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ABSTRACT

Soil properties are examined from two perspectives: (1), in relation to

classes and categories of classification systems, and (2), in terms of mathe

matically tractable, chemical and physical continuums. Through four indepen

dent studies, major limitations of each approach are defined and evaluated.

The first study examines samples from six different types of horizons

commonly found in podzolic soils. The results suggest that in a chemical

context the hori zons do not represent di st i nct ent it i es; rather they appear

to dominate overlapping regions along a multidimensional chemical spectrum.

The second study analyzes the extent to which V.J. Krajina's phytosociologi

cal classification of biogeocoenoses explains the variability of a number of

site properties. It is determined that many of the physiographic properties

are significantly related to the association category of the system, but that

many of the pedologic properties are not. The two studies lead to a

dichotomy concerning classification and the statistical relationships both

among soil properties and between soil properties and other elements of an

ecosystem. Hhere sarnp 1i ng is restri cted to comparatively 1imited ranges

along environmental gradients, relationships may be so weak that a classifi

cation based on only a few properties or elements may not be that useful for

associated properties and elements. On the other hand, because of the
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implied high degree of variability, attempts to develop a holistic, inte

grated classification are not likely to be highly successful either.

In the thi rd study chemi ca 1 and physi ca 1 changes across a prograded

beach chronosequence are exami ned. It is found that soi 1 development over

both time and depth may be modelled by a non-linear regression equation. The

1ast of the fou r studi es concerns an eva 1uat i on of the extent to whi ch the

inherent variability of soil properties masks expected trends across a

morai na 1 chronosequence. For those properties most affected by vegetation

success i on, the same type of regress ion equation as used in the previ ous

study was applied with excellent results. For the other, less dynami c

properties, assumed trends were tob obscure to model. The two stutli es

suggest that, where soil properties are directly influenced by strong envi

ronmental gradients, ordination techniques may be quite illuminating. In

less biologically stressful environments and in those which have reached

steady state, both the predictive and explanatory capabilities of such

techniques may be relatively low. These findings closely parallel those

discussed earlier concerning classification.

The thesis concludes that for many applications attempts to model and

map the landscape as an integrated whole snould be abandoned. Furthermore,

instead of viewing the landscape from either a classification or ordination

"
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perspective, digital terrain models should be considered. Data for the

models could be generated from regionalized, statistical, stochastic, and

deterministic equations, calibrated with ground truth observations. Tradi-

tiona1 polygon and contour maps can also be transformed into digital terrain

models. Landscape interpretations could then be tied directly to measured

and estimated data. This approach involves a minimum loss of information and

is conceptually simple.
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INTRODUCTION

In pedology as well as other natural resource sciences considerable

effort has been expended on the development of sophisticated classification

systems. Most of these systems work well when highly dissimilar objects are

being compared. A well developed Podzol for example differs from a well

developed Chernozern on almost any scale of measurement. Virtually any class

ification which places the soils or ecology of the West Coast Mountains into

different groups from those of the Canadian Prairies is likely to be of some

merit, whether the objective of the scheme is general, such as promoting a

better understanding of environmental dynamics, or specific, such as aiding

in the evaluation of forestry or agricultural capability.

However, both the utility and validity of many classification systems

cannot necessarily be taken for granted, particul arly where the differences

among objects are less pronounced. Three reasons for this are related to the

nature of the population distribution, the choice of differentiating

criteria, and the existence of variability which cannot be ascribed to defin

able environmental functions. Firstly, if the divisions among classes do not

correspond to regions of minimum density along graphs of univariate or multi

variate population distributions for properties of interest, the classifica

tion may appear as very artificial and of little value. Secondly, even

though two groups of objects may differ markedly with respect to certain

attributes, they may still fall into the same class, should these attributes

neither be differentiating criteria in the cJassification nor covary strongly
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with those which are. Finally, if the non-attributable variability composes

a large proportion of the total variability of a set of given properties,

then the classes of a classification based on those properties will not be

very distinct from one another, even if all other conditions are ideal.

Recognition and resolution of these potential classification problems is

of practical as well as academic value, especially at a time when so much

interest is heing placed on intensive management of our natural resources.

Planning and assessment activities by government and industry are frequently

based on maps or evaluation guidelines which in turn are tied directly to one

or more classification schemes. Consequently, the true information content

of such schemes becomes an issue of central concern. This taises the

questions of whether there are other systems which may prove more worthwhile.

Instead of defining classes and categories, should ordination techniques be

cons i dered? Are there other approaches whi ch me rit cons i defat i on? Are or

should the answers to these questions be influenced by the availability of

high speed data processing to the natural resource disciplines?

The breadth of required critical analysis evoked by such questioning is

well beyond the scope of this dissertation. Instead, certain aspects have

been rigorously tackled. Chapter 1 concerns a test of the distinctiveness of

various types of soil horizons. Chapter 2 analyzes in detail some of the

pedological aspects of V.J. Krajina's classtfication of biogeocoenoses.

Chapter 3 concerns the appl i ca,t i on of data reduct i on and regression tech

niques to soil genesis. Chapter 4 also studies soil genesis, but with
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considerable emphasis given to the variability of the soil and also to the

relationship between soil and plant development. Thus, the first two

chapters deal with the va 1ue of two commonly used cl ass ifi cat i on systems.

Though restricted to only one or two of Hans Jenny's state factors, the last

two chapters treat 50i 1s and ecosystems as cont i nuums; in so doi ng, they

represent attempts at modelling the landscape in a non-classificatory manner.

In all four chapters new numerical or statistical techniques are introduced

to pedology. The conclusion of the dissertation provides summaries of the

four studies, an overview of the significance of the findings, and some

proposals concerning the analysis and handling of natural resource data.
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CHAPTER 1

COMPARISON OF SOME POOZOLIC HORIZONS USING CHEMICAL PROPERTIES

ANO THE MULTIVARIATE OENSITY EQUATION
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Theories of pