistical tests 

were next employed to est imate t he significance of these par ameters 

and their degree of variation, and many of the inter- relationships 

between parameters were examined and tested statistically . For a 

number of the basins a check and extension of the map measurements 

was made by means of an analysis of aerial photographs on a scale 

larger than that of the maps, (usually a scale of approximately 

1:15,000). 

2 

This study was conceived as a test of the degree of appl ication 

of the laws of drainage basin arrangement di s covered and first tested 

by Horton (1945), and f urther tested by his successors in the United 

States, to the selected streams in Canada . The streams are developed 

in areas which have only r ecen t ly emerged from beneath an ice-sheet of 

considerable magnitude; control of drainage by the highly variable 

glacial materials cannot possibly have been eliminated in the 9 ,000 to 

10,000 years (Hough , 1958) that have elapsed since t he final disappearance 

of glacial ice from Southern Ontario . Examples of divergence from t he 

"Horton Laws of Drainage Composit i on" we re examined as c losely as possible 

and alternative explanations a re offered for the observed discrepancies. Finally 

the data and results have been tabulated (Appendix A and B) in a fo r m which 

would permit a comparison between parameters in Canadian drainage basins and 



typical values of these parameters as they are quo ted by va r i ous 

workers in this field for di f ferent areas in the United States. 

Review of Literature 

Since 1945, the purely qualitat i ve and descriptive approach 

to the study of land- form development which chara cteri zed the work 

of eeomorphologists both in Europe and North America has been super­

ceded by a system which "has as it's aim the expression of quantitative 

laws relating process to form . " (Strahler, 1950a, p. 210). Neither 

of the two early leaders of geomorphic thought , W. M. Davis and 

Walter Penck, gave any re gard to the systematic measurement of land­

form elements , nor to the establishment of such quantita tive laws 

as Strahler mentions . Both of these workers, their contemporaries , 

and their disciples merely form~lated theories on land form type 

and development by a process of deductive reasoning . Howeve r, in 

1945, R. E. Horton published a treatise which, in his own words , 

desc ribed "two sets of tool s which permit an attack on the problems 

of the development of land forms, particularly drainage basins and 

their stream nets, along quantitative l i nes", (Horton, 1945, p. 281). 

Horton proposed three empirical laws desc r ibing the r egularity 

of the numbers, leng ths and slopes of s t r eams within any basin. These 

laws , termed respectively the Law of Stream Numbers , the Law of Stream 

Slopes , and the Law of Stream Lengths, indicate that the numbers, 

leng ths and slopes of stream channels change in geometric progr ession 

with the change from one order of stream to another within the drain­

age basi n . The scheme of ordering is an attempt "to classi fy stream 
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systems on the basis of branching or bifurcation" (Horton, 1945, 

p. 281), and Horton proposed a s cheme under whi ch the smallest 

tributary is of first orde r, and the trunk stream is of the highest 

orde r in the basin . Horton found that s t ream numbers and average 

channel slopes tend to form an inverse geometric series with order, 

whilst the ave rage lengths of s t reams tend to form a direct geometric 

series with order . He also postulated that the geometric patterns of 

stream systems are developed as a result of the action of two forces, 

which he termed micro- piracy and cross-grading, and he offered a 'hydro­

physical' basis f or his laws. Ac cording to A. N. Stahler, howe ver, "this 

paper is now emerging as a document of great importance , not as muc h for 

the validity of it's conclusions on drainage and slopes, as for the 

forceful manner in whi ch it has brought to the attention of geom­

orphologists the application of quantitative and dynamic methods to 

land-form study", (Strahle r, 1950a, p . 211) . 

The three "Laws of Drainage Composition" which Horton published 

in 1945 became the impetus f or and the basis of an ever increasing 

tendency towards quantification in geomorphology, and most particularily 

in fluvial geomorphol ogy . The challenge he issued when he stated ''·••• 

the time has now come when such quantitative interpre tation can be 

undertaken", (Horton, 1945, p . 280 ) was accepted and vari ously inter­

preted by numerous other ge omorphol ogists . As a result, thr ee over­

lapping and frequently -mutually interdependent lines of study have 

emerged in the literature. 



In the first place, considerable effort has been expended 

on the extension and testing of these Horton Laws in areas far 

removed from Horton·'s own proving grounds in the Appalachians. 

Much of the early work along these lines came from geomorphologists 

working with A. N. Strahler at Columbia University under a contract 

from the United States Office of Naval Research Geography Branch 

5 

which specified the "study of the basic principles of erosional 

topography", (Strahler, l957b, p. 913). Miller (1953), for example, 

studied the morphological characteristics of drainage basins in 

mountain areas of Virginia and Tennessee, and discovered that Horton's 

Drainage Density is there dependent on the resistivity of the ground 

surface to sheet erosion, on the intensity of run-off, and on ground 

slope. The resistivity of the surface, according to Miller, depends 

on the nature of the bed-rock only if there is no vegetation or soil 

cover; where a soil cover is present , the resistivity is a function 

of the soil grain size and structure, and there is a 'superimposed' 

resistivity dependent on the density and type of plants . 

Coates (1958 ) presented a statistical study of the morphometric 

properties of drainage basins in Southern Indiana and he analysed the 

relationships between some of the form factors such as drainage area 

and stream lengths, and causative factors such as the length of over-

land flow, lithology, and the percentage of unconsumed upland. He found 

that the length of overland flow is closely related to the length of first 

order streams, and there is a low degree of correlation between the 



length of overland flow and the percentage of unconsumed upland . 

Coates also found a si ,nificant linear relationship between the 

length of the basjn perimeter and the square root of the area of 

third order basins . Melton (1957 ) moved further afield, publishing 

a report on the correlations of various geomorphological .and climat­

ological characteristics of numerous drainage basins in the Western 

states of the United States of America . This Ph.D. dissertation 

includes considerable data on the stream networks of New Mexico, 

Arizona, Colorado, and Utah; Melt on published, for example, evidence 

of statistically significant correlations between channel fre quency 

and the infiltration capacity, the precipitation- evaporation index, 

the percentage of bare area, and th e wet strength of the soil . 

Similarily, he found that valley-side slope angl es are correlated 

with infiltration, ruggedness , and relat j ve relief . 

In 1962, Morisawa returned to Horton 's home territory and 

studied 15 drainage bas ins within various physiographic provinces 

of the Appalachians; she found that the horizontal or planimetric 

aspects of drainage basins show t he expected exponential relation­

ship with order, but that control by struc ture or lithology governs 

the vertical or gradient properties much more closely. A multiple 

regression of peak intensity of run -off on basin area, rainfall 

intensity and frequency, and topography wa s shown to be sign-

ificant at the 0.001 l evel for these basins. Gray (1961), on the 

other hand, demonstrated various regressions between stream length and 
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basin area for basins of an intermediate size range, as well as 

regional patterns of regression between the length of the main 

stream and the channel slope for that basin; this he attributed 

to the predomi nant effect of surface resistivity. 

Each of these workers provided a wealth of data on the 

geometric characteristics of drainage basins, and most of them also 

began to seek interrelationships and patterns of cause and effect 
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in an analysis of their informat i on. As a result of much of this 

iniormation, Melton (l958c) was able to publish a summary of the 

data already available which ''provides estimates of variance, means, 

and coefficients of variation for populat i ons that have been studied 

in the recent past, and will be of continued interest", (Melton, 

1958c, p. 5). 

Parallel to this initial ac cumulation of data, and the 

search for relationships in planimetric morphology, numerous researchers 

began to examine more and more of the landscape of drainage basins 

and to quantify them. Efforts to inter-relate measured variables 

became more sophisticated, and equally advanced techniques f or 

characterising and representing morphological variables were presented. 

Perhaps one of the more important aspects of this type of work was 

Schumm's proposition of a fourth Law of Drainage Composition relating 

drainage area to order, (Schumm, 1956). Schumm found that drainage 

areas obey a direct geometric series law, similar to the laws of 

stream numbers and stream leng ths, and also that there are limiting 



areal ranges of drainage basin size for each order of stream he 

studied in badlands a t Perth Amboy , New Jersey. 

Increasing emphasis was also laid on the vertical aspects 

of drainage basin morphology. Strahler's hypsometric analysis, 

for example, (Strahler, 1952b) has since frequently been employed 

to exemplify the area- altitude relationships of water~sheds. Schumm 

(1956) found that the geomorphic development of his badland stream 

basins is illustrated by Strahler's hypsometric integral. VJhen 

more than 25% of the mass above the basal plane in second order 

basins has been' removed, he demonstrated that the basin parameters 

remain essentially constant• (Schumm, 1956). Further A. N. Strahler 

(1954b) demonstrated that since gravitational acceleration varies 

with the sine of the slope angle, an isosinal map of the drainage 

basin will illustrate the distribution of the downslope components 

of gravity . A percentage frequency distribution histogram showing 

"the distribution of area in the drainage basin with respect to the 

sine of surface slope" indicated that "this ·distribution appears 

to be symmetrical for mature topography with smooth straight slopes 

in homogeneous materials", (Strahler, 1954b, p. 352) . 

Numerous standards for the estimation of basin shape ha ve 

also been proposed, from Miller ' s Circularity Ratio, (Miller, 1953), 

and Schumm's Elongation Ratio, (Schumm, 1956), to the lemniscate 

equation devised by Chorley, Malm , and Pogorzelski , (1957). Schumm 

(1956) suggested that a correlation exists between his Relief Ratio 
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and measures of basin circularity such that the basin becomes more 

elongate as the Relief Ratio increases; he also found a relationship 

between this Relief Ratio and valley side slope angles. Lubowe (1964) 

on the other hand, published evidence that local relief correlates to 

a high degree with stream junction angles, and she further demonstrated 

that these junction angles are related to the order of the receiving 

stream. 

Strahler and Schumm may be credited with devising two new 

frameworks for quantitative landscape analysis. Strahler (1954a) 

proposed that the morphometric properties of drainage basins and many 

of the hydraulic charac te ris tics of stream channels might be studied 

by means of the concepts of dimensional analysis. Stream order is, for 

example, a dimensionless number, stream lengths are characterized by the 

single dimension of length, and basin area by the dimension of L2 , (Strahler, 

1954a). He stated that all geomet ric properties are express ed in the 

dimension of length, or by dimensionless ratios of length; kinematic 

properties such as velocity and acceleration can be reduced to the two 

dimensional plane of Time and Leng th, whereas mec hanical characteristics 

which involve an element of mass are expressed in the three dimensions 

of Mass, Length, and Time. 

Melton (1958b) on the other hand, suggested that only four 

parameters are essential for the complete determination of all other 

parameters. Using these particular parameters, the total length of 

stream segments , the total area of the basin, basin relief, and the 



leng th of the basin perimeter , he simulated a form of dimensional 

analysis . Under this scheme , each of these four prope rties represents 

one dimension . All other measured variables can , according to Melton, 

be expressed i n one or more of these ' dimensions ' depending on how 

10 

many of the basic parameters are necessary to give a c ompl e te expression 

of that variable. This system Melton termed expression in "E4 phase 

space", but he added the provi sion that for other than mature drainage 

networks a fifth ' dimension ' to represent the degr ee of maturity might 

be necessary. 

This review of t he literature of fluvial geomorphology would 

be incomplete without a mention of studies of othe r features of drainage 

basi ns which have not yet been specifically re lated to the morphological 

variables embraced by the pr esent study . However, it is t o be hoped that 

in the very near future the ultimate relationships be tween climatic 

factors , drainage basin and channel morphology, and hydraulic charac t ­

eri stics may be discovered, and the entire drainage basin expressed in 

terms of a small number of equations . Towards t hi s end, numerous geol ­

ogists, especially t hose work ing under the auspices of the United States 

Geological Survey , have sought to extend the essentially geometric studies 

promoted by Horton. 

The work of Leopold an d Maddock (1953) , Leopold and Miller (1956 ), 

and Wolman and Brush (1961) may be mentioned as examples of the search 

to relate the hydraulic and geometri c characteristics of drainage basins 

both from field and laboratory expe riments. Leopold and Maddock (1953) 

offered a concentrated attempt to link details of channel morphology to 
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hydr aulic f a c t ors; they f ound , fo r example , a l ogar ithmic relation-

s hi p be t ween channel width , load, and velocity, and r ates of discharge . 

Leopold a nd Mille r (1956 ) attempted to link even more cl osely fac tors 

such as di schar ge and ve l oc ity to fea tures of the channel geometry such 

a s the wid t h and s lope ; these particular authors also produced evidence 

for a n exponent ial r elat ionship be t ween discharge and orde r numbe r, and 

be t wee n c hannel wid t h and orde r numbe r. Other relationships have been 

t he sub j ect of re search in laborat ory experiments , and as a result of 

t his type of work , Wolman and Br us h (1961) enume r ated some of the fac tor s 

controlling the s ize a nd shape of st r eam channels . They f ound both in 

experimental work and in na t ural exampl es that the cross- sectional area 

of a channel i s very cl osely related to discharge as a logarithmic 

functi on . Similarily , the r e has been a noti ceable tendency fo r gee­

mor pho l ogists to unr avel the complexities of ' grade ', ' equilibrium ', and 

' quasi- equi libri um' as Langbein and Le opold (1 964), Mack i n (1948), 

and Howard (1965) have done . 

An interesting add i t i on t o the early work on drainage basin 

morphology s e rves as an example of recent resear ch i n this field . 

Leopold, Wol man , a nd Mille r (1964) have simulated the form of dr ainage 

sys tems t hrough t he use of a computer . Using a technique known as 

Random Walk, t hes e authors have produced a hypothetical drainage ne t 

which exhibits a c l ose fit t o the Hort on Laws of St r eam Numbers and 

Stream Leng t hs. Thi s , and oth€r considerations have led certain authors 

to speculate on the prec i se nat ur e of the s e laws . It has been suggested 

that t hese laws a re merely t he expr ession of a statistical relationshi p 
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which r esults from "the random development of drainage networks rather 

than from orderly evolution as generally assumed" (Shreve, 1963 p . 44). 

Bowden and Wallis (1964 p . 768) on the other hand, consider the Law of 

Stream Numbers "a result of t he definition of stream order rat he r than 

being due to either orde rly evolution or random development''· 

Further 'theoretical' considerations in the literature have 

centered on the correct use of statistics. Strahler (1954a) offered 

a blue-print for the use of the more common techniques of parametric 

statistics such as the t-test. Melton (1958b) suggested that since the 

channel ordering system i s rarely considered an interval scale, non­

parametric statistics such as the Spearman Rank Correlation Coefficient 

should be employed for an accurate i nterpretation of the significance 

of the results. 

The final topic in this r eview o f the relevant literature must 

be an emphasis of the pauc ity of Canadian examples of this type of work . 

Although Mackay of the University of British Columbia, working on the 

Mackenzie Delta, has studied some of the channel and hydraulic charact­

erist i cs of this river, he has not published an analysis of the mo rph­

ometric properties of t his syst em ; this may possibly be due to the 

complications afforded by the Mackenzie 's distributary channels . Only 

one other paper dealing with the characteristics of Canadian stream 

basins is known to the present writer . In a very brief article, Roberts 

discussed his appl ication of the Horton Laws to t he Humber river system 

west of Toronto (Roberts, 1963). Although the Strahler scheme of ordering 

was employed, Roberts does not spe c ify which of the modifications of the 



Law of Stream Lengt hs he adopted to overcome the disc repanc ies which 

arise as a result of this s ystem of segment ordering . Further, the 

actual poin t s on his plots of average stream segment length against 

order are not very well expressed by the l ine o f best fit he inserted; 

were these points to be j oined together, they would in fact produce 

a curve which is markedly concave upwards. 
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CHAPTER II 

SELECTION OF THE BASINS 

It was originally intended to restri ct this study to basins 

of c omparable size and relief in parts of t he Niagara Peninsula and 

South West Ont ario where map cov era~ e on a scale of 1 : 25,000 is avail­

able . These maps are as yet, however, issued for only a ve ry minor 

portion of this area, and as a result , t he study was expand ed to include 

s imilar basins in areas which are covered only by maps on a scale of 

1 : 50 , 000. With the aim of a quantitative analysis of the morphometric 

charac te r istic s of these drainage basins, certain criteria for selection 

were outlined befor e the basins were chosen . The purpose here was to 

hold constant as far as possible some of the more obvious variables 

which might cause significant constrasts wi t hin other geome tric parameters 

of the chosen basins . It was felt that this technique might aid in the 

unravelling of the complex relationsh i ps and inter- relationships which 

are chara c te r istic of all drainage basins, and which are not yet fully 

understood . 

In the first place it was decided to restrict the areal s ize of 

these basins; in th i s way it was hoped that var i ations between basins 

in both causative and affected vari able s could be held to a minimum. 

Although it was re cognized that t he entire elimination of the areal 

va r iable was impossible , two successive procedures were introduced 

to ensure that the va r iation in this parameter was as low as possible; 

the first method had the added advantage that it ' s application enabled 
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more reasonable inter- basin relationships to be recognized. Only basins 

which were of third order on the rel evant 1:25,000 or 1:50,000 map shee ts 

were selected . It was further stipulated that these basins should meet 

other basi ns of third or higher order , so that the chosen basin always 

included the entire leng th and drainage area of it's particular third 

order segement . The application of the Horton Laws could be faithfully 

tested only when such a condition was satisfied. An il l ustration of 

what was intended by this stipulation can be seen in fig ure 1 . 

It was hoped that this condition alone would tend to limit 

sufficiently the areal size rant~e of possible basins , bu t this faith 

proved unfounded. Third order ba s ins varied f rom les s than one s quar e 

mile to more than 18 square miles, a nd gr eat di fficulty was experienced 

in finding a sufficiently large number of bas ins in which the areal 

size range was not too great. A larg·e enough sample of basins was 

necessary that a statistical analysis would not only be possible, but 

would prove reasonably informative and reliable . As a fina l compromise, 

18 basins were selected; they vary in total area from . 92 s quare mi les 

to 13 . 40 square miles . However, it is unlikely that a size range of 

t his order of magnitude will have undesirab l e effec t s on the analysis, 

since, to quote Strahler, " •••• be cause order number is dimensionless, · 

two drainage bas i ns differi ng gr eatly in linear scale can be equated 

or compared with respect to corresponding points in their ge ometry", 

(Strahler, l957b, p . 914) . If - two basins of the same order are in the 

scale ra~ioA :1, and are developed on identical, homogeneous surfaces, 

their stream lengths will be in the ratio of A : l, while their drainage 
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areas will satisfy the ratioX ;l, (Strahler, l957b). It is this 

stated condition of identical homogeneity which promoted the idea 

that a limitation should be imposed on basin size variation as the 

condition is by no means satisfied by the chosen basins. 

It was also decided to hold the relief of the basins as 

constant as possible. In this way, variation in the Relief Ratio 
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could be limited. This Relief Ratio has been proved to have a high 

degree of correlation with both stream gradient and drainage density; 

Schumm (1956) for example, found that the drainage density is a power 

function of the Relief Ratio for streams developed on badlands at Perth 

Amboy, New Jersey. Wi th the exception of the Escarpment zone, which 

was ignored when basins were being selected, the altitudinal range 

of most of this area of south west Ontario is relatively low . It 

did not prove difficult to limit the Local Relief of the basins to 

a minimum of 27 feet and a maximum of 165 feet, a range of only 138 

feet. This factor was nevertheless still tested statistically for 

it's correlation with other measured parameters, as it was not found 

that the attempt to hold basin relief constant had been entirely 

sucessful. On the other hand, extreme values of relief, and there­

fore presumably effects of the parameter , had been avoided. 

This study was also envisaged as a demonstration of the 

variation of morphometric characteristics within a limited range 

of geologic environments. To quote Horton once more, 11 one may 

naturally ask whether stream systems in similar terrain and which 

are genetically similar should not have identical or nearly identical 
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stream composition", (Horton, 1945, p . 302) . A further constraint was 

imposed on the basins to accomplish t his limitation of geologic control. 

Nine of the basins were selec ted in areas whi ch Chapman and Putnam termed 

'sand plain', and the other nine were c hosen in the areas which these 

authors called 'clay plain', (Chapman and Putnam, 1951) . 

These particular ' physiographic regions' were chosen because 

they would provide a fai r ly extreme range of litholo8y and soil devel­

opment without too great a variation of topographic expression . Within 

these regions, features of glacial e rosion and deposition which might 

cause specific dislocation of the drainage pattern were avoided; basins 

were not chosen where maps, aerial photogr aphs, or Chapman and Putnam's 

text (1951 ) indicated that such controlling features as drumlins , moraines, 

eskers, kames, or glacial lake shorelines tended to disrupt drainage or 

had any obvious topographic expression. This precaution was taken despite 

Horton's own experience that "the laws of stream numbers and stream lengths" 

hold good "even with s uch pronounc ed geologic control of topography as that 

afforded by the drumlin areas in the Ganargua Creek drainage basin", (Horton , 

1945 p. 300). Horton's statement was noticeabl y based on the evide nce of 

only four Fourth Orde r stream basins , and Schumm (1956) on the other hand , 

favours a wary approac h to relatively large altitudinal variation within 

a short distance such as many of these glac ial features may produce. In 

his discussi on of the calculation of the Relief Ratio, Schumm suggests that 

topographic residuals or abnormally high points should be i gnored. In the 

selected areas, the topography undul ates rather uniformly, with relatively 

gentle slopes. 



·FIG 2 
LOCAT ION OF BASIN S 

X I~ 
)( q6 

3s XX • Brc..ntFord 
7:, 

Zs X 

N 

1 
] 

Co..the- mes 



18 

It was unfortunately discovered that a coverage of maps on 

a scale of 1:25,000 was only available for parts of the 'clay plain' 

areas, and no suitable maps on this scale have yet been published for 

the 'sand plain' areas of the study region. As a result later sections 

of the analysis break down unexpectedly into three groups, instead of 

the anticipated division into two. All of the so-calied sand basins 

were studied from maps on the 1:50 , 000 scale, but six of the clay basins 

were studied on a scale of 1:25,000 and the remaining three clay basins 

are in areas covered only by maps on the 1:50,000 scale. Differences 

in the values of the morphometric parameters of each of these three 

groups were tested statistically, and the results of this testing are 

discussed in a later section. 

Statistical Tests 

This dissertation has been deliberately divided into two sections. 

It was not considered sufficient to col lect and present raw data to 

illustrate the morphometric properties of the selected basins, and an 

attempt was made to analyse the variations of this data within and between 

certain categories. When the selection of the basins was discussed, it was 

mentioned that two possible bases for subdivision immediately presented 

themselves: half of the basins were chosen in areas which Chapman and 

Putnam termed 'clay plain', and, of these, six basins were mapped on a 

scale of 1:25,000. The remaining three clay basins and nine sand basins 

were all on a scale of 1:50,000. Thus it was possible to divide the 

basins both on the basis of the underlying lithology, and according 

to map scale. 
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One of the first considerations was whether parametric or non-

parametric statistical tests s hould be employed in the analysis. To 

justify the use of parametric t ests, two assumptions must be made; the 

correct application of these tests requires that the data has been 

measured on an interval scale, and also that the population from which 

the samples have been chosen is normally distributed about the population 

mean value. All of the properties which were tested in the analysis we re 

measured on an interval scale, and the data is recorded in feet, mile s 

or in square miles; the only exceptions to this are the various Horton 

ratios, and these have generally been omitted from the statistical 

analysis. With such small samples, however, it was on the whole 

impossible to test for normality of the population from which the samples 

were drawn. To overcome this problem, normality was assumed in all cases, 

and t hi s stated assumpt i on underlies the use of all the statistical tests 

which are recorded below. The first step in the statistical analysis 

was the calculation of the mean, mean s quare , variance and standard 

dev i ation of the morphometric properties of all bas ins in each of the 

four overlapping groups. For the calculation of the mean and mean 

square, the following formulae were utilized. 

N 
.L X. 

(~)2 
N 

2 = 1=1 l x:, X. 
X 

N = l= l 

N 

where x = mean, xi = ith variate , and N = number of variates in the 

sample, (Dixon and Massey, 1957). 



The variance and standard deviation of a sample is not a true 

estimate of the value of these statistical parameters for the population 

from which the sample is drawn . Moroney states that '' ••••••• while t he 

mean value of a sample of n items is an unbiased estimate of the mean 

value in the population from which the sample is drawn, the standard 

deviation is biased , tending to underestimate the population value. 

This bias is especially marked in small samples", (Moroney, 1951, p . 2?5) . 

The varianc e of a sample is given by the formula: 
N (x . x)2 

2 .L ~ s = i=l 
N 

and the standard deviations is the square root of this variance, (Moroney, 

1951 ). To obtain a · ' best estimate' of the value of these parameters 

for the entire population, a correction known as Bessel's Correction is 

applied to the formula to correct the underestimat ion which occurs when 

only a small sample of the population is available: Thus 

-,..· 2 
CJ = ( n 

-~--

2 ) • s 
n-1 

,.,. 2 2 
where J = best estimate of the population variance, s = sample 

variance, n/n-1 = Bessel's correction , (Moroney, 1951). The resultant 

formula used in calculation (Dixon and Massey , 1957) is: 

1\ 

a- = .il;~( xi x)2 
N-1 

The second stage in this statistical analysis was a test of the 

difference between the means of selected properties in the populations 
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represented by the four sample groupings . This was accomplished by 

the use of Student ' s "t" test which is given by the formula (Gregory , 1963) : 

t = 

For a discussion of t~e theory behind the use of this statistic, reference 

was made to Dixon and Massey (1957), and Blalock (1960). The degrees 

of f r eedom are given by the f ormula: 

D.F. = n + n - 2 
X y 

When the calculated value of t exceeded the value quoted in the t dist -

ribution tables ( Dixon and Massey, 1957) for t with the given degrees of 

freedom at the 0 . 5 level of probability, the null hypothesis that the 

s amples were drawn f rom the same population was rejected . 

Where it was necessary to test for the diffe rences among means of 

more than 2 samples from supposedly different populations, an Analysis 

of Variance test was conducted (Blalock, 1960). The between sample and 

within sample sums of squares were found from the formula : 

Total SS = [ [ x;,/ 
J 

I 
( t;.x~,;)' 

Between SS = ' J 

j Nj N 

Within SS = Total SS - Between SS 

where i = number of indivi duals, j = number of groups, N = total number 

of individuals in all groups. 

From these value s , the between groups and withi n groups estimates 
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of variance were calcul~ted, given tha t t he between groups dee rees 

of freedom D. F . = k - l, where k = numbe r of groups , and the within 

groups degrees of freedom = N - k, where N = total number of individua ls. 

The null hypothesis t hat the populat ion means were equal was 

rejec ted when Greater Variance Estimate 
F = Lesser Variance Estimate 

was greater than the tabulated value for F at the . 05 level of prob-

ability, (Dixon and Iv!a c;sey, 1957) . 

The inter- relationships among morphometric characteristics of 

the drainage basi ns were tested for their degree of correlation as t his 

c orrelation is estimated by the value of the coefficient r, the sample 

cor relation coefficient, (Dixon and Ma s sey , 1957): 

L X< Ly<. 
2:x i 't Y< 

LXi l: Yi. 
LX~ Y'- N N 

2. 
bb' b .. b ' :: ,.. == 

;LX ;_ .l 
( 1:XL )' L. y ~1. (.Ly" F -

N N 

When the calculated value of r exceeded the val ue of r at the .025 level 

for the given number of individuals (N), it was assumed that the carr-

elation between the 2 properti e s was statistically significant for the 

purposes o f this analysis . In calcula tion, the following combinations 

we r e tes t ed fo r significant correlations, where x and y represent the 

2 va r iables , 

x and y 
x and l og y 

l og x and log y 
y and l og x 

Where 2 or more of the combinations resulted in values of r gr eater than 

r. 975 , the highest r value was chosen as being indicative of the most 

significant correlation . 
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The applicat ion and results of these statistical tests as well 

as the conclusions drawn f rom them will be discussed in a later sec tion . 



CHAPTER III 

TECHNIQUES, MEASUREMENTS, AND INSTRUMENTS 

"The drainage area may be defined as the area which contributes 

water to a particular channel or set of channels. It is the 'source' 

area of the precipitation eventually provided to the stream channels 

by various paths'', (Leopold, Wol man , and Miller, 1964, p. 131). On the 

basis of this definition, the drainage area of each of the basins unde r 

consideration in this dissertation was delimited on the relevant topo­

graphic map sheet as closely as the contour information permit t ed . On 

maps derived from sets of aerial photographs, the line of the watershed 

was more accurately determined through a stereoscopic analysis . All 

parameters which were investigated and analysed during the course of 

this study were thus measured within the limits of drainage basins according 

to the above definition. 

The first step in the measurement and analysis which comprised this 

study was the completion of the channel system or drainag e net. Detailed 

representation of the channel system is dependent on the scale of the map 

used, and on the accuracy of the cartogra phy involved in the production 

of the maps. In general, it seems that the representation of smaller 

channels on a map sheet is a matter of pure chance, and there is no 

set standard for the inclusion or omission of small tributaries. For 

these reasons an attempt was made to add certain small channels which 

had apparently been omitted in the production of the official map sheets. 

Where two or more successive contours on the topographic sheet showed 

marked and acute inflections suggest i ve of a reasonably well defined 

24 
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valley , it was assumed that such a val l ey did in fact include a 

distinct stream course . This was added to the drainage net a l ready 

marked on the map, and i ncluded in all further measureme nts and 

calculations . The line of this channel was drawn as far as the mid 

point between the highest sharply indented contour and the contour 

immediately above which gave no pronounced indication of the existence 

of such a valley . If the contour nearest the watershed was s harply 

inflected and still indicated the presence of a valley, the channel 

was extended to a point which expressed the average distance from the 

watershed at which other channels within the basin were initiated. 

The inaccuracies of this method of completing the given channel 

system may well be criticized. However , some comparisons showed that 

this rough and ready method, when appl i ed with care and forethought, does 

extend the channel system in a manner which correlates well with the 

stream net as it can be drawn from the much greater detail of aerial 

photographs . The air photograph checks were well s cattered , and 

governed only by the bias of the ready availability of such photographs , 

so there is no reason to suggest tha t this is not the case in all basins . 

When the channel net of each basin was completed, the entire system 

was indexed by an ordering system along the lines of that proposed by 

A. N. Strahler (l954b) . This system of ordering differs somewhat from 

the method employed by Horton in his original paper (Horton, 1945), and 

the significance of t hi s difference with r espect to the "Horton Laws" 

will be d·iscussed later. Using the Strahler system, all unbranched 

tributaries within the drainage basin are designated order l; where two 

first order channels unite they form a second order stream segment which 
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may receive further first order unbranched tributaries . At the 

confluence of two second order stream segments a third order channel 

is formed , and two third order channels unite to form a fourth order 

stream . The order of the basin is equivalent to the highest channel 

segment order in the basin, but unlike the Horton ordering system, 

the head-waters of the master or dominant stream of each order are 

not redesignated to the order of the main stream. Thus the highest orde r 

of stream in the basin does not extend to the limits of the major 

unbranched tributary at it's head as is the case with the Horton ordering 

system. The differences between the two systems of ordering are 

illustrated in figure 3, in whi ch the same channel net is ordered 

according to both systems. 

The geometric characteristics of the basins examined may be 

divided into three categories, namely those which illustrate the linear 

properties of the b~sins , those which demonstrate areal aspects and 

certain parameters which illustrate the relief or vertical characterist i cs • . 

The choice of the parameters to be studied was made so that the geometry 

of the channel net and the watershed would be as ful l y characterized as 

possible by the value of the parameters, and so that the actual value of 

the parameters could be measured as accurately as possible from topographic · 

maps or from maps made from aerial photographs . Further, the intention was 

to discover how closely these parameters were inter- related. Thus a 

constant scale unit was employed to minimize calculations and conversion 

of units. All planimetric measurements were made in inches and converted 

to miles to a llow comparisons to be drawn between· maps of different scales, 
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and all vertical parameters were measured in feet . 

Certain other parameters were obtained by mathematical comb-

inations of measured properties ; thus for example , in this study 

Drainage Density i s defined as t he sum of total channel leng th of 

all orders in miles and the reciprocal of the total area of the basin 

in square miles: 

Dd = 2: L 
A 

Table I is a list of all the parameters included in this study , the 

symbol used to represent each par ameter , and; for the derived properties, 

the mathematical derivation is given. Conventions followed in the table 

and throughout this dissertation include the use of subscripts to denote 

order, for example: n
1 

= number of first order streams, 

i
2 

= average leng th of second order streams : 

L , (capital sigma) , is used to indicate the sum of, or the total value 

of, any particular parameter, for example : l: a
2 

= total area drained 

by second orde r st r eams : Capital letters are used wherever the parameter 

quo ted represents the total value for the entire basin, for example: 

N = total number of stream segments of all orders within the basin. 

Linear measurements were in most cases obtained with an 

opisometer, a simple measuring wheel from which the linear distance traced 

by the whee l can be read in inches; these figures were then multiplied 

by a scale factor which varied according to the map s cale, and all such 

values of linear parameters are thus given in miles . Total stream 

· segment length for each order was measured separately and the average 

calculated. Total channel length within the basin was found by summing 



'TABLE I 

'l'ABLE Of SYMBOLS Arm PM~At-U< :T.EHS 

PARAMETERS SYtJIBOLS 

r·Dimensionless : 

l. Stream Orde r 

2. Basin Order 

3. Number of Strea'11S 
of order o. 

4. Total number of 

II Linear : 

5. Avera~e l ength of 
streams of order o 

6. Total length of 
stream of order o 

u 

n 
0 

N 

t 
0 

~1 
0 

7 . Total length of L 
streams , all orders 

8. Perime ter p 

9 . Greatest l ength of L 
basin m 

III Areal: 

10. Average drainage a 
0 

area , order 0 

1l. Total drainage L.a 
0 

area , order 0 

12. Total area of given A 
basin 

13. Area draj.ned exclus-
ively by segment orde r 
0 

i.a. 
0 

F'lRST DEF'lNI'J'ION 

Strahl er, 1954 , ( b) p. 344 

Horton , 1945, p. 281 

Horton, 1945, p. 279 

Horton, 1945 , p. 285 

Horton , 1945, p. 279 

Horton, 1945, p. 283 

Schumm , 1956 , p. 612 

Schumm , 1956 , p . 606 

Horton, 1945 , p. 279 

Schumm , 1956 , p . 607 



'fABLE I CON'l'INUED 

P AT?Al•lE'rERS SYr'!BOLS ~QU ATION FIRST DEFINITION -

IV Derived : -------
14. Bifurcation ratio rb (o-l: o ) -· n 

o-l Horton , 191+5 , P• 286 
·---n 

0 

15. Lene;th rat io r f. (o : o-1 ) ·- 1 Horton , 1945 , P• 280 
0 

1 l o-. 

16. /1rea r atio r (o : o-1 ) -· a Schumm, 1956, p. 606 a 0 ---a 
o- 1 

1?. Area of circ1e A 2 
~1ill e r, 1953, 8 = _p_ _ __ p. c wi th same per im- It 'IT 

eter as basin 

18 . ])j_ame t er of circ1e d = 2~ Schumm , 1956 , P• 612 
with same area as '7T 

basin 

19. Drainage Density Dd = I L Hort on , --- l 9Lf5 , p. 283 
A 

20. Channe1 Frequency F = N Horton , 1945, p. 285 
A 

21. Re l ief Ratio R ·- Local I<eJ.i.ef Schumm , 19.'56 ' p . 612 r ------·-L m 

22 . Circularity Ratio R = A Miller , 1953 , P• 8 
c A c 

23. Elongation Ratio R = d Schumm , 1956 , p. 612 
e 

L m 
u 

24 . Av er age Bi f urcation rb = f-z :;:b ( o -: ~- : o ) 
Ra t i o u-1 

25. Average Leng t h r :e_ = Lu !:f~o-1 ) 
Ra tio o~ 2 u-l 

26. 
u 

(o : o- 1) Average Area Rati o r = L r a o,z - a u- 1 
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the total leng th of stream of each orde r . Each measurement was 

repeated three times with t he trac ing wheel, and the linear measurements 

used here are the averages of these three measurements . Similarily, in 

each basin , the length of the perimeter P was taken as the average of 

t hree trac i ngs with the opisome ter . 

The a ccuracy ·of this instrument leaves much to be desired, and 

the deviation betwee n successive readi ngs on the wheel is shown in Table 

II , which gi ves the r esultG when a typical stream segment was repea tedly 

measured ; the opisomete r was rolled down the length of this stream 

segment as when an actual stream leng t h was being measured , and the 

results were tabul ated . The variation within this series of measurement s 

was calculated as lying within a r ange of 3 standar d de viations of the 

mean value . The dial of the opisomete r wheel is gr aduated to only 

.5 inches . Es timations to . l inches are the best that can be achieved 

with this devi c e in the opi nion of the writer. To improve somewhat on 

this situation , wherever the parameter to be measured was a straight line 

distan ce the length was read from a ruler graduated t o l/50 of an inch 

and s ubsequently converted to miles as with the opisometer measurements . 

Th us L , the length f r om the mouth to t he most distant point on the m 

perimeter, was measured by ruler, whereas stream segment and perimeter 

l e ngths we r e not s uitable for this method . No such linear measurements , 

we r e corre c ted for gradi ent as the basins were chosen in areas of 

compar ably l ow r eli ef , and it was felt that inaccuracies introduced by 

no t ·co r r ec ting f or gradient were of a very minor na t ure and could be 

di s r egarde d. 



TABLE II 

ACCURACY OF 'I.'J H<~ OPISm1ETER 

PER~MEn.:a~, BASIN NO. 1 , SUCCESSIVE: ~\EASlmEI·ftENTS 

1·. 13. 711 

2. 13.511 

3. 13. 5'1 X = 13.55 

h. 13.1 11 
() =I .:£.0~~~ )2 . 

5. 13. 6" 

6. 13. 611 o- = 0. 1857 

?. 13.7 11 

+ - 13. 7357, 13. 361-13 8. 13.411 X - a -

9. 13.8 11 - + . 2 a ·- 13.921Lt 1 13. 1'!86 
X 

10. 13.6" 

l. 3.6" 
2. 3.8 11 

3. 3. 611 X = 3.?3 

Lt • 3.7" 0' o p=_( x~X ) 2 

5. 3.?" 
6. 3.9" - 0.1 

7. 3-7 11 

- + 3.83, 3.63 8. 3. 7'1 X - o- = 

' 9. 3-'1" - + 2 (} = 3. 93, 3. 53 X -
10. 3.9" 



The accuracy of linear measurements may be considered an 

important drawback to the credibility of results quoted in this 

dissertation, but it will also be shown that most of these linear 

measurements are statistically very closely related to certain areal 

parameters which were also measured. Thus it is possible to .base 

almost all conclusions on areal measurements which, as will be shown, 

were taken to a much higher degree of accuracy. 
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A compensating polar planimeter, Keuffel and Esser model 4236 

was used for all area measurements; this was considerably more accurate 

than the opisometer . The manufacturers claim that this instrument has 

a precision of better than 1:1,000 in measuring a 10 s q . in area. 

However, operator errors, particularily errors in reading the vernier, 

are such that in practice the precision is slightly less. The area 

drained exclusively by each stream segment was measured and the 

individual parts summed to give the t otal area drai ned by each order · 

(Fig . 4). For the area draine d by hi gher order basins, t he area drained 

by it's l ower order tributaries was inc l uded with and added to the area 

feeding directly into the particular channel segme nt. Thus the area 

drained by successive orders of channel segments is necessarily 

cumulative and corresponds each time to the definition of a drainage 

basin as it is given at the head of this chapter. The average area 

drained by segments of each order was then found by dividing the sum 

of this cumulative total for each of the basins of the order by the 

number of segments of that order . A second group of parameters was 

found by calculating the average area drained exclusively by channel 



segments of a particular order. This was termed the inter-area and 

is represented by the symbol i.a. subscripted by the number of the 

order of the segments. (Fig. 4). 
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In all cases the technique of measurement was the same: the 

vernier reading of the planimeter was noted when the head of the tracer 

arm was placed at a specific point on the circumference of' the area to be 

measured; the boundary line was traced out as carefully as poss ible with 

the tracer arm, and the vernier reading was ~gain noted when the starting 

point was re - attained. The characteristics of t his particular polar 

planimeter are such that the difference between the two readings is a 

direct measurement of the area in l/100 of a square inch . The outline 

of each areal unit was traced three times, and the average of the three 

measurements was taken as the areal parameter desired and conyerted to 

square miles. An indication of the accuracy of this instrument in use 

is g iven in Table III. As with the l inear measurements made with the 

opisometer, one areal unit was chosen and measured repeatedly; it ca n 

be s een that the. devia tions between successive measurements are less than 

7/100 of a .squareinch, and all val ues lie within 2 standard deviations 

of the calculated mean value. This same test was repeated on a smaller 

and somewhat simpler outline which was closer to the shape of the 

majority of areal units measured, and the deviations between successive 

measurements made of this outline, as can be seen from Table III, were 

always less than 3/100 of a s quare inch. The outlines used for these 

tests of the accuracy of the polar planime ter are shown in fi gure 5. 



TABLE III 

ACCUHfJ. CY OF' 'l'HE POl .. AR PL.ANJJ~E'l'ER 

BAS IN NO. l, SUCCESSIVE hEA SURE~iE.fl:'rS 

l. 5.1+8 

5.9+ - 5.1<98 2. X -· 

3. 5.52 
t~-C x~x) 2 l j. 5. 48 o- = 

5. 5.53 
6. 5.49 = 0.022 

?. 5. 50 - + 5.522 , 5.4?8 X - a- = 
8. 5.51 

5.4? - + 2 (J = 5.51+4-, 5.456 9. X -
10. 5.49 
ll. 5. 4-? 

12. 5.50 

BASIN NO. 2 , SUCCJ<.;SSIVE t1EASUHEI'-1ENTS 

1. 0.92 

2. 0. 90 - 0.91 X = 
3. 0.91 

= ~ o-
4. 0. 90 -

5. 0. 91 0.0058 = 
6. 0.91 

- + .9158, . 9042 ?. 0.91 X - U ---

8. 0. 91 - + 2 o- = . 9216 , . 8984 9. 0.91 X -
10. 0.91 

ll. 0. 92 
12. 0.91 
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FIG 5 
BASIN OUTLINES 

(instrument accuracy tests) 

BASIN OUTLINE No.1 

BASIN OUTLINE No.2 
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As a further che ck o f the a r eal measurements, the areas of all 

individual compon ents of the drainage basins were to t alled , and t his 

figure was compared with a direct measuremen t of the total a r ea ; in all 

cases, the correlation was very high . Certain basins measured from aerial 

photographs were too large for one single measurement of the a r ea to be 

made by one revolution of the planimeter, and in such cases the basin was 

subdivided. Strai ght lines were drawn a cross the basin with a ruler to 

form units of a convenient size, and t he area of each of these units was 

summed to give the total area of the basin. 

The only vertical parame ter inc luded in this study is the Local 

Relief of the basin; this figure was divided by the maximum length of 

the basin, 1 , to give a derived parameter which was termed the Relief 
m 

Ratio by Schumm (1956). This parameter gives a r easonable r epresentation 

of the average fall per unit distance or gradient of the entire basin , 

although not of any particular portion of the channel system . Local 

Relief is here de fined as the difference between the hi ghest point on t he 

water shed and the mouth of the basin . The actual height of either of 

these points ·could only be determined where they precisely intersected 

a contour line, and in all other cases the height was estimated by 

comparing the rela tive linear distance of the point in question between 

the contour immediately above and the contour immediately below. For example, · 

if the mouth of the basin was in a position between the upper and lower 

contours in the distance ratio, lower contour - mouth : mouth - upper 

contour, .4: . 6, it was assumed that the point was in the same height 
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ratio between the two contours , i . e ., with a contour interval of 10 

feet , in this example t he mouth was taken as being 4 feet above the 

lower contour , and of course 6 fe e t below the uppe r contour. 

The actual height of the highes t point on the perimete r was 

estimated in a similar manner . The average distance between the contours 

in the upper parts of the basins was measured , then the distance of the 

highest point in the basin above it' s nearest c ontour was expressed 

as a proportion of this between- contour distance. As with t he mouth of 

the basin, this distance r atio was equated with a height r a tio, and the 

height of the point found in feet above the nearest contour . (Fig . 6) . 

Most of the derived parameters in this study are so-called 

ratios, although not ~ll are quoted as true mathematical ratios . The 

most obvious examples of these a re the Horton ratios; in the case of the 

bifurcation ratios, the number of streams of any given order is divided 

by the number of stream segments of the next higher order: 

e . g . 

or 

rb (o-l:o) 

rb (2:3) 

= n 1/n , 
o- o 

The reverse relationship is the case for the length and area ratios 

since in the calculation of these r atios the average area drai ned by 

a stream segment of particular order is divided by the average area 

drained by stream segments of the next l owe r order: 

e . g . r (o:o- 1) = a /a l ' a o o-

or r (3:2) = a3/a2' a 

and rf (o:o-1) = f3/t2. 



FIG 6 
ESTIMATION OF HEIGHT 

1. Estimation of Height of Basin Mouth 
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The ratios used in this study are sjmilar to those formulated 

by Horton (1945), but the subscript refers to the orde r of the stream 

segments derived t hroue h the Strahle r orde ring system . Average ratios 

of stream numbers , lengths , and areas for each basin have been de rived 

in the following manner : 

Fb = rb(l:2) + rb(2:3) + •••••••• rb(u-l:u) 

u-1 

where u is the basin order. 

Similarily, 

and, 

r = r (2:1) + r (3 : 2) + 
a a a 

u-1 

r (u :u-1 ) 
a 

r~ = rr(2:l) + rt(3: 2) + • ••••••• rt(u:u-1) 

u- 1 

Exceptions to the rule tha t derived parame ters are ratios of 

actual measurements are the derived properties A and d which are them­
e 

selves used to formulate other derived parameters or ratios. The measure-

ment A was first proposed by Miller , (1 953) and he defined A as the area 
c c 

of a c i rcle with ·the same perimeter as the drainage basin in question . 

This is compared with the actual area of the drainage ba sin to gi ve a 

measure of the shape of the basin as compared to a circle, and is termed 

by Miller the Circularity Ratio, 

R = A/A , 
c c 

where A is the total area of the drainage basin . 

d was first defined by S . A. Schumm (1956) as the diameter of a 

circle whose area is the same as the area of the drainage basin. Schumm's 



Elorigation Ratio R compar es the l ength of this diame t er with the 
e 

greatest length of the basin by the formula : 

Re = d/Lm' where d = 2 j ~ 
This formula also expresses the shape of the drainage basin, but in 

slightly different terms to Mille r' s Circularity Ratio . 

Two derived parameters are used to express the way in which 
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the drainage net covers the area of the basin, and t hese will be compar e d 

later . Both of these ratios were i nitially proposed by Horton (1945). 

Drainage Density , represented by the symbol Dd, expresses the leng th of 

channel per un i t area by the formula : Dd = .L L/A . 

Str eam or Channel Fr equency as it is variously termed expre s ses the number 

of stream segments of all orders per unit area . Since the headwaters of 

the main channel are always desi gnated t he order of the main channel 

under the Horton system of orde ring and this i s not the case under the 

Strahler .system, slight differences occur in the value of the Stream 

Frequency . This Frequency is given by the formula: 

F = N/A 

where N is the total number of stream segments i n t he basin, i.e ., 

N = + •••••• n • 
u 



CHAPTER IV 

HORTON ANALYSIS 

It was stated in Chapter III that one of the initial as s umptions 

in this study was the adoption of the Strahle r (l954b) ordering system 

as oppose d to that of Hort on , (1945) . Figure 3 illustrated the differences 

when the two schemes were applied to the same hypothetical drainage basin . 

At this point it seems re levant to discuss reasons for this choice , and 

the discrepancies which were anticipated in the application of the Horton 

Laws as a result of it . An application of t he l aws restated to encompass 

the characteristics of the Strahler s ystem of orde r ing , wil l t hen be 

attempted. 

The concept of order and the usefulness of an ordering sys tem 

depends on the premise t hat " ·· ·· on the avera~e, if a suff iciently 

large sample is treated, order number is directl y pr oportional to wate r ­

shed dimensions, channel s ystem , and stream discharge at that place in 

the system . " (Strahler, 1957b , p . 914) . Ordering systems are , in t heor y 

at l eas t , dimensionless and with re ference to equivalent locations in 

the ordering system , drainage nets which are geometrically simila r may 

be directly corr.pared regardless of their relative size . The Strahler 

scheme of orde ring has certain advantages over that of Horton, part­

icularly with regard to its dimensionless properties . Not only is the 

system somewhat easier to use, but it does not r equire renumbering of 

the head - waters of all the maj or tributary streams . The desi gnation 

of the order of stream segments is r estr i cted from the beginning by 
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Strahler , and as a result , many of the computations involved .in the 

Horton Laws are simpler . Further , the Strahler scheme has been proved 

t o ha ve more meaning in a mathematical sense . Mel ton derived the system 

fr om concepts of combinatorial analysis ·· ~ •• without the introduction of 

any arbit r ary or non- mathematical conce pts' ' ( Me lton, 1959, p . 345). Thus 

the Str ahler system is " ••• a simply defined mathematical concept ••••• 

Cand) •••• is probably unique in this r espect as all others involve from 

the beginning the notions of a downstream direct ion , entrance an gles, 

or size of channels' ' (Melton, 1959, p . 346) . To overcome a certain 

tenden cy f or confusion between t he 2 ordering schemes, stream channels 

de limi t ed by their order number are frequently referred to as 

'segments ' when the Strahler ordering system has been adopted . This 

prac tice has been followe d in this di ssertation wherever it was felt 

that confusion mi e;ht arise . Horton ori ginally proposed j "Laws of 

Dr ainage Composition" in which he r elated str eam numbers, lengths , and 

gr adients to order (Hor ton , 1945 ) . Only the laws of stream numbers and 

lengths were tested in the course of this study, but a fourth law, devised 

by S . A. Schumm (1956) and relating drainage area to order, was also 

tested f or its degree o f application to the chosen Ontario streams . 

Horton ' s Law o f Stream Numbers states that the numbers of streams 

decrease in geometri cal progression with increasing order, and was 

expressed in the foll owing terms: 

Cs- o) where n 
0 

number of streams of given order o, 

s = order of the main stream, 

o =order of a given . class o f tributaries, 

rb = bifurcation r a tio = n
1
/n

2 
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According to Leopold, Wolman, and Hiller, "the laws rela ting 

to stream order and number are little affected" by the use of the 

Str ahler scheme of ordering (Leopold, Wolman and Miller, 1964, p . 135) . 

This fact is confirme d by R. L. Shreve (1964) who maintained that 

segment ord e r ing resul ted in a better fit of this law for 210 out of 

246 ne tworks he tested . The applicability of t his law is however a ffected 

both by map scale and map quality, and this fact was demonstrated by 

Morisawa in her study of stream basins in the Appalachi a n Pla teau 

(Morisawa, 1962) . It was for this reason that an attempt was made 

to extend the channel net in the chosen basins from the contour information 

given on the topographic map sneets . It ha s also been stated that this 

law " •••• is a statistical relationship resulting from random develop-

ment of drainage networks rather t han from orderly evolution as 

generally assumed'' (Shreve, 1963, p . 44). I n contrast, Bowden and 

Wallis (1964, p . 768) are of the opinion t hat although the law 

represents a statistical relationship, it is "a result of the definition 

of stream order rather than ·being due to e i ther orderly evolution 

or random development. 11 It does not seem necessary to accept or 

refute either of these arguments here, although it may be po i nted 

out that a hypothetical stream network produced by the random walk 

technique on a computer has been shown to parallel the Horton Law 

of Stream Numbers, as well as the Law of Stream Lengths (Leopold, 

Wolman and l'-1ille r, 1964). Whether this is a l so due to the stream 

ordering system which was of necessity appli ed to the Random Walk model 

for reference, is a point f or further arbitration beyond t he scope of 



this study. 

The definition of the bifurcation ratio used in this study 

is slightly wider than Horton's original definition: 

rb (1:2) = 

= 

= rb (1 : 2) + rb (2:3) 

2 

The numbers of streams of each order calculated when both the 

Horton and the Strahler ordering scheme s were appl ied to the same 
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hypothetical drainage basins shown i n fi gure 3 may be used to demonstra t e 

the discrepancies between the two systems with respect to the Law of 

Stream Numbers . If the numbers of stream of succes sive orders were 

related by a perfect inverse geometric series, the fo l lowing situation 

would arise: 

rb (1 : 2) = = = 

The application of the Strahler system to the basin gave the following 

results: 

nl = 18 rb (1:2) = 2.57 

n2 = 7 rb (2:3) = 2.33 

n3 = 3 rb (3:4) = 3.00 

n4 = l r · 
b 

::: 2.63 

The application of the Horton ordering scheme as demonstrated in Fig . 3, 

gave the results: 

nl = ll rb (1:2) = 2.75 

n2 = 4 rb (2:3) = 2.00 

n3 ::: 2 rb (3:4) = 2.00 

n4 = l rb = 2 . 25 
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From t his example it may be seen that provided a sufficiently large 

sample is taken , there i s no reason to claim that the Strahler segment 

ordering system is any the le s s suitable fo r the application of the 

Horton Law of Str eam Numbe r s . 

The Application Of The Law Of Stream Numbers 

The numbers of stream s egments of all orders were counted in 

the chosen third order basins . These results are summarized in Appendix 

( A). Since it seems to be a generally held opinion thnt the Horton Law 

of Str eam Numbers i s equally applicable to segment ordered data, these 

values of stream numbers were then plotted on semi-logarithmic paper to 

test for the fit of the law; s tream numbers which form an inverse geome tric 

seri es with order should lie on a straight line when plotted on t his paper . 

The plot of Stream Numbers for each of the basi ns studied may be s een in 

Figs. ?a . to 24a. Each of the basins is identified by a subscripte d number ; 

the subscript 'c' identifies t hos e basins which l ie in areas described 

by Chapman and Putnam (1952) as clay pla jn, a nd basins chosen fro m the 

sand pl ain areas of these authors a re indicat ed by a number subscripte d 

by the letters ' s '. Table IV lists these identifying numbers, t he corr-

esponding maps f rom which the drainage nets were drawn, and t he scal e of 

the maps . The location of all basins is recorded in Fig . 2 . 

It is obvi ous from these plots of the stream numbers agains t 

order tha t many of these small Ontario basins do not g ive a very c l ose 

approximation to the first Horton Law . For basins (1) and (3) in 
c s 

particula r the points which mark the number of stream segments of each 

orde r are noticeably far removed from a straight line . The testing of 

the Horton Laws by a plot of the appropriate data on semi- l ogarithmic paper 



BASINS 

I. CI.AY Bf\..'3 JNS 

II . 

l 
c 

2 
c 

\ 
4 

c 

8 
c 

SAND 

l s 

2 s 

3 s 

4 
s 

5~ 
"' 

6 s 

7 s 

8 
~-,, 

9s 

Bi\..SINS 

TABLE IV 

HAP LOC A'l'ION.S 

l 
Fifl.P 

Black heath 

Smithville 

Caistorvi11e 

Grims by East 

Sirllcoe East 

. Simcoe East 

Smi thvi11e 

Cc:d.GtorvilJe 

Cai sto rv i l1e 

1-'iAP 

Brant ford Ea.st 

c. ulrnc oe East 

Brantford ',\iest 

Dunnville East 

Ti1lsonbure:; Ea£-Jt 

Simcoe \Vest 

Brant ford Wes t 

Ti llsonbure:; East 

Brant ford East 

SC ALES 

SCALE 

1: 25,000 

1: 25,000 

1: 25,000 

1: 50,000 

1:50,000 

1 : 50,000 

1:?5,000 

1 : 25,000 

1 : :~5,000 

SCALE 

1: 50,000 

1 : 50,000 

1: 50,000 

1 : 50 , 000 

1: 50,000 

1: 50,000 

1: 50,000 

1 : 50 , 000 

1: 50 , 000 

1Maps are the National Topogr aph ic series of maps of Canada, and the names 
stated here are the official names of t he sheets . 
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is in any case a technique which may obscure mi nor discrepancies : the 

use of the logarithmic s cale on the ordinate is a devi ce which, although 

it makes gr aphical representation of this l aw much simpler, may also reduce 

the apparent dive r genc e from a perfect geometric series . Table V, whic h 

records t he values of rb(l: 2) , rb(2:3), and ~~ , g j.ves a much clearer and 

more accurate indication of variation from an i nverse ge ometric se r ies 

within the individual basins of this study . The table also records 

di r ectly the deviation of rb(l: 2 ) and rb(2:3) from ~~ • The values 

quoted in t his table demonstrate that only in basin (2) do the numbers 
c 

of s tream segments form a perfect inverse georr.e tric series . Of the remaining 

basins , only 7 have values of rb(l:2) and rb(2:3) which deviate less than 

0.26 from rb • Basins (1) and (3) deviate fu r thes t from an exponential 
c s 

function: for basin (l)c the values of rb(l:2) and r b (2 : 3 ) are respectjvely 

2 .17 higher than and lower than the mean bifurcation ratio . In the case 

of basin( 3)s, the value of rb(l: 2 ) is only . 2.00, yet the value of rb(2 : 3) 

is 6 .00. The bifurcation ratios of all other basins in the selected groups 

have a deviation from the mean bifurcation r atio equal to or less than 

1.00. 

One other fact must be noted f ro m Table V. The mean bifurcation 

ratio for each basin is, on the whole , a l ow value. Basins (1) and (3) 
c s 

have the hi ghes t values due primarily to the high figures for rb(l:2); 

in all other basins, the mean bifurcation r ati o is less than 3 . 17 . This 

situation agrees fairly well with Horton's (1945 , p . 290) statement that 

" ••• the bifurcation r at io r anges f r om about 2 for flat or r olli ng dr ainage 

bas ins up to 3 or 4 for mountaineous or highly dissected dr ainage basins . 

As woul d be expected, t he bifurcation r atio i s ge nerally hi ghe r for hi lly, 



'l' ABLJ~ V 

RIFURCATl ON RATIOS 

BASIN rb(l :2) rb( 2 : 3) 
DEVIATI ONS - FR0!-1 -rb r b 

(l)c 5.67 3.00 4.34 2.1'7 

(2) 2.00 2.00 2.00 0.00 c 

(3 ) c 3-33 3. 00 3 . 17 0. 1'7 

(4) 
c 3.00 2. 00 2. 50 0. 50 

(5)c 4.00 2.00 3.00 1.00 

(6) 3.50 2 . 00 2.75 0.75 c 

(7)c 2 . 50 2.00 2. 25 0.25 

( 8 ) 2.50 2.00 2 . 25 0. 25 rb (l:2) = nl 
c - -

(9) c 2.50 2.00 2 . 25 0. 25 
n2 

rb (2 : 3) -- n2 
(l) 3 .33 }.00 3-17 0.17 

s n3 
(2 ) 

s 3.50 2.00 2. 75 0.75 

("?.) 6 . 00 2 . 00 Lt . 00 2.00 - rb(l: 2) + rb (2:3) :; s rb = 

(4) 3.50 2 . 00 2.75 0.75 2 
s 

(5 ) 2.67 3.00 . 2 . 84 0.17 s 

(6) s 3 . 50 2 . 00 2.75 0.75 

(7)s 2 . 50 2 . 00 2. 25 0.25 

(8 ) 3 . 50 2 .00 2.75 0 . 75 s 

(9)s 3 . 00 2 . 00 2. 50 0.50 
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FIG 9 BASIN (3)c 

PLOTS OF THE HORTON LAWS 
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well dissected drainage basins than for rolling basins.'' The local 

relief for basins (l)c and (3)s is 100 and 165 feet respectively; for 

the other basins it varies from 27' to 165' : although the local relief 

of basins (l) and (3) is not outstandingly high, these 2 basins have 
c s 

the highest Relief Ratios of the 18 basins . This would seem to confirm 

Horton's postulate which was made only on the basis of his own results . 

The ratios themselves are slightly lower than those cited by Strahler 

(1957 , p . 914 - p. 915, 1952, p. 1134) although Strahler maintains 

(1957 , p. 91~ that '' •••• the number (bifurcation ratio) is hi ghly stable and 

shows a small range of variation from region or environment to environment 

except where powerful geologic controls domi nate . " 

The Law Of Stream Lengths 

Although the applica t i on of t he Law of Stream Numbers to basins 

ordered acc ording to the Strahler scheme poses no particular problems, 

the difficulty of applying the Law of Stream Lengths to segment l engths 

is much greater . The first and most obvious result of the Strahl er scheme 

is that the lengths of the segments of higher order are considerable shorter 

since the order number does not apply to the limit of the tributaries as 

with the Horton system; the segment of highest order is most affecte d, the 

a c tual length of first order segments on the other hand shows no variation 

from the length of HortonJs first order channels . As a result of this 

variation, it has been claimed that the Law of Stream Lengths as Horton 

first expressed it has little validity when the Strahler ordering system 

has been adopted. Horton (1945, p . 286) expressed the Law of Stream 
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Lengths as f ollows : 

t 
0 

= 
IJ (o-l) 
L-1 rl 

where t
0 

= a verage length of str eams of given order , t1 = average length 

of first orde r s treams , rt = length ratio= f 2/ ~· 

This law is t he reverse of the Law of Stream Numbers because , 

a ccording to it, stream l engths increase geometri cally ~ith order. When 

the data i s plotted on semi-logarithmic paper, the straight line j oining 

the points should trend in the opposite dire ction to the line j oining the 

plot of stream numbers against order . 

In a discussion of the application of the Horton Law to Strahler 

segment ordering , Bowden and \.Yallis (1964, p . 769) go as far as to say 

that "in fact, only by chance will segment lene;th data form a dire ct geometric 

series" with order. They cite the work of authors such as Maxwell in 

California, and Melt on who studied stream basins in the south west of the 

United States to demonstrate how great a deviation from a straight line 

occurs when segment length data is plotted on semi-logarithmic paper in 

the form in which Horton expressed his law. Strahler himself recognized 

this problem, and in fact he broke away entirely from the conventional 

statement of the Horton Law (Strahler, 1957, p . 915) . For basins ordered 

according to his O\vn s cheme ,- Strahler tested for a relationship between the 

logarithm of total stream length of each order and the logarithm of the 

order number by seeking a straight line plot of t otal stream segment length 

and orde r on l ogarithmic paper (Strahler, 1957 , Fig . 4) . 

Bowden and Wallis (1964, p . 772) and Broscoe (1959) cited by Bowden 

and Wallis, Q964 , p. 771) on the other hand attempted a re-expression of the 
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Law of Stream Lengths in a form which recognized the attributes of the 

Strahler ordering scheme, but which was also closer t o Horton's own 

statement than was Strahler's suggestion. These authors suggested that 

for segment-ordered basins the Law of Stream Lengths could be applied using 

cumulative mean segment lengths instead of the average length of streams. 

Cumulative mean segment. length i s defined as follows: 

n 
L' = [ 

u=l 
1 

u ' 

where u = segment order, L- = observed mean length of segments of order u, 
u 

n = the order under investigation, L' = cumulative mean segment length of 

order n. The Law of Stream Lengths is rephrased using L' as follows: 

where 

L ' = ..o (o-1) 
x...1r£ 

r-11 = L' /1 
L 2 1 

Bowden and Wallis (1964, p. 771) demonstrated the difference between a 

semi-logarithmic plot of average stream lengths against order and a plot 

of cumulative mean segment length and order for some of Melton's results: 

the former plot did not produce anything like a straight line relationship, 

whilst, for the same data, the latter definition indicated that an almost 

perfect geometric series was achieved. A further test in 66 watersheds 

from 8 different physiographic regions led the authors to state that 11 our 

data conformed to Horton's theoretical exponential function in every watershed 

tested". (Bowden and \vallis , 1964, p. 773). 

A test of the Horton statement of the Law of Stream Lengths in 

the 18 basins of this study also confirmed the fact that the average length 

of stream segments is not an exponential function of order. In most basins 
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average segment length plotted against order on semi-logarithmic 

paper resulted in a line which was concave downward; in some cases 

the length of the third order segment was shorter than the length of 

the second order segment, and occasionally it was even shorter than the 

average length of the first order streams. Thus the Horton formula 

was abandoned for this segment ordered data and an attempt was made to 

test for an exponential relationship between cumulative mean segment 

length and order. The results are shown in Fig. 7b to Fig. 24b. It 

was felt that the Strahler (1957, p. 915) version of the Law was farther 

from the original Horton definition than was theoretically desirable, 

and this relationship was not tested. 

As with the bifurcation ratio, the length ratio1 is a much more 

sensitive test of the closeness of the data to a direct geometric series. 

Table VI(a) records the length ratios for cumulative mean segment lengths, 

and the amount of departure from an exponential function is exemplified 

by the deviation from the mean length ratio. If the data fitted a 

perfect geometric series rt(2:1), rt(3:2), and r£ would be equal. The 

actual values of the length ratios are low, and the mean ratios for the 

18 basins range between 3.63 and 1.31; similarily, the deviations from 

the mean ratios are low. Deviations from the mean length ratios are in 

fact lower than deviations from the mean bifurcation ratios, and these 

length ratio deviations vary between 0.09 and 1.58 (Table VIa). These 

low deviations must in part be attributed to the low values of the actual 

length ratios themselves, and the fact that such low deviations may be 

1 The length ratio is here defined as the ratio of the cumulative mean 
segment length of any order to the cumulative mean segment length of the 
next lower order. 



TABLE VI ( a ) 

LENG'rH HATIOS - CUl'1ULATIVE !!tEAt~ SEGMENT U~NG'rHS 

BASIN r_t (2 :1) rt(3 :2) - DEVIATION 
ri FI~OM r:t, 

(l )c 2.00 1. 88 1.94 0.06 

(2) 2. 20 
c 

1. 28 1 . 7L1 o. ~-6 

(3) 
c 

1.1.05 3. 21 3.63 0 .42 

(4) L1. 54 2. 34 3. 44 1.10 
c 

(5) 
c 3.74 1. 24 2. 49 1.25 

(6) 4. 14 1.21 2.68 1.47 
c 

(7) l. 53 1.09 1. 31 0 . 22 
c 

(8 ) 2 . 82 2.18 2.50 
c 

0.32 r :t (2:1 ) - 121~1 

(9\ 3. 25 1. 64 2. L1 5 0 .81 r 1 (3 :2) ~/"2.2 = 

(1) 2.41 
.;;.. 

r1(2:J) + r t (3 :2) 2 .72 2. 09 0. 32 r :e_ = s 

(2) 
s 2.76 2. 59 2. 68 0 .09 2 

(3) 
s 

4. 69 1. 53 3.11 1. 58 

(4) 3. 50 1.46 ·2 ,l!8 1. 02 
s 

(5) L1. 23 1.62 2. 93 1. 31 s 

(6) - s 2. 01 2. 18 2.09 0. 09 

(7) 2. 26 2.08 2.17 0 .09 s 

(8) 
s 

2. 87 2. 53 2. 70 0 .17 

(9)s 2. 56 3. 22 2.89 0.33 



8 

6 

4 

2 

1 
1 

FIG 13 BASIN (7)c 

PLOTS OF THE HORTON LAWS 

numbers 
of streams 

)( 

(a) 

order 
2 

5.0 miles 

J.Q 

/ 
/ 

/ 
/ 

/ 
/. 

/, 

0 .7 

/ 
' /)1. 

/ 
/ 

(c) 

/ 
/ 

~ 

/ 
~ 

order 

1 2 L3 3 

2 .0 

miles " 

1.0 1.0 

07 0.7 
,, 

o.s o.s 

0.3 0 .3 

(b) 

01 order 0.1 
3 1 2 L3 3 1 

square 
miles 

~ 

/ 
. " 

/ 
/ 

;< · 

(d) 

2 
order 
L3 3 



8 
6 

4 

2 

FIG 14 BASIN (8t 

PLOTS OF THE HORTON LAWS 

numbers 
of streams 

(a) 

5 -0 miles 

3 -0 

1 .Q 

0-7 /. 
0 

0-5 7 

I 

I 
I 

I 

I 
I 

I 

/x 

I 
I 

I 

(c) 

I 
I 

I 
I 

X 

I 
I 

0 . 35 , order 
~...--__ ___._ _ ___. _ __, 

1 2 L 3 3 

2 -0 miles 
w )<. 

I 
I 

/ 
I 

I 
I 

I 
/ 

1. 0 /I)<. 1-0 
/ 

/ 
/ 

0 -7 / 0 -7 I. 
/. 

0-5 
"/ 

0 -5 
/ 

/ 
/ 

0-3 0-3 

(b) 
I 

square 
miles 

I 
I 

I 

I. 

I 
I 

/ 

I 
I 

I 
I 

I 
I 

I>. 
/ 

I 

(d) 

)( 
I 

I 

I 
I 

I 
I 

1 order order .1 order 
~----~~----~ ~----___._--~--~ ~---~-~---' 

1 2 2 L3 3 1 2 L3 3 



8 

6 

1 
1 

FIG 15 BASIN (9)c 

PLOTS OF THE HORTON LAWS 

numbers 
of streams 

" 
(a) 

2 

5-0 miles 

30 

1-0 

0-7 

0 -5 

Q.3 
1 

2-0 

2-0 

0-7 

Q.5 

I 

. / 

0 -3 

.. 

I 
I 

I 

1 
I 

I 
I 

t 

miles 

I 

/ 

I 

I 
I 

I 

I 

I 

I 

I 
X 

(c) 

2 

I 

/ 

~~ 

/ 
/ 

/ 
/ 

(b) 

2 

I 
I 

I 

/ 
/ 

/ 

)( X 

I 

I 

order 

L3 3 

/ ;-,_ 2-0 
X 

I 

2-0 

0 -7 

0-5 

0-3 

order 0 .1 
L3 3 1 

square 
m1les 

I 
I 

)(. 

I 

I 
I 

I 
I 

I 
I. 

7 
I 

I 
I (d) I 

I 
I 

2 

)( 

I 
I 

I 
I 

I 
I 

I 

order 
L3 3 



45 

slightly mis- leading is typified by the semi-logarithmic plots of the 

data. The plots of cumulative mean segment length against order are in 

many cases very far removed from the 'line of best fit' for each basin. 

The most common technique for assessing the fit of the Horton 

Laws {n any basin is an estimntion by eye of the closeness to which 

the appropriate dat~ approaches the 'line of best fit'. In this case, 

the Bowden and Wallis modification of the Horton Law of Stream Lengths is 

not particularly satisfactory in the Ontario stream basins : many of 

the plots indicate that the data is better express ed by a curve which 

is concave downwards. Since this is the form in which a logarithmic 

relationship appears when plotted on semi-logarithmic paper, the logarithm 

of cumulative mean segment length was also plotted against the logarithm 

of order for each basin; these are superimposed on plots (b), Fig . 7 ~o 

24. Although it is recognized tha t in any nstudyn three points is barely 

sufficient evidence on which to base statistically reasonable conclusions, 

Table VII records a comparison of the closeness of fit of the cumulative 

mean segment length data to a semi- logarithmic straight line or to a 

logarithmic straight line. The closeness of fit in either case was 

estimated by eye, and the + in the appropriate column signifies which 

of the alternativffiseemed the best expression of a relationship, that is, 

in which case the data fell closest to a straight line. As the summary 

indicates (Table VII) in ll cases out of 18 the visual impression suggested 

that a plot of the logarithm of cumulative segment length against the logarithm 

of order gave the better approximation to a straight line; in the remaining 

seven cases these lengths seemed better expressed as a direct geometric series. 



TABLE VII 

PROXJJvii 'rY TO 1 LINE OF BE.S'r FIT 1 OF PLO'l'S OF ClH1ULA'I'lVE ~·lEAN - . 

SEGI'JJ<;NT LENGTH AND AVEfV\GE ACCUfvJULATED SEGMEN'l' LENGTH WITH 

ORDEB 

BASI N vs . OHDER vs . LOG. ORDER vs. OHDEH vs . 108 . 

(l) * + c 

( 2 ) + 
c 

+ * 

(I+) .. 
c 

+ (5) 
c 

(6) + 
c 

(7) + 
c 

(8) * + c 

( 9) 
c + 

( l ) + s 

( 2 ) * + s 

(3 ) 
s + 

+ 

( 5 ) 
s + 

(6 ) * + s 

* + 

+ 

+ * 

+ - closer fit to straight line , on e de finition of 
* - cl osest fit to straight line , both de finitions 

* 

+ 

* 

* 

* 

* 

* 

* 

* 

leng th 
of l eng th 

OHDER 

Summar~ Closer fit (or 2 ) Closest fit (of 4) 

Cumulative me a n s egment l ength 
vs order 
vs log . ord e r 
Avera~e accumulated s egment leng th 
vs orde r 
vs log orde r 

7 
ll 

8 
10 

3 
9 

, g 
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A certain amount of dissatisfaction was still felt with the 

statement of cumulative mean segment lengths either as a function of 

order or as a function of the logarithm of order, s i nce nei t her form 

was suitable for a sufficiently large majority of basins. As a result, 

the definition of cumulative mean segment leng th was re-examined; the 

writer believes that certain inaccurac i es and approximations are inherent 

in it. In the form quoted by Bowden and Wallis (1964, p . 772), the mean 

cumulative length of second order segments includes the mean leng th of 

all fi rst order stream segments in the drainage basins. A re - appraisal 

of the drainage ne ts from wh i ch the present data was amassed indicated 

that not all first order tributaries flo w into s econd orde r s egments. 

It was therefore felt . that the total length of all second order segments 

would be more accurately represented as the sum of the total length of 

all second order segments and the total length of all fir s t order streams 

which are tributary to these second order segments; the average length 

of second order stream segments was then found by dividing t hi s sum by the 

number of second order segments . The term 'average ac cumulated segment 

length' was coined and applied to this definition of stream length: 

t -2 -
.tl- 2 + L2 

The subscript 1--2 indicates tha t only the length of first order streams 

flowing directly to second order segments should be included . Si milarly 

the average accumulated length of third order channels includes the length 

of the limited third order segment , the total accumulated length of second 
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order channels as defined above, and the total length of all first 

order tributaries which fl ow directly into the third order channel ; 

where there are streams o f higher than third order \vithin the basin, 

the a ccumulated length of t hird order segments includes only the length 

of those channels whi ch are direct ly tributary to these third order 

segments. 

i . e . 

n 

In the case of third order basins such as the chosen Ontario basins, the 

average a cc umulat ed length of third order segment is obviously equal to 

the total channe l length within the basin . Thus in this experimental 

re-expression o f the definition of average stream length in the Horton 

Law of Stream Lengths, 

f = L: L 
3 

The definition of the length of first order channels remains unchan 0 ed : 

i = E .tl 
l 

The above definitions of stream length were then tested for a 

di rect ge ometric series relationship with order by a plot of the relevant 

data for each basin on semi - logarithmic paper as convention demands . The 

resultant plots are recorded in Figs . 7c t o 24c . Table VI(b) lists the 

values of the r atios 'ri( 2 : l), r~(3 : 2), and ri for the average a ccumulated 

segment length data ; as with ratios derived from the values of cumulative 

mean stream lengths, deviations within each basin from the mean length 

ratio are also recorded in this table. The average a ccumulated segment 

length ratios are higher than the corresponding r atios of cumulative mean 



TABLE VI(b) 

LENG 'rH HATIOS - AV EHJ\.GE ACCUJViULA'I'ED SEGMENT LENGTHS 

BAS1N rf-( 2:1) r 1( 3 :2) - DEVIA'l'ION FHOM 
r t -

r1 

(1) 2.36 4.119 3. ~3 1.06 
c 

(2) 3.22 c 2.18 2.70 0.52 

( <) :; c 5.00 5. 5G 5. 28 0.28 

(II) 5-72 c 3.36 4. 51+ 1.18 

(5) 6.88 c 2.13 /.f. 51 2. 38 

(6) 6. 22 
c 

2 • L1 3 4.33 1.90 

(7)c ~:S . 03 2,0LI 2. 9t 0. 50 
r 1(2 : l) = f..2/f1 

(8) 3.89 3.07 3. /+8 o.L11 
c 

(9) c 4.78 2.43 3. 61 1.18 r i (3 :2) -- £3; i2 

- r i ( 2:l) + rtC3 :2) rt ::: 

(1) 4. 53 3.97 4. 25 0. 28 
s 2 

(2) 2. 29 6. 51 L1. 40 2. 11 
s 

(3) 
s 5. 69 3. 90 4.79 0. 89 

( 4) 5.97 s 
2. 27 4.12 1. 85 

(5) 
s 6.19 3.29 4.74 1.45 

(6) 2. 70 4.22 3. 46 0.76 
s 

(7) 
s 3.74 2.65 3.19 0.54 

(8) 5. 37 2. 82 4.09 1. 27 s 

(9) 
s 3.56 4.12 3.84 0.28 
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segment lengths, and t he dev i ation from the mean ratio ar~ similarly 

higher. To permit a direct comparison with the t wo plots of cumulative 

mean segment lengths, these average accumulated segment lengt hs were 

plotted both against order and a gainst the logarithm of order . In this case, 

the crosses in Table VII indicate that in 10 out of 18 basins, the points 

lay closer to a straight line when the lengths were plotted with the 

l ogarithm of order on the abscissa . 

Although the devi a tions from the mean r a tios of average accumulated 

segment lengths are higher than deviations from the mean ra t ios of mean 

cumulative segment leng ths in 15 out of 18 basins, a visual comparison 

of the lines of best f i t in plots (b) and (c) Figs . 7 to 24wa s nevertheless 

attempted . The stars . in Ta ble VII indicate surprisingly that in 12 cases 

out of 18 , a plot of average accumulated segment leng ths agains t ei the r the 

arithmetic value of the order number, or the logarithm of order, resulted 

in points which lie closer to a straight line. Of t hese 12 cases, in 9 

basins the approximation to a straight line in the plot of the logari thm 

of average accumulated segment lengths agairist the logarithm of order 

number was the most visibly satisfactory of the four techniques of plotting 

attempted for the individual basins . 

The Law of Stream Areas 

Since Schumm (1956) himself adopted the Strahler ordering system, 

the application of the third 'Horton' Law to the 18 basins of this study 

posed no particular problems . Schumm's Law of Drainage Areas is expressed 

as: 

a = a r o l a 
Co-l) 
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where a
0 

is the average drainage area of given order, a1 is the 

average drainage area of first order streams, r is the area r a tio. 
a 

For each of the basins of this study, the mean drainage area 

49 

of each order was plotted against the order number on semi-logarithmic 

paper to test for the existence of Schumm's direct geometric series in 

the mean drainage areas of successive orders. If the law is applicable, 

the points should lie on a positively sloping straight line. The results 

of the plotting of the Ontario stream data can be seen in Figs. 7d to 

24d. As these plots demonstrate, the three points f or each basin lie 

reasonably close to the 'line of best fit' which was later inserted by 

eye; again the difficulty of projecting any line through only three 

points was noted . However, as with theLaws of Stream Numbers and Stream 

Lengths, the applicability of the laws is more conclusively demonstrated 

by the values of the area ratios: 

r (2:1) 
a 

r (3:2) 
a 

r 
a 

= 

= 

r (2:1) + r (3:2) 
a a = 

2 

Should the data fit a perfect geometric series, these ratios 

should be of equal value, and Table VIII lists a summary of the area 

ratios of each basin . The same practice was followed as for the tables 

of bifurcation ratios and the length ratios (Tables V and VI), and the 

deviation of the ratios r (2:1) and r (3:2) from the mean area ratio is 
a a 

also recorded. It will be seen that the values of the area ratios are on 

the whole higher than either the corresponding bifurcation ratios or the 



TfiBLE VIJI 

AREA RATI OS - AVERAGE ACCUf·1ULA'J.'ED ARE~AS 

BASIN ra (2 :1 ) r (3:2 ) DEVII\'I' I ONS - FROl·1 -a r a r a 
( 1 ) 8.81 4.19 6.50 2.31 c 
(2) 3.1 1 ~ 2.22 2. 68 0.46 c 

(3)c 8.18 5.59 6.89 1.30 

( ll) 1+.26 3.61 3. 91+ 0.33 c 

(5) 5.57 2.01 3.75 l. 74 c 

(6) c 6.41 2.33 1+. 37 2.04 

(7) c 3.11 2.02 2. 57 0.55 

(8) 3.98 2. 83 3.41 0.58 c r (2:1) = a2 
(9) 4.96 2.31 3.59 1.28 a 

c a1 

(1) s 4.32 3. 48 3.90 0.42 r (3 : ~:) -- -~3 __ a 
(2) s 4. 79 2. 46 3.63 1.17 a2 

(3)s 10.87 2. 55 6.71 4. 16 - (2:1) + r (3 :2) r :: r 
(4) 5. 36 2.17 3.77 1. 60 a a a 

s 2 

(5) 6. 60 3. 43 5. 02 1.59 s 

(6) 3. 12 3.13 3.13 0.01 s 

(7)s 3. 92 2.89 3. 41 0. 52 

(8) 
s 5. 12 2. 63 3.88 1. 25 

(9) 
s 4. 39 4. 34 4. 36 0.03 
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ratios of average accumulated segment lengths and the ratios of cumulative 

mean segment leng ths. This fact is further demonstrated by the lines of 

best fit, which, f or the plots of average drainaGe basin area against 

order, are steeper than the lines of best fit which were inserted in plots 

(a), (b) and (c) (Figs. 7 to 24 ). The deviations from the mean area ratios 

are similarily high, although in basins (6) and (9) the average drainage 
s s 

area increases with order in an almost perfect geometric progression; as a 

result the deviations from the mean ratios in these basins are 0 .01 and 0.03 

r espectively. 

equal to 4.16. 

In basin (3) the deviation from the mean area ratio is 
s 

It will be remembered that this basin also showed an 

extremely high deviation of rb(l:2) and r b(2 : 3 ) from the mean bifurcation 

ratio. Similarily, in basin (l) which recorded the highest deviation 
c 

from the mean bifurcation ratio, the deviation of r (2 : 1) and r (3 : 2) 
a a 

from the mean area ratio is 2 .31, the second hi ghes t deviation of all 18 

basins. Of the remaining basins, all but two have a deviation from the 

mean area ratio of 1.60 or less. 

Although many of the deviations are not excessively high, the 

alignment of the three points in many basins suggests a curve which is 

concave downwards. Because of this, the same device was employed as 

with the segment lengths; the logarithm of the mean drainage area of 

each order was agai n plotted against the logarithm of the order number in 

each basin (Figs. 7d to 24d) . The crosses in the appropriate column of 

Table IX indicate whether the data lay closer to a straight line when 

the logarithm of the mean drainage area of each order was plotted against 

order on a linear scale or on a logarithmic scale on the abscissa . The 



TABLE IX 

PROXD'il'l'Y 'fO ' LINE OF BEST FIT' OF PLOTS OF' AVERAGE ACCUt1ULATED 

AV~R/\GE ACCUMULATED AHEA 
------·------~------

V.S ORDEH 

( 1 ) 
c 

( 2 ) 
c 

(3) 
c 

(4) + 
c 

(5 ) 
c 

(6) 
c 

('?) 
c 

(8 ) 
c 

(9)c 

( l) 
s + 

( 2) 
s 

(3) 
s 

(4) 
s 

(5) 
s 

(6) 
s 

+ 

(?) 
s 

(8) 
s 

(9) + s 

AREA AGAINST ORDER 

vs LOO. 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 
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+ 

ORDER 

Average ac c umul a t ed 
a r ea 

vs orde r 
vs log . orde r 

Be tter Plot 
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summary of this table indicates that in 14 out of 18 basins, the 

plots of drainage area against the logarithm of the order number 

lie closer to a straigh t line . In the remaining four basins, the 

deviations from the mean area ratios are less than 0 . 43, and the 

points lie closer to the straight line which expresses the l ogarithm 

of the mean drainage area of each order as a function of the order 

number . Again, it must be emphasized that the decision as to whether 

the semi- logarithmic or the logarithmic plot is the better expression 

of the relationship is a subjective decision based on a visual inspection 

of the two plots . 

The Applicability of the Horton Laws 

For each basin , the data on stream numbers, lengths, and drainage 

areas was plotted on semi- logarithmic paper (Figs . 7 to 24), and the 

relevant ratios (Tables V, VI, and VIII) were included as a further 

demonstration . Where the stream segment numbers, lengths, and drainage 

areas in each basin form a perfect ge ometric series with order , the 

points plotted on semi- l ogarithmic paper lie directly on a straight line, 

and. the relevant ratios obey the equations: 

r (2 : 1 ) 
a 

r (3:2) 
a r 

a 

This perfec t result was found on only a small proportion of the basins. 

In basin (2) the number of stream segments form a perfect inverse 
c 

geometric ser ies with order ; mean cumulative segment lengths form a 
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FIG 23 BASIN (8)5 
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FIG 24 BASIN (9)s 
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nearly perfect direct geometric s eries with order in basins (1) , 
c 

(2) , (6) , and (?) • A test of the Law of Stream Drainage Areas 
s s s 

demonstrated that only in basins (6) and (9) is there an almost 
s s 

perfect exponential relationship between the mean drainage areas of 

each order and the order number. In the remaining basins anomalies 

exist in the application of the Horton Laws: these are reflected in 

deviations from a straight line plot on semi-logarithmic paper, and in 

the inequality of the respective r a tios. 

In the first place, it must be emphasised that these laws are 

expressions of a situation which is approximated in nature, but which 
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is rarely achieved to perfection. Horton (1945, p . 291) himself stated 

only that "the numbers of streams .•..••• tend closely to approximate an 

inverse geometric series", "the average lengths of streams ••••• tend 

closely to approximate a direct ge ometric series", and , of his initial 

plotting of the data, (Horton, 1945, p . 286), he said that "plotting 

the data on semi-logarithmic paper it was found that the stre&m numbers 

fall close to straight lines, and the same is true of the stream lengths". 

Thus, low deviations from each of these geometric series laws may be 

satisfactorily accepted, and the applicability of the laws need not 

be questioned in such cases. 

Generally the laws are tested merely by a plot of the data on 

semi-logarithmic paper as Horton suggested; the closeness of the data to the 

'line of best fit' may be assessed by eye (Horton, 1945), or a re gression 

line may be fitted to the points (Strahler, 1957). The chief difficulty 
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with respect to these Southern Ontario streams was the problem of 

fitting a straight line by either of these methods to the three points 

on each plot . It was for this reason that as much emphasis has bee n laid 

on the deviation of the respective ratios as on the closeness of the 

data to a straight line indicative of a geometric relationship. 

Numerous reasons may be advanced fo r the departure s from an 

inverse geometric series law of stream numbers. I t was stated in an 

earlier chapter than an attempt was made to comple te the channel net, 

since it was felt that not al l first orde r channels were inserted 

on the official topographic map sheets. If this attempt was not entirely 

successful, then the numbers of streams of each order would be under-

estimated and the bifurcation ratios would deviate . The air photograph 

check of basin (5) and (1) indicat e that the number of first order 
c s 

streams has almost certainly been underestimated in these basins; if 

these streams ' had been included, the number of second order segments 

would also have been raised. The photographic analysis suggested that 

basins (5) and (1) are of f ifth orde r, and first order tributaries 
c s 

on the map sheets should correspond to third order segments on the photograph . 

However, in basin (5) , there are 15 t hi rd order basins on the photograph, 
c 

as compared with 8 first order streams on the map sheet . Similarily 

in basin (l) 17 third order stream segments were ennumerated on the 
s 

photograph, yet only 10 first order segments were include d in the drainage 

net from the topographic map . In contrast to the poor fit of the Law of 

Stream Numbers for map drainage nets, the numbers of each of the five orders 

. of stream segments in the photographic analysis of basin (5) and (1) 
c s 
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lie fairly close to a straight line. 

It thus s eems reasonably certain that the prime cause of 

deviation from the Horton Law of Stream Numbers in the map analysis of 

the basins is the inadequate representation of the drainage net on the 

map sheet, which could not be satisfactorily rectified by a subjective 

completion of the drainage net based on contour information. 

Considerable dissatisfaction was expressed in Chapter IV at 

the 'fit' of the Law of Stream Leng ths, and as a result four alternative 

expressions of this law were offered. The logarithms of cumulative 

mean segment lengths were tested for a straight line rela tionship with 

both the order number and the logarithm of the order numbers; similarily, 

the logarithm values of an alternate de f inition of stream segments leng ths, 

average accumulated segment lengths, were tes t ed against order number and 

against the logarithm of order for a straight line plot. In retrospect, 

it seems likely that the best expression of the behavior of the Ontario 

streams is given by a direct exponential rela tionship between the cumulative 

mean segment leng ths of success ive orders a nd the order number. Although 

the graphical representation of this relationship is on the whole less 

satisfactory than the plot of average accumulated segment lengths, the 

deviations of rt(2:l) and ·rt(3:2) from r~in the former case are considerably 

lower . This is considered a much more sensitive test of the approximation 

to a direct geometric series law than the plot on semi-logarithmic paper, 

since the log scale on the ordinate of this paper may be used to obscure 

many discrepancies . In the same manner, the use of a logarithmic scale 

on the abscissa which was attempted for both definitions of stream length 
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is considered a device which on the whole merely reduces deviations 

from a straight line due to the scale change rather than being demon-

strative of a logarithmic relntionship between stream segment lengths 

and order. The length of stream segments is closely related to the area 

drained by these segments (Leopold, Wolman , and Miller 1964, p. 134); 

as a result, possible reasons that plots of both cumulative mean segment 

length and average accumulated segment lengths against order number in 

l each basin apparently fit curves which are concave downwards may be 

discussed with respec~ to the same phenomenon in the plots of the L~w 

of Basin Areas . However, specific mention must be made of the extreme 

inequality of the length ratios in basins (5) and (6) • The ratios of 
c c 

cumulative mean segment lengths in ~hese basins are: 

r~_(2:l) 

rt(2:l) 

= 3.74 

= 4.14 

r.£}3:2) 

rt.(3:2) 

::; 1.24 

= 1.14 

Both of these streams flow directly into Lake Erie, and at their mouths, 

the action of the Lake has produced a high cliff face. As a result, the 

limited third order segment in each of these basins is extremely short, 

and in fact the length of the third order segment is less than the average 

length of first order segments in the respective basin. 

The graphical plots of the logarithmic value of the average area 

drained by segments of each order against order number are reasonably 

satisfactory. A visual examination of the lines of best fit suggested that 

1This is further demonstrated by the fact that in almost every basin, the 
ratio rt(3:2) is less than the value of the r atio ri(2:l) for both definitions 
of segment length. For cumulative mean segment lengths, the value of the 
ratio r£(2:1) is more than tvti ce as great as the value of ri(3:2) in basins 
(9) , (3) , and (4) , and (5) • 

c s s s 



for these Southern Ontari o basins , average drainage areas do tend to 

approximate a direct geometric series . The area ratios never theless 

indica~e t hat these approximations to a ge ometric series are not as 

close as the visua l assessment of the plots indi cated. It is true that in 

basins (6) and (9) the deviations f rom the mean area r atios a re 
s s 

respectively .01 and .03, demonstra ting that a near perfect ge ometric 

series relationship is present in these basins ; but , on the other hand, 

in another 10 basins, the deviations of r (2:1) and r (3:2) fr om r~ are 
a a a 

more than 1.00.. Further, a visual comparison of the closeness of fit 

of the data to a semi-logarithmic straight line and to a logarithmic 

straight line which was also plotted) indi cated that in 14 basins out 

of 18 the latter plot was a better expression of a straight line relation-

ship. In most basins, the points of dr ainage area plotted a gainst order 

number on semi-logarithmic paper lie on a curve which is concave downwards; 

this is confirmed by the fact that in all but one of the basins, the ratio 

r (3:2) is less than the ratio r (2:1). In seven of the basins the value 
a a 

of r (3:2) is less than half of the value of r (2:1). There are two a a 

possible conclusions to be drawn f rom this: the area drained by second 

order segments (and similarily the length of these second order segments) 

may be too· large , or, on the other hand, the area drained by third order 

segments may be smaller than is necessary for a direct Geometric series between 

the drainage areas of first, second and third order. The evidenc e of 

the semi- logarithmic plots of drainage area and order number for the five 

orders of the drainage nets of basins (5) and (1) which were found f rom 
c s 
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air photographs suggests that the departure occurs in the third 

order basins of the map sheets; in these plots of the photograph 

data, the first four orders approximate closely to ·a direct geometric 

series of drainage areas, but the plot of the fifth order drainage area 

against the order number lies below the straight line projected through 

the points of the first four orders. 

Three possible explanations may be advanced for this phenomenon, 

whether the discrepancies occur in the second order basins or in the 

third order basins . It is possible to suggest that the Horton Laws of 

Stream Lengths and Drainage Areas are inapplicable to these drainage 

basins of Southern Ontario. This seems an unnecessarily premature 

decision, particuarly when in some basins the highly sensitive ratios 

indicate the presence of a nearly perfect exponential relationship 

between order and drainage areas and order and cumulative segment lengths; 

the application of the Horton Laws to the expanded data found from the 

basins studied on aerial photographs was also reasonably satisfactory. 

In the second case, it must be remembered that these basins are 

developed on highly variable glacial materials; although the choice of 

basins was limited to 'sand plain' and 'clay plain' areas (Chapman and 

Putnam, 1952), these general terms may . well cover a multitude of lith­

ological variations. The possibility of great intra-basin variations in 

lithology has by 'no means been eliminated by the initial selection of these 

areas of glacial materials. Because the time period which has elapsed 

since the disappearance of glacial ice and glacial lakes from this region 



has hardly allowed sufficient time f or the modification or elimination 

of such intra- basin variations, it is highly likely indeed that the 

selected basins show great lithological variations within themselves . 

Horton (1945, p . 303) himsel f states that "departures from the two 

laws (of stream numbers and stream lengths) will , however , be observed, and 

if other condi tions a r e normal, these departures may in general be ascribed 

to effects of geological controls" . The writer considers it highly possible 

that intra- basin variations i n litholoey contribute to the observed 

departures from the Horton Laws, yet it seems unlikely that such variations 

can completely account for the extremely co mmon tendency for plotted points 

of the Horton data to fit a downward concave curve . 

The third e~planation which is offered here may in many ways be 

considered an extension of the second theory. As well as possessing a 

variable lithology, it seems highly credible and even expe c table that 

these sand and clay plain deposits of the glacial l~<es had a certain 

amount of topographic variation on their surfaces even immediately after 

the retreat of the lake waters. It is quite plausible that this glacial 

surface was sufficiently irregular that 'basins ' may have existed to 

control and determine the deve l opment of drainage nets and stream basins . 

If this is the case, the drainage basins of Southern Ontario may owe a 

considerable legacy to the initial configuration of the post-Pleistocene 

surface, and again the time which has elapsed since the end of the Pleistocene 

has likely been insuffic i ent for the elimination of these controls. 

"Stream lengths (and drainage basin areas) • • ••• may definitely be limited 

by geologic controls such as fixed boundaries of the outline of the drain-

age basins" . (Horton, 1945, p . 303). Under these circumstances, one can 



imagine restrictions of basin outlines whi ch have resulted in the 

observed situation where the drainage areas o f second order se gments 
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(and the lengths o f these segments) are too large or where the third 

order basin areas a re limited to an areal size smaller than that required 

to obey a direct geometric series law. 

It seems probable that the recorded departures from the Hort on 

Laws in the stream basins of Southern Ontario are the result both of 

intra-basin variations in lithology and of the basin boundary control 

imposed by the configur a tion of the p ost-Pleistocene surface . The writer 

does not consider that t hese discrepancies are suffi cient to warrant the 

statement that the Horton Laws of Stream Composition are inapplicable to 

these stream basins developed on glacial materials . 



CHAPTER V 

ANALYSIS OF AERIAL PHOTOGRAPHS 

Basin (l) , Brantford East 
s 

This basin, which was initially analysed from the 1:50,000 map 

of Brantford East, was also l ocated on a set o f aerial phot ographs. By 

comparison with the map sheet, the s cale of these photographs was calculated 

to be approximately 1:16,000. The basin was outlined and the stream net marked 

by means of a s tereoscopic analysis of successive pairs of photogr aphs . 

The employment of t his technique of t hree dimensional analysis permitted 

both the watershed and the drainage net of the basin to be drawn consid-

erably more accurately and in considerably greater detail than had been possible 

from the information on the contour map. Further, the larger scale of the 

air photographs naturally allowed the r ecognition o f greater detail than is 

printed on the map sheet. As a result of the larger scale and increased 

de t ail, the first and most obvious di screpancy of the basin as it was 

drawn from the map sheet became apparent through the stereoscope analysis. 

Due to insufficient contour informa tion, the actual line of the water-shed 

lay approxima t ely half a mile further east than it was drawn from the 

1:50,000 map sheet; the drainage basin o f this s t ream is actually larger 

than it appeared from the map analysis . This factor alone Has enough t o 

suggest that there would be little correlation between parameters measured 

from the map basin and those measured from the basin as it appeared on the 

air photographs. Table X shows this to be the case. 

Due primarily to this mistake in the l i ne of the water-shed, but 
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TABLE X 

BASIN (1) - PHOT<X.iRAPH A W NAP PARAMETERS s 

n1 n2 n3 n4 n5 N il i i3 "14 :f5 'L L 2 Map 10 3 l 14 
. 3157 . 8681 1. 8151 5 . 76 Photograph L>l2 100 16 3 l 532 .07 . 21 -51 1.21 L, . 81 52 . 21 

al a2 a3 a4 a5 
Map 

. 1673 -72 2. 51 
Photograph . 005 . 02 . 12 . 49 3. 48 

rb(1:2) rb(2:3) rb( 3 :4) rb(4:5) - r1(2 :1) r1 (3: 2 ) r1(4 :3) r :l5 :4) rb 
rf Map 

3 . 33 3. 00 3 .17 2. 72 2. 09 2.41 Photograph 4. 12 6 . 25 5-33 3. 00 4. 68 3. 22 2. 42 2 . 37 4,76 3 . 19 

r (2:1) r (3 :2) r (4 :3) r (5:4) -a a a a r a 
Map 

4.32 3. 48 3 . 90 
Photograph 5. 05 5. 03 4. 20 7 . 06 5.34 

Dd F R R e c 
Map 2. 29 5-57 0 . 64 0 . 59 
Photograph 14 . 99 152 . 82 0 . 52 0. 35 



also to the scale difference, few of the basin parameters are directly 

compar able in size . Since t he air photograph analysis resulted in a 

basin which was of fifth order , the third , f ourth , and fifth orders of 
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the photograph basin should be comparable with orders one, two and three 

respectively of the map basin . In this case, the greater detail permit t ed 

by the air photograph analysis raised a basin which was enumer ated as third 

order from t he map to a fifth order basin . The comparison be tween each pair 

of orders as regards stream numbers is r easonable. There are 10 segments 

of first order in the map basin as compared with 16 third orders basins in 

the photograph basi n , and there are three second order basins on the map , 

and three fourth order basins on the photograph; there is, of course one 

third order se gment in the map basin, and one segment of fifth order on the 

photograph . However , the avera0e segment lengths (cumulative mean segment 

lengths) and average drainage a~eas of each order do not seem t o show any 

reasonable relationship between the map basin and the photograph basin. 

Thus, for example, the average segment length of fourth order on the 

photograph is 1 . 21 miles, whereas the average length of second order 

segments on the map is 0 . 87 miles ; similarily , the length of the fif t h 

order se gment on the photogr aph (4 . 81 miles) is considerably l onger than 

the third order map segment (1. 82 miles). 

Since the size of the basin was extended on the a i r photograph 

when the actual position of the water- shed was located, the discrepancy between 

the total size of the basin on the photogr aph as compared with the map is 

not unexpected, but this same discrepancy is not reflected in the average 

areas of the lower order basins . In fact, the average drainage areas of 



first and second order basins on the map are larger than the average 

drainage areas of third and fourth order from the photograph . Since 
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the contour information of the ~ap sheet has been shown to be inadequate , 

it may be that this same inadequacy is reflected in the fact that some 

streams which apparently did not have tributaries fr om the map information 

may well actually be of second order magnitude within the map ordering 

scheme. As a result, these basins are larger than more chara cteristic 

first order basins, and have given rise to the situation where the average 

area of first order map basins is larger than the average area of third order 

photograph basins, although the s ize of the entire basin has been under­

estimated on the map sheet. 

Not unexpectedly, figures for drainage density and stream frequency 

on the photograph and on the map are also at variance . In each case, 

f i gures for the photograph basin are much higher , but the greater number 

of stream segments and stream orders ' detailed on the photograph account 

f or this discrepancy. More surprisingly perhaps, the values f or the 

Elongation Ratio and the Circularity Ratio are lower when measured from 

the aerial photographs . From the photographs, these values are respectively 

0.52 and 0.39, whereas values of 0.64 and Q.59 respectively were calculated 

from the map basin . It is suggested tlmt much of this discrepancy is due 

to the inaccurate marking of the water- shed from the map sheet . The basin 

as it was outlined from the photographs is considerably longer, but its 

width is little different from the width of the basin on the map sheet. 

Both the map and the photograph basins fit reasonably well to the 

Horton Laws of Stream Composition. In both c~ses, there is a close approx­

imation to a straight line when stream numbers are plotted against order 

(Fig. 16a, and Fig. 25a). From the map, cumulative mean se gment lengths 
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of each order join to form a curve which is concave downwards rathe r 

than p~rfectly straigh t (Fig . 16b) . The photograph data on the othe r 

hand , tends to plot fairly cl ose to a straight line , but with a degree 

of upward concavity in the highe r orders (Fig. 25b). The data for the 

Law o f Stream Areas both from the map analysis and from the photographic 

analysis gives an extremely good fit to a straigh t line; devia tions from 

the 'line of best fit' are very low. 

A 't' test was set up to determine whe ther the map and photograph 

parameters for this basin are at all c omparable in statistical terms. The 

average area of first orde r basins fro m t he map analysis was compared 

with the average area of third orde r basins from the photograph analysi s . 

With 24 degrees of freedom, the cal cula t ed t value is only 0.4694, and it 

is accepted that there is no significant difference between the mean 

values. On the basis of this result , it is assumed that despite the 

obvious di f ferences in t he values of the parameters, the phot ograph 

and map data on the same basin are related, and i t is postulated that 

the observed differences are t he r esult mainly of the scale and detail 

contrast between the map and the photograph . 

Basin (5 ) , and Simcoe East 
c 

A set of aerial photographs of the area bounding Lake Erie in 

Norfolk County gave a complete coverage of the area of basin (5) which 
c 

was original ly studied f rom the 1 : 50 ,000 map of Simcoe East. By comparison 

with the printed map sheet, the scale of the photographs was cal culated 

as approximately 1:15,000, and using this inf ormation, a stereoscopic 
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analysis of this basin was made . Unlike basin (1) , this examination 
s 

of the basin in three dimensions did not reveal any obvious mistakes 

in the f orm of the basin as it had been outlined on the topographic 

map sheet . Neve r theless , s cale differences and the greater detail 

of the ai r phot ographs resulted in differences in the values of many of 

t he basi n pa rameters between the map analysis and the photographic analysis . 

As with the air photograph examination of basin (1) , this 
s 

third orde r map basin was elevated t o fifth order under the greater 

detai l of t he air phot ogr aphs . Thus the first, second, and third orders 

of the map bas in will be compar ed with the third, fourth, and fifth 

orders of t he photogr aph basin . There are more third order segments 

in t he photograph basin (15) than there are first order segments in the 

map bas i n, (8), but t here are the same number of fourth and second order 

segments ( two), and of fifth and t hird order segments (one). The 

compari son be t ween the cumulative mean segm ~nt leng ths of the photograph 

and mapbas i ns is , however, much closer than the s ame comparison in basin 

(1) • As can be seen from Table XI, the average length of map first 
s 

order segments i s 0. 43 mil es , whereas the average length of photograph 

t hird order segments is 0 . 62 miles . Second order map segments and fourth order 

phot ogr aphs a re even c l oser in average lengths , being 1 . 61 and 1 . 59 miles 

r espectively . Discrepancies between the average drainage areas of each 

orde r are s omewha t larger , since the average drainage area of first 

order ma p basins is 0 . 28 square miles compared with an average drainage 

area o f 0 . 15 squa re miles for the phot ograph third order basins . The 

gr ea te st di fference oc cur s between the drainage areas of second order 

map basins (1.57 s qua re mi l es ) and the four t h order pho t ogr aph basins 



TABLE XI 

BASIN ( ,-) 
) c - PHOT03RAPH AND MAP PARAMETERS 

n1 n2 n3 n4 n5 N :£1 £2 ~3 £4 ic: L:L 
:;1 

Map 8 2 1 11 0.43 1.61 2.00 6.31 

Photograph 263 71 15 2 1 352 0.08 0.23 0.62 1.59 1.79 39.06 

a1 a2 a3 a4 a5 

Map . 28 1.57 3.15 

Photograph 0 . 005 0.03 0.15 2.87 2.92 

rb(1:2) rb(2:3) rb(3:4) rb(4:5) - r :£,(2 :1) r£(3 : 2) r 1 C4 :3) r 1(5 :4) -
rb ri 

Map 4. 00 2 . 00 3.00 3.74 1.24 2.49 

Photograph 3 .70 L~ . 73 7.50 2.00 4. 48 2.88 2.69 2.56 1.13 2.32 

r (2 :1) r (3 :2) r (1+ :3) r (5:4) -a a a a r a 

Map 5 . 57 2.01 3-79 

Photograph 5. 36 5 . 67 18 . 91 1.02 7.74 

Dd F R R 
e c 

Map 2 . 00 3. 49 0 . 79 0.88 

Photograph 13 . 38 120.54 0 . 66 0 .56 



(2.87 square miles). The total drainage area of basin (5) as it 
c 
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was measured from the map sheet (3.15 square miles) is very similar to 

the value of the same unit as it was measured from the air photographs 

(2.92 square miles) . It seems very likely that the discrepancies in 

the l ower orde rs are again the result of inaccurate ordering of the 

map basins due to a lack of sufficient contour information on the 

topographic sheet by means of which the channel net was completed . 

As in basin (l) from the Brantford East map sheet, values of 
s 

drainage density and stream frequency are much higher when these 

parameters are calculated from the greater channel detail of the air 

photograph. However, in both basins, the differences between the values 

of these properties in map basins and in photograph basins is of the 

same order of magnitude . Drainage density is approximately seven times 

higher on the air photograph of basin (l) and of basin (5) than it 
s c 

is on the relevant map sheets, and stream f requency as it is calculated 

from t he air pho t ographs is approximately 30 times higher in both 

examples. Values of the Elongation and Circularity Ratios, on the 

other hand are higher from the map basin (5) than they are from the 
c 

corresponding phot ograph basin : the value of the Elongation Ratio from 

the map basin is 0.79 as compared with a calculated value of 0.66 from 

the photograph basin, and the value of the Circularity Ratio f or the 

map and photograph basin is 0.88 and 0.56 r espectively . It is postulated 

that this differenc e may be attributed to the greater accuracj with which 

it was'possible to mark t he water- shed from the air photographs . 

Neither the map nor the photographic data produces results which 
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exhibit a satisfactory fit to the Horton Laws of Streams Compostion. 

In both cases even the stream numbers of each orde r do not join to 

form a good straight line; it seems that there should be more than 

two second order map segme nts and two fourth order photograph segments 

to produce a reasonable apr roximation to a logarithmic series of stream 

numbers. The extremely l ow length of the third order segment in the map 

basin has already been discussed in Chapter 4, and this is also reflected 

in the extremely low length of the fifth order segment of the photograph 

basin. It can be seen from Fig . 26b that the average lengths of the 

segments of the first four orders of the photograph basin lie very close 

to a straight line on semi-logarithmic paper , and this would seem to confirm 

the sug~estion which was ad vanced in Chapter 4. It was postulated that the 

erosive action of Lake Erie had remove d much of the lower portion of 

the highest orde r segment in the basin. The plot of the Law of Stream 

Areas would also seem to support this suggestion, since in both Fig . 

lld (map basin) and Fig. 26c (photograph basin), the points form a 

line which is markedly. concave downward indicating that part of the 

mouth of the basin has quite probably been removed. 

A 't' test was also used to test the relationship between the 

mean value of the third order ' photograph drainage areas and the mean 

value of the first order drainageareas on the map basin. With 21 degrees 

of freedom, the null hypothesis that there is no significant difference 

between these means was rejected; the calculated t value of 2 . 057 is 

significant between the 95 and 97.5 percentiles . Thus it would seem 

that the comparison between basin (5) as it is represented on the top­
e 

agraphic map sheet and as it is drawn from the much larger scale air 
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photographs is not sta tistically valid. It seems that this is in 

part due to the lack of accurate detail, particularily of contour 

information, on the topographic map sheets, and it may be that there 

is a certain amount of tilt distortion of the air photographs. 

Basin (1) , Blackheath 
c 
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A final air photograph check was chosen to represent the third 

grouping of drainage basins in this study. Both basins (l)s and (5)c 

were initially studied from maps on a scale of 1:50,000, whereas basin 

(1) was analysed from a topographic map on a scale of 1 :25,000 . The 
c 

air phot ograph coverage of this basin was, however , on a smaller scale 

than the coverage of either basin (1) or basin (5) • By comparison 
s c 

with the Blackheath map shee t, it was determined that in fact the 

photographs which covered. basin (1) are on a scale of approximately 
c 

1:28,000, and thus these photographs are actually on a smaller scale 

than the map sheet. 

Since the topographic map and the photograph coverage of basin 

(l) are actually much close r in scale than was the case with the coverage 
c 

of basins (1) amd (5) , it was anticipated that there might possibly 
s c 

be less divergence between the value of parameters measured from the 

map basin and from t he photograph basin. This is not entirely true, 

although on the whole differences in the values of the parameters do 

tend to be lesi. The great e r detail which can be noted during a stereo-

scopic analysis of the photographs is a primary cause of divergence in 

this example. Unlike basins (1) and (5) , only four orders of stream 
s c 

were recognized on the photographs of basin (1) • 
c It is thus suggested 

that the order of the basin has only been raised by one order as a result 



68 

of the air photograph analysis , and orders one, two, and three f rom 

the map analysis are assumed to be equivalent to orders two, three 

and four r espectively in the photograph basin. 

Stream numbers diverge r a ther more between the air photograph 

and map coverage of basin (l) . 
c 

There are 17 first orde r, three second 

order and one t hird order segment in the map basin, as compared with 

28 second order, five third order and one fourth order segment in the 

photograph basin . The effect of the grea te r detail which was visible 

on the aerial photographs is obvious in t his instance. This same 

difference has presumably also resulted in the situati on where the 

average length of first order streams on the map is 0 . 67 miles , whereas 

the average length of second order segment s on t he photogra ph is only 

0.26 miles. A discrepancy of similar magnitude can be seen between 

the average length of map second order segments and photograph third 

order segments (Table XII). However , the length of the thi r d orde r 

segment on the map (2 .52 miles) is very close t o the length of the 

fourth order segment on the photograph (2.68 miles) . The fact that the 

total length of stream marked in the basin through the air photograph 

analysis is more than twice the total stream length marked in the map 

basin, must be attributed to the greater detail of the air photographs . 

The average drainage areas of each orde r are much closer in ~ize 

when the map basin is compared with t he photograph basi n. Nevertheless, 

the greater accuracy with which the water-shed could be drawn as a result 

of the three-dimensional examination of t he photographs has given rise 

to the situation where the total area of the basin was measured as 1 . 51 



TABLE XII 

BASIN (1) - PHOTOGRAPH AND MAP PARAMETERS 
c 

n1 n2 n3 n4 N 11 i2 13 t4 I.L 

Map 17 3 1 21 0 . 67 1. 34 2.52 7 .10 

Photograph llO 28 5 1 144 0 . 09 0 . 26 0 .72 2. 68 19.58 

a1 a2 a3 a4 

Map 0.03 0 . 29 1. 21 

Photograph o . oo8 0 . 03 0.15 l. 51 

rb(l:2) rb(2:3) rb(3:4) - r ::Q.(2:1) r153 :2) r 1(4:3) - r (2:1) r (3 :2) r (4 : 3) 
r b ri a a a r 

a 

Map 5 . 67 3. 00 4.34 2. 00 1. 88 1.94 8 . 81 4. 19 6.50 

Photograph 3-93 5. 60 5. 00 4. 84 2.59 2. 79 3 ~ 74 3. 04 3. 41 5 .20 10 . 07 6 . 23 

Dd F R R 
e c 

Map 5 -8l+ 17.29 o. 57 0 . 54 

Photograph 12. 95 95.23 0 . 59 0 .50 



square miles from the photograph , but only 1.21 s quare from t he map . 

Although the mean area ratio (r-) in the map basin (6.50) is almost 
a 

precisely the same as the mean area ratio in the photograph (6.23), 

it should be noticed at this point that considerable divergence exists 

between the area ratios of each pair of orders; for example the ratio 
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between second and third order drainage areas on the map is 4 .19, whereas 

the corresponding ratio between third and fourth order drainage areas 

on the photograph is 10 . 07. 

As was noticed in basins (l) and (5) the gr eater visible 
s c 

detail of the air photographs allows the recognition of far more 

stream segments in the lower orders . Since the scale difference between 

the topographic map and the air photographs of basin is less, however, 

drainage density as it is calculated from t he air photographs is only 

twice as great as the density as measured from the map in basin· (l) • 
c 

Similarily, the frequency of streams i s only approximately eight times 

as high in the phot ograph basin. The close correlation between the 

values of the Elongation and Circularity Rati os as they were calculated 

from the photograph and from the map is presumably attributable to the 

close correlation of scale between the photograph and the map basin . 

(Table XII). 

Data on stream numbers from the photograph basin gives a reason-

able approximation to a logarithmic series with order, (Fig. 27a), but 

figures for stream numbers in the map basin depart farther from the 

'line of best fit' on semi- logaritpmic paper (Fig . 7a). In both cases, 

however, the logarithmic series of the Law of Stream Lengths is closely 
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approached, as can be seen from Fig . 7b and Fig. 27b. Deviations from 

the straight line of best fit are negligible. On the other hand, the 

approximation to the Law of Drainage Areas is less close. Average drainage 

areas as they were measured from the photograph basin tend to plot as a 

curve which is markedly concave downwards, and stream areas measured from 

the topographic map sheet form a curve which is similarily concave downwards. 

It was suggested in Chapter 4 that this concavity was fairly common in these 

small Ontario ba sins, and it was further postulated that this may be due to 

basin boundary control which resulted from the configuration of the Pleistocene 

surface. There seems no reason to dispute this theory on the evidence of 

the air photograph checks of these basins. 

In a third 't' test, the mean drainage area of all first orde r 

streams in the map basin was tested against the mean value of the mean 

drainage area of all second order basins in the phot ograph basin, with the 

null hypothesis that there is no difference in these mean values. With 43 

degrees of freedom, the t value was calculated as only 0.4716, and the null 

hypothesis was accepted. It seems that the map and air photograph represent-

ations of basin (1) are statistically comparable . 
c 

Basin Comparisons 

Despite certain variations in the values of parameters as they were 

measured from the maps and from the photographs of each of these basins, in 

two cases out of three, 't' tests suggested that these air photograph checks 

are statistically comparable to the map analyses. With the exception of 

basin (5) it · seems therefore that these checks have reasonably extended 
c 

the accuracy and detail of the map analyses. In the case of basin (1) 
s 
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whi ch was originally studied from a topographic map on the scale of 

1:50,000, a third order map basin was found to be of fifth order under 

the gr eater accuracy and detail of the air photographs. Despite the fact 

that the aerial photographs covering basin (l) a re on a smaller scale than 
c 

the initial map (1:28,000 as compared with 1: 25 ,000), the order of this 

basin was raised to fourth as a result of the greater detail which was 

visible on the air photographs . 

In all three basins , the application of the Horton Laws of Str eam 

Composition was reasonably satisfactory, but as was mentioned earlier, 

the basins tended t o maintain the gene r al downward concavity which was 

noted in Chapter 4 in the plots of the Law of Stream Lengths and of the 

Law of Stream Areas • . This was particularily noticeable in basin (l) 
c 

(Fig . 27c) . 

These air photograph checks of the map analysis were finally used 

to test f or differences between the basins, since each set of photographs 

covered a basin in one of the t hree maj or groupings o f t he map basins. In 

the first place a 't' test was s~t up to examine the differences between the 

area of third order basins in the photographic analysis of basins (5) 
c 

and (l) • It was hoped that this test would demonstrate the statistical 
s 

validity of the division of t hese basins according to Chapman and Putnam' s 

label of sand plain and clay plain lithology . In this example, the air 

photographs were of a very similar scale, and t he map basins were both 

elevated to fifth order. With 29 degrees of f r eedom, the calculated t 

value was only 0.9501, and thus the null hypothesis that there is no 

statistical difference between the mean value o f third order drainage areas 

was accepted . 



In the second of these tests, the areas of second order 

drainar,e basins in the air photograph analysis of basin (l) were 
c 
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compared to the areas of third order drainage basins in the air photograph 

analysis of basin (5) • This particular comparison was employed since 
c 

these orders in the photograph basins were both presumed to be equivalent 

to the first order basins of the respective map analyses. With 41 degrees 

of freedom, the calculated t value of 4.8119 is significant above the 

97.5% level (Dixon and Massey, 1957, Table A- 5) . Thus it is concluded 

that the mean value of second order drainage basins in the photographic 

analysis of basin (l) (original map scale of 1 :25,000) is significantly 
c 

different from the mean drai nage area of third order basins from the 

photograph analysis of basin (5) (original map scale of 1:50,000). 
c 

It is not suggested that the results of these 't' tests are 

conclusive, but they do indicate that although sand and clay basins which 

were originally examined from maps on the scale of 1:50,000 may not be 

statistically different, there is strong evidence that a comparison of 

basins which were originally drawn from maps of different scale is not 

statistically valid. As a reservation, however, it must be remembered 

that not only were basins (l) and (5) initially studied from maps of a 
c c 

different scale, but the scale of their air photograph coverage was also 

quite different. Nevertheless, some allowance for this was made when 

sec ond order basins from basin (l) (air photograph scale of 1:28,000) 
c 

were compared with third order basins from basin (5) (air photograph 
c 

s cale of 1 : 15 , 000) . 



CHAPTER VI 

ANALYSIS OF l-10RPHOMETRIC PROPERTIES - I 

Inter-Basin Variations 

The values of the measured properties in each of the selected 

basins are recorded in Appendix A. During the first stage in the invest-

i gation of intra-basin variations, these variables were grouped into four 

sections according to certain characteristics of the basins. The groups, 

·Nhich encompassed respectively basins mapped on the l : 50,000 scale, 

the 1:25,000 scale, sand basins and clay basins, 1 are to a certain extent 

overlapping. Of the nine clay basins, thre e were studied from maps on 

the 1:50,000 scale, six on the 1: 25,000 scale ; all nine sand basins were 

studied on the 1:50,000 map sc ale. Refere nce s houl d be made to Table IV 

for a summary of the location, underlying lithology, and map scale of 

each basin. 

The first step in the statistical investigation wa s the calculation 

of the mean, mean square, variance and standard evia tion for 15 basin 

parameters in each of the four groups mentioned above. The formulae used 

were cited in Chapter III . The resul t s of these primary calculations are 

summarized in Appendix B and a visual examination of these tables indicated 

some of the variation which occurs between the four groups. It was apparent, 

however, th~t in many cases differences in the means of many parameters in 

the four groups of basins were low as compared with their standard deviations . 

l 
The terms 'sand' and 'clay' basins refer to basins developed in areas called 

sand plain and clay plain by Chapman and Putnam (1952). Tnis shorter term­
inology has been used throughout the study. 

73 
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The initial hypothesis was that lithological variations between 

basins of the sand group and those developed on the clay plains would 

result in significantly different values of the morphometric properties . 

Student ' s t test was used to investigate differences in the mean value s 

of the parameters in clay basins and in sand basins . Fifteen parameters 

in each o f the 18 basins were used. The value of the · statistic ' t' 

was calculated fo r each pair of mean values by the use of a computer 

programme written specifically for this test , (Table XIII), Where the 

cal culated value of t with sixteen degrees of freedom exceeded the t . 05 value 

given i n the ap~ropriate tables (Dixon and Massey, 1957, Table A- 5), the 

null hypothesis that there is no difference between the means was rejected . 

At the 95% level, only eight of these variables showed significant diff­

erences between the means . Sand basin means and clay basin means of 

total str eam length, average drainage areas of each order, average inter­

areas of each order and drainage density are the only properties which 

exhibit a stati stically significant difference . It is, however, these 

very properties which may be Bxpected to vary significantly with lithology 

(Miller, 1953 , Coates, 1958). 

The means of all variables measured in basins from the 1:50,000 

scale maps and those from basins on the 1 :25,000 scale are apparently 

equally as different as are the means of the sand and clay basin groupings 

of variables (Appendix B~ as a result, the t test was applied t o the 

mean values of the parameters divided according to map scale (Table XIV) . 

This testing indicated that almost precisely the same variabl es had 

significantly different mean values at the 95% level in the map s cale 



'rABLE XIII 

' t' TESTS, CLAY BASINS AGAINST SAND BASINS 

VARIABLE t V/,LUE 

nl O.llt625 

N 0.13371 

i1 0.51627 

i2 0.97615 

17 1.76794 
/ 

[L 2. 1f8969 

a1 2.67Lf)3 

a2 2.76885 

a3 3.23394 

i a2 2.69151 

:i n3 2.06308 

Dd 2.70442 

R 0. 18062 
r 

Re 0. 62565 

R 0. 95503 c 

16 Degrees of Freedom t. 95 = 1.746 



TABLE XIV 

't' TES'l'S, 1:25,000 BASINS 1\GAJNST 1: 50,000 BASIN.~ 

VARIABLE t VALUE 

nl 0.07822 

N 0.14318 

11 0. 2J.Lr27 

t 
2 

3.29670 . 

t3 l . l.J .5655 

L. L 2. 7?344 

a 3.58787 
1 

a2 4. 19611 

a3 4.l+Lr461r 

ia2 4.32695 

i a 
3 2. 55195 

Dd L1. 74468 

R 0. 28084 
r 

1b 1.35761 

R 0. 07245 
c 

16 Degrees of Freedom t
95 

= 1. 746 
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groups as in the groups based on lithology; but in each case the 

calculated t value was hi gher for the groups divided on the basis of 

map scale , (compare . Table XIII and Table XIV) . Certain other variables 

also exhibit statistically different mean values in 1:25,000 maps as 

compared with 1:50,000 maps : at the 95% level, the null hypothesis t hat 

there is no difference between the mean value of the average length of 

second order segments in 1:25,000 map basins and in 1 : 50,000 map basins 

was rejected. In the comparison of sand and clay basin second order 

stream segment lengths, the calculated t value for this property equalled 

only 0.97615. 

Another appli cation of the t t est was used to test for s ignificant 

di ffe rences between the morphometric pro perties i n clay basins on a scale of 

1:50,000 and in sand basins on a scale of 1 : 50,000. With 12 basins and 

10 degrees of f reedom , only the average l engt h of first orde r segments and 

total basi n area exhibit a stat i stically significant difference at the 95% 

level between the values of t hese parameters in sand basins and in clay 

basins when scale variations had been eliminated, (Table XV) . The t 

values calculated in this test also indicate that total stream length 

in each basin , and the average area of s e cond and first order basins in 

these 1:50,000 sand basins and clay basins may also derive f rom different 

populations, but with a lesser degree of statistical probability . The 

val ue of the statistic t calculated f or the means of these parameters is 

gr eater t han the tabulated value of t.
90 

but less than the value of t.
95 

(Dixon and Massey, 1957, Table A- 5) . It is possible that with a larger 

sample these t values would be greater , the degrees of freedom would be 

lar ger and there might conceivably be a statistically s ignificant difference 



TABLE XV 

' t' TESTS, CLAY BASINS AGAINST SAND BASINS , 1: 50,000 ~1APS ONLY 

VARIABLE t VALUE ----
n1 o. 73030 

N 0. 92222 

:£,1 2.231+18 

t2 1.12957 

;i_z 0. 84851 
:J 

I L 1 •. 39510 

a1 l. 73338 

a2 1.50887 

a3 2.03748 

i a2 1.17088 

ia
3 

1.00711 

Dd 0.09373 

R 0.01364 
r 

R 0.26353 e 

R 1. 27701 c 

10 Degrees of Freedom t .95 = 1. 812 
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between these means at the 95% level which wasarbitrarily accepted for 

this investigation. 

In a final effort to elucidate differences in the measured 

parameters which could be attributed to map scale and to li t hology, 

slightly different t tests were established using measuremen t s of the area 

of individual first order basins, in basins (4) 
c' 

(5). and (6) , basins 
c c 

(l) , (2) , and (3) and in basins (l) , (2) , and (4) • In the first c c c s s s . 

test, the mean value of all first order dra i nage basins in basins (4) , 
c 

(5)c' and (6)c was tested against the mean value of all first order drain­

age areas in basin (l) , (2) , and (3) ; al l basins in the first group had 
c c c 

been selected from maps on the scale of 1:50,000, while the basins in the 

second were from maps on a scale of 1:25,000. With a calculated t value 

of 2 .46 and 40 degrees of freedom, first order drainage areas in basin (1) , 
c 

(2) , and (3) (1:25,000 scale) are significantly different from individual 
c c 

first order areas in (4) , (5) , and (6) (1:50,000 scale) at the 9o/~ 
c c c 

level of probability. 

In the second of this particular group of tests, individual first 

order drainage areas in basins (4) , (5) , and (6) were tested against values of 
c c c 

the same parameter in basins (l) , (2) , and (4) both these groups being 
s s s 

drawn from a map scale of 1:50,000. In this case, the t value was only 

1.605, and with 40 degrees of freedom this vaiue of t is only significant 

at just below the 95% level of probability; the tabulated t.
95 

value is 

equal to 1.684. 

As a final test in this group , the same data on individual first 

order basin areas in each of these three groups (basin (1) , (2) , and 
c c 

(3) , basins (4) , (5) and (6) , and basins (l) , (2) , ·and (4) ) was used 
c c c c s s s 
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in an analysis of variance test. The F_
95 

value for two and 60 degrees 

of freedom is equal to 3 . 15 (Dixon and Massey , 1957, Table A-7), and the 

calculated F value is equal to 3.960 . Thus, it seems s t atistically probable 

that the three groups of basins do not derive from the same parent population. 

Summary of Inter- Basin Variations 

The initial hypothesis that lithological differences between sand 

and clay basins would result in s t ati s tically significant differences in 

the mean values of morphometric properties of drainage basins proved to 

be somewhat tenuous. When map scale differen ces were eliminated by an 

analysis of these parameters in basins measured only on a scale of 

1 :50,000 , results of t tests for significant differences in mean values 

were disappointing. Only the means of the average length of first order 

segments and total basin area were accepted as being demonstrative of 

differences which might be attributed to lithology . It was also pointed 

out that total stream length, and the average basin area of each order 

might show statistically significant variations between sand and clay basins 

in an expanded test. 

Although the length of first order segments and total drainage area 

were proved statistically different in sand and clay basins, drainage 

densities in the two groups have an almost identical mean value, and 

the calculated t value is only .0937. This can only mean that drainage 

areas and segment lengths may vary between sand and clay basins, but 

when these are combined and express ed as miles of segment length per 

unit drainage area, differences are cancelled. Further, measures of basin 

shape, relief, and stream numbers exhibit no significant differences between 
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these sand and clay basins from 1:50,000 maps (Table XIII). 

One may draw two conclusions from these results. It is 

possible to state that with respect to the development of stream 

systems, these glacial areas as defined by Chapman and Putnam (1952) 

impose very similar restrictions. Since various authors (Miller, 1953, 

Coates, 1958) have suggested that lithology is an important factor in 

determining drainage density, the logical conc lusion may be that there 

is little or no difference in lithological effect of sand and clay upon 

fluvial systems; nevertheless, they were supposedly identified and named 

on lithological variations. Since deviations from the mean value within 

the groups are large (Appendix B), however, it is possible to suggest that 

lithological variations between sand and clay plain areas are masked by 

variations within these areas. This analysis of the chosen basins and the 

great variations between basins within the same lithological group would 

seem to indicate that this is the case. As a result, with a relatively small 

sample, statistically significant differences between the parameters in 

the two lithological groups are obscured by the effects of great lithological 

variations within the groups. 

The t test of differences in the mean value of individual first 

order basin areas (basin (4) , (5) , and (6) against basins (l) , (2) , 
c c c s s 

and (4) ) would also seem to indicate that with a much larger sample 
s 

it may be possible to ennumerate more accurately differences caused by 

lithology. In this test, the calculated t value indicated a difference 

in the ·means which was significant just below the 95% level of probability, 

and an even larger sample might demonstrate a statistically conclusive 
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difference which could be attributed to l i thology. 

In summary, however, it must be said t hat the results of this 

testing do not permit statistically sound conclusions to be drawn regarding 

the difference in stream bas i n development which may be attributed to 

the lithology of the sand and clay plain areas . 

In contrast, the tests discussed indicate that the scale of the 

mpa from which the stream nets were drawn has an important effect on the 

values of the morphometric properties. It seems reasonable that map scale 

would show little influence on measures of basin shape, and this fact is 

confirmed in Table XIV . On the othe r hand, measure s of stream length, 

basin ·areas, inter-basin areas and drainage density are all statistically 

different when the values are compared for 1:25,000 maps and 1:50,000 maps, 

regardless of lithology . In fact, calculated t values for the means of 

these parameters are very high (Table XIV). 

The results indicate that map scale differences are not only more 

important than the lithological variations between sand and clay plain areas, 

but that these differences are strikingly i mportant with regard to the 

morphometric properties of drainage basins in Southern Ontario. The 

differences in the values of these properties in the map scale groups are 

so highly significant that basins drawn from 1:50,000 maps and from 1:25,000 

maps must be treated as deriving from different populations. It cannot be 

considered statistically sound to compare and contras t third order stream 

basins represented on maps of the 1:25,000 scale of Southern Ontario with 

third order basins represented on maps of the 1:50,000 scale, although the 

maps are issued by the same authority. This striking difference between 



map scales with regard to stream leng t hs, basin areas and drainage 

density is apparent despite the fact that scale differences have 

theoretically been eliminated by the conversion of all units of 

measurements t o miles and square miles . 
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CHAPTER VII 

ANALYSIS OF MORPHOMETRIC PROPERTIES - II 

Parameter Interrelationshi ps 

In chapter six it was concluded from the results of the t 

tests that not only are map scales more impor t ant than li thological 

differences in causing variations in the v~lues of basin parameters, 

but when map scale differences are eliminated, lithological differences 

are still of negligible importance. Only the length of first order 

segments and the total area of the basins show significant differences 

between sand basins and clay basins of the same scale. It was concluded 

for the purposes of this analysis that all basins on the 1: 50,000 map 

scale could be treated as a sample from the s ame parent popula tions. 

On this basis, correlation anal yses we re applied to all pairings 

of nine morphometric properties of each of the twelve 1:50,000 map scale 

basins. The correlation coefficient 'r' was calculated for each pairing 

of these parameters; values of r greater than 0.576 were considered probably 

significant, and values of r greater than 0.497 possibly significant for 

N = 12. For each pairing of variables, the value of r was calculated for 

the four combinations: 

x with y 

x with log y 

y with log x 

log x with log y 

The highest correlation coefficient of the four was assumed to indicate the 

most significant correlation. Table XVI illustrates all coefficients for 
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TABLE XVI 

CORRELATION COEFFICIENTS1 FOR 1 :50,000 BASINS. NINE VARIABLES 

r,(l:2) 
0 

0. 9008 

r (2:1) 
a 

0.8158 

0. 7939 

1coefficients less than 0.50 are omitted 

r (3:2) 
a 

0 . 9701 

R 
r 

0.6329 

0 . 5932 

0 . 5200 

0.5579 

0 . 6767 

R 
e 

-
rb 

rb(1:2) 

rb(2:3) 

r (2:1) a 

r (3:2) a 

0.7422 Dd 

0.6768 F 

R r 

R 
e 



the pairings of these nine variables which are greater than 0.500, but 

without any indication as to whethe r a logarithmic relationship between 

the variables was most significant . Where the relationship is linear, 

a coefficient of this magnitude is significant at above the 95% level 

(Dixon and Massey, 1957, Table A- 30a). It must be emphasized, however , 

that these correlations are not necessarily demonstrative of cause and 

effect relationships . A similar series of analyses was performed using 

a larger number of slightly different variables, a total of 15 parameters, 

and significant results of this analysis are recorded in Table XVII. This 

division of the variables was purely one of convenience, and in fact, the 

second correlation analyses were performed when it was seen that the shorter 

series was insufficiently informative. The shorter analysis, for example, 

included such parameters as the bifurcation and area ratios, and it was 

felt that actual stream numbers and drainage areas might also be u·seful 

variables to examine for their relationships with other basin parameters . 

The first and most obvious correlations are those in.dicated by 

the high values of the coefficient for the relationships between the number 

of first order segments, and the total. number of streams in each basin, 

and between rb(l:2) and rb. Since the number of first order streams forms 

such a large proportion of the total number of streams, both of these correlations 

are reasonable and expected. On the other hand , the correlation between both 

the number of first order streams and the total number of streams and the 

Relief Ratio seems a little unusual; in both cases, this corre lation is 

linear and is significant above the 97.5% level. As the Relief Ratio is a 

dimensionless expression of overal l basin slope and thus of the average value 

of gravitational acceleration in the basin, it must be po~tulated that the 



TABLE XVII 

CORRELATION COEFFICIENTS1 
FOR 1:50,000 BASINS, 15 VARIABLES 

n N tl i2 t L L al a2 a3 ia2 ia
3 Dd R R R 1 3 r e c 

0.9875 0.6214 Dl 

0.5801 N 

0.5002 0.6876 0.8213 0.7249 0.7948 0.6479 0.7138 0.6935 ~1 
0.7311 0.6026 0.5442 0.7779 0.4989 0.4999 i2 
0.5088 0.5990 0.9298 0.5539 t3 

0.6917 0.7930 0.8857 0.8555 0.5108 0.7725 0.5135 rL 

b.:9195 0.9181 0.7506 0.5276 0.9549 0.6637 0.7365 0.5203 al 

0.9479 0.9235 0.5212 0.9388 0.5183 0.7276 0. 5817 a2 

o. 904o· 0.7126 0. 9612 0. 5629 0. 6:-;,)l 0.5491 a3 

0.5096 0.8569 0. 5021 i~2 

0.6300 ia
3 1coefficients less 11an 0. 50 omitted 

0. 5579 0.7422 0.6357 Dd 

R 
r 

0.8550 R e 
R c 

,-, 
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downslope component of gravity is an important factor in determining the 

number of streams which are initiated. The acceleration of overland down-

slope flow with gravity must be greater than the resistivity of the soil 

before the surface is broken and a channel initiated. The Relief Ratio 

is presumably an expression of the average situation over the basin which 

determines the frequency with which stream channels are developed. Both 

the mean bifurcation ratio and the ratio of the number of first order 

streams to the number of second order segments correlate highly with 

r (2:1) giving correlation coefficients of 0.8518 and 0.7939 respectively, 
a 

although there is no significant relationship between actual stream numbers 

and drainage areas. The onl y common factor is that al l three variables are 

linearly related to the Relief Ratio, with correlation coefficients of 

approximately the same order of magnitude. It seems possible to suggest 

that it is the effect of the Relief Ratio on the bifurcation of streams 

and on the breakdown between first and second order basins which has given 

rise to the correlation of bifurcation and area ratios . No other correlations 

exist between stream numbers or bifurcation ratios and segment lengths, basin 

areas, drainage densi ty, or ratios of basin shape. Perhaps the initiation 

of streams is a function of the ground slope as it is epitomized by the 

Relief Ratio, but the number and bifurcation of streams is then a random 

expression of conditions within the drainage basin. As such it bears no 

relation to the length of channel necessary to maintain drainage, nor to 

basin shape. 

l The average segment lengths of each order and the total length 

1These average segment lengths are the lengths of all first order channels 
averaged, the lengths of all second order segments, and only second order 
segments, averaged, and the length of the third order segme nt of restricted 
definition. Thus ~2 and t3 us ed .in this analysis of morphometric properties 
are shorter than the cumulative mean segment lengths and the average accumulated 
segment lengths used in the tests of the Horton Law of Stream Lengths in 



of channel in a basin are inter-connected in a fairly complex m~nner . 

The average leng th of first order segments is not correlated with the 

average length of second order segments; nor is the average length of 

second order segments correlated with the length of third order segments . 

Coefficients of correlation in both of these cases are considerably less 

than 0.50. But the correlation coefficient for the average length of first 

order segments with the average length of third order segments is 0.5002. It 

is suggested that this pattern of correlation and non-correlation between 

the average segment lengths of each order reflects the amount of lith­

ological variation within the basins. As a result, there is no standard 

relationship between the lengths of successive orders. On the other hand, 

the average segment leng ths of each order correlate with the total length 

of channel within the basin. The correlation coefficient for the relation-

ship between the restri cted length of third order se gments (1
3

) and total 

segment length of all orders is onl y 0.5088 . Each of these correlations 

depends to a large extent on the fact that the component parts of the total 

segment length are a · function of the average segment lengths of each orde r. 

Since the length of the res t ricted third order segment is very short in 

many basins (Chapter IV, and Appendix A), the low coefficient between 

this variable and total channel length is no t unexpected . Finally, it 

was demonstrated in Chapter III tha t the accuracy of linear measurement 

may well have confused the relationships. 

It seems possible that inaccuracies in measurement may also have 

affected the correlation coefficients between the average segment lengths 

of each order and drainage densi ty. The definition of drainage density 

(Dd = ~L/A), is such that the average segment lengths of each order should 
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correlate with this variable, yet the correlation of the average 

length of second orde r segments with drainage density, the lowest of these 

three, is only 0.4989 . In cont rast, t he correlation coefficient for the 

relationship between t he average length of second orde r segments and 

total stream length (r = .7311) is markedly greater than the value of the 

coefficient for the correlati on between the length of the r estricted third 

order segments and total channel length . Since the correlation coefficient 

for the length of the third order segment with drainage density is only 

0.5539, t he explanation must lie in the fact that the correlation coe ff ­

icient between the leng th of third order segments and the area of third 

order basins is 0.5990, whereas the relationships between the average area 

and the average segment lengt h of second order eives a coefficient of only 

0.5442. 

The relationships between the average drainage areas of each order 

can be satisfactorily explained . Coe fficients of correlation for the average 

area of first orde r bas ins with the average area of second orderbasin~, for 

t he average area of first orde r basins with the area of third order basins, 

and for the average area of second order basins with t he area of thi r d order 

basinsare high (r is greater than 0. 90 in each case) , but it m~st be remembered 

that these average drainage areas are cumulative. For example, the drainage 

area of a second order stream includes the area drained by the fi rst order 

s t r eams which are tributary to it. Thus, variations in lithology and their 

effects on the average areas of each of the orders within the basin may be 

less obvious. These high coefficients between drainage a reas of the lower 

orders and the total area of the basin must be t he explanation for the high 

degree of correlation which exists between the avera~e area of first and 



second order basins and drainage density. 

The inter- areas of orders two and three are highly correlated with 

the average drainage areas of each order, and with the drainage density. 

In each case, however, the correlation coefficients for the inter- area 

of the second order with the average areas of first, second, and third 

orders are higher than the corresponding values for the relationships between 

the inter- area of third order and the average arainage areas of the first, 

second and third orders . Since the inter- area is the area which drains 

exclusively into the channel of given order, part of the explanation for 

this situation lies in the fact that the third order segment in most of 

these basins is rather short; as a result, t he inter- area of third order also 

tends t o be small as compared with the inter-area of second .order . The 

inter- relationships between drai nage areas and inter-areas reflect the 

influence of factors which determine the average drainage area per unit 

channel length over the entire basin . It seems likely, however, that 

the variations in the value of the correlation coefficient are also due 

to changes in causative factors over the basin. Thus for example, the 

correlation between the inter- area of third order and the average drainage 

area of first order is only 0 . 5276, and similarily the correlation between the 

inter-area of third order and the average area of second order is only 

0. 5212 . Nevertheless, the correlation coefficients for the relationships 

betwe en the average inter- area of second order and the average drainage 

areas of both second and third orders are greater than 0 . 9, and for the 

inter-area of thir d orde r with the drainage area of third order is 0.7126 . 

Obviously , the fac t that the inter- area of second order is a contributing 

portion of the av~rage area drained by second order segments and also of the 
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third order drainage area, and that the inter- area of third order is a 

component part of the third order drainage area, is at least in part 

responsible for these high coefficients. The lower r value for the 

correlation between the inter-area of third order and the third order 

drainage area indicates that the inter-area of third order forms a 

lesser proportion of the drainage area of the t hird order than doe s the 

i nter-area of second order in the drainage area of second order segments . 

The inter-areas of both second and third orders are highly correlated 

with drainage density, demonstrating the importance of areas which drain 

directly into the higher order channels to the spread of the drainage net 

over the entire basin. 

The high correlations between drainage areas and stream segment 

lengths in basins of many orders have been demonstrated in the literature 

(Leopold, Wolman and Miller, 1964, Morisawa, 1962). This analysis has 

substantiated such a correlation f or streams in Southern Ontario. The 

correlations between the average drainge area , the average inter-area and 

the average segment length of eac h order are e>.:reater than 0.6. For 

example , the correlation between total stream length and the average area 

of third order basins gives an r value 0.8837. Less well demonstrated 

in the literature are the relat i onships between the average drainage 

areas and segment lengths of the lower orders in the basin; variat i ons in 

the value of the coefficient s for the different orders are again attributed to 

chance varia tions in the lithological factors over the basins. With the 

exception of the average inter-area of third order, the average drainage area 

of each order is highly correlated with the average segment lengths of the othe r 

orders. The average inter-area of third order correlates only with the 

length of the third order segmen t and with the total length of channel 

in the basin, with coefficients of 0.9298 and 0. 5018 respectively. This 
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may be another example of the peculiar charac teristics of the third 

order basins, and of the suggested boundary limitation on the size of 

third order basins by the configuration of the post- glacial surface. 

Confirmation of t his suggestion may also be assumed from the fact that 

the correlation coefficient for the average length of the restricted 

third orde r s egments with the average drainage area of third order basins 

is only 0.5990, whereas t he relationship between the average length and 

drainage area of first order segments is 0.8213 . 

The average area of each order correlates highly with the total 

stream length in the basins. The highest coefficien t is that of the area 

of third orde r basins with the total channel length, the lowest ·correlation 

is t hat between the average area of first order streams and the total channe l 

length; this progression seems reasonable in view of the fact that the 

correlation between total stream length and t otal basin area has been conclusively 

demonstrated (Leopold , Wolman and Miller, 1964 , Morisawa 1962), and obviously 

the "drainage area of first order streams forms a smaller proportion of the 

total drainage area than does the drai nage area of second order. 

The inter-relationships between basin shape and relief fac tors 

and drainage areas and segme nt leng ths are much more complex . As well 

as exhibiting significant correlations with the numbers of streams in the 

basin, the Relief Ratio also corre lates with the average length of first 

order segments (r = 0.6935); the correlation between the Relief Ratio and 

the average length of second order segments, however, i s onl y 0.4999, and 

with the length of the third order segment it is e ven less . Since these 

are the average lengths of t he restrict ed s egments of each order, this 
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decreasing correlation is assumed to indicate the decreasing influence 

of the Relief Ratio outside the first order basins. Within first order 

basins the influence of the Relief Ratio is generally ass umed to be 

proportionally greater than over the basins of higher order. This postulation 

is confirmed by the fact that the correlation between the Relief Ratio and 

the average areas of first, second and third orders decreases from 0.6637 

to 0. 5183 with increasing order. Nevertheless, the calculation of coe­

fficients less than 0. 60 for the correlations between the Relief Ratio 

and the average areas of both se cond and t hird orders again demonstrates 

the importance of the first orde r drai nage areas in the size and charact­

eristics of the higher order basins. The correlation coefficients for the 

relationships between the inter-areas of both second and third orders and 

the Relief Ratio are in both cases considerably less than 0.50 . 

It is perhaps surprising that there is no correlation between the 

Relief Ratio and total channel leng th in the basins; this occurs d~spite the 

high correlation between the average length of first order segments and 

the Relief Ratio. Over the entire area of these t hird order basins in 

Southern Ontario, the slope of the land as it is expressed in the Relief 

Ratio obviously does not have an important influence on the length of 

segments of all orders . Nevertheless, the Relief Ratio does affect the 

length of stream segment per unit area, since the correlation coefficient 

between the Relief Ratio and drai nage density was calculated as 0.5579. 

This confirms the work of Schumm (1956, p. 612) who found that "within 

homogeneous areas of similar development the drainage density is a power 

function of the Relief Ratio". One can only suggest once more that this 



reflects the effect of the Relief Ratio and the general slope of the 

land in determining the drainage characteristics of first order streams. 

As higher order basins are considered , the r est ricted measures of length 

and drainage area of the particular orde r become less affected by the 

influence of the gradient, which itself is also presumably less ened in 

the higher order basins. The effect of the Relief Ratio and it's correlations 

with stream lengths, basin areas and drainage density is felt largely as 

an extension of its influence on these factors in first order basins and 

when the value of such parameters in first orde r basins is included in the 

value of the parameters of the higher order bas ins. This is the case with 

the average drainage area of both second and third orders and with drain-

age density, but not wi t h the leng th of the restricted third order segment. 

Finally, Schumm (1956) suggested that a correlation might exist 

between the Relief Ratio and his Elongation Ratio such that "as the Relief 

Ratio increases the drainage area becomes more elongate". For these Ontario 

streams the correlation coefficient between the Relief Ratio and the 

Elongat ion Ratio was calculated as less than 0.25, and similarily, the 

correlation between the Relief Ratio and t he Circularity Ratio is extremely 

low. Obviously the Relief Ratio does not have an important effect on 

basin shape as Schumm's evidence seemed to indicate; in fact it seems 

possible to present this lack of correlation as one more piece of evidence 

on the glacial surface control on basin boundaries and hence presumably 

on basin shape. 

Two measures of basin shape were included in this simple correlation 

analysis. Neither the Elongation Ratio nor the Circularity Ratio correlates 
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to any degree of significance with stream numbers, nor generally with 

segment lengths . The only exception to this rule is a correlation 

coefficient of 0.5135 for the relationship between total channel length 

and the Circularity Ratio; in all othe r cases the coefficients are 

considerably less than 0.50 . Apparently the outline form or shape of 

the basin does not affect to any great extent the numbers and lengths 

of streams developed within the boundary. It would seem that factors such as 

rainfall, run-off, infiltration and lithology which have an important effect 

on the initiation and development of the stream nets have a much lesser 

effect on the outline form of the basin. Again it is possible to suggest 

that the shape of the drainage basin owes rather more to the configuration 

of the post- glacial surface, which has already been advanced as an important 

factor in these drainage basins. 

In contrast , both these measures of basin shape correlate with the 

average drainage areas of each order; the correlations between the Elongation 

Ratio and the average drainage areas of each order are in each case higher 

than the correlations between the drainage areas and the Circularity Ratio. 

If the outlines of these basins were fixed or partially fixed, then these 

correlations between the measures of basin shape and the average drainage areas 

would seem a reasonable result. It must be noted, however, that the only 

correlation between the inter- areas and the Circularity Ratio and the 

Elongation Ratio is a calculated r value of 0.5021 between the Elongation 

Ratio and the inter-area of second order. Perhaps one can conclude that 

on the 'small scale of the average inter-areas the influence of basin 

shape is less important, despite its effect on the average drainage areas of each 



order. Similarly, there is an over-all inter-action between drainage 

density and both the Elongation Ratio and the Circularity Ratio 
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(r = 0.7422 and 0.6357 respectively). This supports the conclusions of 

Melton (1958 b) who suggested as a 'heuristic explanation' that " •••• for 

a given area and channel length, the shape'' affects only "their arrangement 

and manner of connection". 

It is noticeable that with t he exception of the correlation between 

the Circularity Ratio and total channel length, correlation coefficients are 

higher for the relationships between the average drainage areas of each 

order, drainage density and the Elongation Ratio. Since the Elongation 

Ratio and the Circularity Ratio are correla ted with a coefficient of 0.8550, 

it seems possible to suggest that in Southern Ontario the Elongation Ratio is 

a more efficient and more meaningful measure of basin shape than is the 

Circularity Ratio. 

Finally on the basis of these simple correlation analyses it is possibie 

to express the geometric characteristics of these basins of Southern Ontario 

in terms of a very small number of variabl es. The total number of streams 

is almost completely expressed by the number of first order streams, and 

the correlation between the number of first order streams and the Relief 

Ratio gives a coefficient of 0.6214. Each of the remaining 11 variables 

is correlated with the total drainage area of these third order streams; in 

each case, the coefficient of correlation is greater than 0.54. It is 

not suggested that all characteristics of these basins can be adequately 

expressed only in terms of these two parameters, number of first order 

streams and drainage area of third order basins. It seems possible, 

however, to agree with Melton ' s (1958 b) suggestion that only four basin 



92 

parameters are essential in determining the total geometric properti es 

of drainage basins . These parameters were the total length of stream 

segments, total drainage area, total basin relief. and the length of the 

perimeter. In the present analysis, the total basin relief has been 

expressed as a relief ratio, and the length of the perimeter is incorp­

orated within the Elongation Ratio, neve rtheless, the correlation 

coefficients in Tables XVI and XVII support Melton's conclusions. 



CHAPTER VIII 

SUMMARY OF CONCLUSIONS 

The application of the Horton Lawsto these 18 stream basins 

in Southern Ontari o was outlined in Chapter IV, and g raphical illustrations 

.of the exponential relationships between stream numbers, lengths, and 

drainage areas, and orde r can be seen in Figures 7 to 24. On the basis 

of these graphs and on the evidence of the bifurcation, length and area 

ratios, there seems little reason to doubt the validit y of the 'laws' as 

they apply to the chosen streams. 

Although deviations from the Law of Stream Numbers are in some cases 

quite large, these departures may be plausibly explained in terms of the 

basin size and map scale. All of the basins are small , and the total number 

of streams in each basin is low. As a result, many of the departures from 

a decreasing logarithmic series of stream numbers may be att r ibuted to 

the small sample size of the s tream segments mapped in each basin; in 

only one basin were more than 20 stream segments included on the draina ge 

net. Although an at tempt was made t o comple t e the channel system according 

to contour information, the evidence of air phot ograph checks o f basins 

(1) , (5) , and (l) suggests t ha t the number of first order segments in 
s c c 

the map basins were never theless unde r estimated . This is undoubtedly one 

factor which contributes to deviations f rom the Law of Stream Numbers . 

Four attempts were made to express a rel ationship between stream 

segment length and order. On the combined evidenc e of the graphical plots 

(Figs. 7b to 24b, and Figs. 7c to 24c) and the length ratios (Table VIa and 
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VIb) it was felt that the best statement of a Law of Stream Lencths in 

t hese basins is an exponential relationship between cumulative mean 

se~ment l engths and order. This agrees with the work of Bowden and 

Wallis (1964) and Shreve (1964). 

Schumm ' s Law of Stream Areas was also accepted as a good 

expression of the behavjour of these streams on t he basis of the 

appropria te graphs (Figs. ?d to 24d) and of t he area ratios (Table VIII). 

On the whole, average drajnage areas increase geometrically with order t 

deviations fro m a straight-line plot are low and deviations from equality 

in the area ratjos are also relatively low. 

Notable depar tures from straight line plots of the length and 

area laws were marked in basins (5 ) and ( 6 ) (Fig. ll and Fig. 12); a 
c c 

plo t of the data on stream l eng t hs and areas from the air photograph 

analysis of basin (5) r evealed similar discrepancies in the application of 
c 

the Laws of Stream Le ngths and Drainage Areas (Fig . 26). In theGe basins, 

the tendency for an extremely short thjrd or der segme nt and small third 

order drajnage area can be at l east partiaJ.J.;y explained by t he fact that 

these basins debouc h into Lake Erie where a cl i ff f ace in dicateG that 

coastal erosion has been active for some time . It se ems likely that some 

of t he lowe r part of the basin has been removed as a r esult of this 

eros ion. 

In othe r basins , the tendency fo r a degree of downward concavity 

in the lines joining the plot s of cumulative mean segment l ength and 

drainage area may possibly be expl ained in terms of lithological inhomo-

geneity within the basins ; an added factor may be boundary restric tion s 



95 

l imiting the size of the third order basins . This , it has been sugEested, 

re sults from the configura tion of the post-glacial surface . Subs tan ti a l 

l itholocical variation withi n the basi ns is i mplied by the absence of many 

si.gnificant differences between the values of morphometric properties in 

sand basins and clay basins of the same map scale (Table XV ). Similarly, 

the significant correlations found between the Elongation and Circularity 

Ra tios and the average dra jnagc area of eac h orde r and the l ength of the 

r estricted third orde r segment may be c ited as possible evidence of bo undary 

control of basin size (Table XVII ) . As with t he Law of Stream Numbers , 

the small size of th e sample of segments in each basin may al so cont ribute 

t o deviations from a perfect geome tric series i n the stream lengths and 

drainage ar~as of successive orders . 

The applicati on of ' t ' t e sts to groupings of morphometr j.c p ropertie s 

of each bas in based on basin lithology and map scale gave surpr ising r esults . 

Measures of bas i n sha.pe , relie f , and the nwnb ers of streams in each basin 

are little different in sand bas ins and in claybasins of eithe r scale . 

Stream numbers of themse lves need not nec essarily show any r e l ations hip 

wi th l ithology , nor need there be any siBnificant difference in s t r eam 

numbe rs on t he different map scales , since all ba sins are of t hird orde r. 

Obviously no difference was expected betwee n t he Elonga tion Ratios 

and the Circulari ty Ra tios of the t wo maps sca l es , (Tables XIV ), and the 

f a ct that these rat:i os also do not a}Jparent l y vary significantJy with the 

sand and clay plain lithologies (Tab l e XII I ) confirms the work of Mille r 

(1953) and Coates (1958 ) . Since t he r ange in relief be twee n basins was 

del ibe r ately r estricted at the outset and since both sand and clay plai n 
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areas are the deposits of glacial lakes, it seems quite · plausible that 

s iGni ficant differenc es in t he Rel i ef Ra tio have been suc cessfully 

eliminated. 

Of the r emaining pr operti es, those of stream lengths, dr ainage 

are as and drainage density were expected to vary most conclusively with 

l ithology . The work of various authors confir ms this ·assumption (Coates, 

1958, Miller 1953, Gray 1961) . Nevertheless, cal culated 't' values we r e 

higher for each of these parameters when the mean val ues of the paramete rs 

in 1:50 ,000 map basins were tested against their mean values in 1 : 25,000 

map bas i ns, t han when the mean values in sand basins were tested against 

the mean values in clay basins (Tables XIII and XIV ). When the par ameters 

measured in clay basins on a scale of 1 : 50 ,000 were tested against the 

same parameters measured in sand basins of the same scale (Table XV), 

only two properties had significantly different mean values . For the 

mean values of t he length of first order streams in these two groups, the 

calculated t value was 2 . 23418, and f or the total area of the basins, the 

t value for the difference in the means was 2 .03748 . In each case there a re 

10 degrees of freedom, and these calculated t values are significant above 

the 95% level. 'The calculated t value for the means of the remainder o f 

the 15 parameters did not reach the 95% level of significance . It is 

possible that a larger sample of sand and clay basins would produce 

significant results in some of these 13 parameters . This postulate is, 

however, partly nul lified by the fact that a test of the differences between 

the mean values of individual first order basin areas in three sand basins 

against those in three clay basins did not quite reach the 95% level of 
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significance; in this te s t there we re 40 degrees of freedom. 

It is finally s ug£;csted that this lack of overall significant 

differences between snnd and c lay basins is the result of inherent 

lithological variations with in the i ndividual basins . These variations 

are apparently so g r eat as t o obscure contrasts between the t wo groups . 

Since these ' t' t ests demonst rated high ly significant differe nces 

between 1: 50 ,000 bas ins and 1 :25 , 000 bas:ns for eight of the mPa s ured 

paramete rs, it was not felt that these groups could be treated as if t hey 

derived fr om the same pa r e nt popula tion. The l arge r group of basins , those 

on th e 1:50,000 s cale , were however , assumed to be a sample from on e parent 

population since the differences be tween sand and clay basins were incon­

clusive . As a result , the morphome tric propert ie s of all basins mapped on 

the 1:50 , 000 sc a l e were used in a seri es of simple correlati on analyses. 

The correlation coe fficj ent ' r ' was ca l culated fo r each pairing of the 

para;neters , a nd r.i gnificant correlations in which the coefficient had a 

calculated value Breater than 0.50 are recorded in Tables XVI and XVII. 

On the whole significant corre l ations correspond we ll with such 

correlations quoted in the l iterature . Average drainage areas and seGment 

l engths of each order co rre l ate highly with each other (most coeffi cients for 

t hese correlations are g r eater than 0 .60 ). For example , tota l drainage area 

and t otal channel l ength in each basin correlate with an r value of 0 . 8857 . 

Similarly , the av erage drainage area of each order is highly correlated 

with the average drainage area of the other orders ; the average segment 

l engths of each order are also highly correlated with the average segment 

l engths of the othe r orders . These rel ationships may be attributed to the 

effect of factors such as lithology , soil resistivity, infiltratjon , vege tation , 



and climate, which determine or help to de t ermine stream lengths and 

drainage areas . The variable value of the correlation coe ff icients is 

probably related to differences in the influence of these factors within 

each basin. Since the value of t he average drainage area of each order and 

the segment leng t hs of each order obviously contribute to the value of 

drainage density for the basin, it is not surpri sing t ha t these parameters 

are highly correlated with drainage density . Similarily, the very hi gh 

value of r for the correlation between the number of first order streams 

and the total number of streams in the basin is a r eflection of the fact 

that the number of streams forms s uch a large proport i on of the total 

number, 

Surprisi ng results were d i scovered when correlations we r e sought 

between parameters of stream leng ths , areas and numbers and measure s of basin 

shape and relief . Both the number of first order streams and total number 

of streams are highly correlated wi t h the Relief Ratio. Si nc e this Relief 

Ratio is a measure of the overall basin gradient, and must r eflect the 

value of the downslope component of gravi ty , it seems that this for ce of 

gravity mus t be an important factor in the initiation of stream channels . 

The Relief Ratio is also highly correlated with the length and drainage 

area of first order streams; this again must be a reflection of the effect 

of ground slope on stream devel opment, and on the spread of the drainage 

network. These relationships substantiate the work of Schumm (1956, p . 613) 

who stated that ''the steeper t he sl ope on which s mal l basins develop, the 

more closely spaced are the drainage channels" . His emphasis on small 

basins is confirmed in this study by the fact that correlation coefficients 

between stream lengths and areas and the Relie f Rati o are lower for the 

higher order streams . In these larger basins, the effect of the force of 
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gravity is minimized, and apparently other factors become more important 

in determining drainage areas and segment lengths. Nevertheless, there 

is a low correla tion between the Relief Ratio and drainage density, 

emphasizing the continued importance of basin relief in it's influence 

on the spread of stream channel s over the third order basins. 

The ratios of basin circularity and elongation apparently do 

not generally correlate with segment lengths. Only the total length of 

channel correlates to a low degree with the Circularity Ratio. It seems 

that the shape of the basins has little influence on the length of channels 

within the basin. On the other hand, correlations with fairly high coef­

ficients exist between the Elongation Ratio and the average drainage area 

of each order, and slightly lower coeffic ients were calculated for the 

relationships between the Circularity Ratio and the average drainage areas 

of each order. This may well be a reflection of the postulation of boundary 

control on the bas~ns by the configuration of the pos t - glacial surface on 

which they are deve loped. Such limitation of basin shape and size would be 

reflected in high correlations between parameters of basin shape and 

drainage areas such as were actually f ound . This conclusion is further 

substantiated by the fact that neither the Elongation Ratio nor the Circ ­

cularity Ratio show any tendency to correlate with the Relief Ratio. Schumm 

0956), suggested that the Relief Ratio may be a power function of the 

Elongation Ratio . The lack of sue~ a relatioriship in t his study supports 

the conclusion that some external factor may have more influence on basin 

shape. The irregularities of the post -Pleistocene surface may well have 

offered 'ready -made' basins owing more to retreating lake waters and 

earlier effects than to factors such as the Relief Ratio, which have 
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apparently affected basin sha pe in non- glaciated areas~ 

In conclusion, it is found t hat Horton's empirical Laws of 

Drainage Composition are broadly applicable to stream basins in these 

areas of glacial lake sedimen ts. This agrees with the concl usions of 
~ 

Roberts (1963) who analyse d the characteristics of the Hu~e r drainage 
,~ 

net near Toronto. Map s cale differences are more important than the 

supposed lithological differences betwe en Chapman and Putnam 's (1951) 

sand and clay plain areas in thei r influence on the values of morphomet r i c 

properties. Finally , most parameter inter-relationships are comparable to 

t hose f ound in different areas of the United States . However, the influence 

of the characteristics of the post - Pleistocene surfac e on which these small 

streams were initiate d has resulted in certain peculiarities i n the 

a pplication of the Horton Laws, the confusion of the expected lithological 

influence on the morphological properties, and in certain unusual parameter 

inter-relationships. 
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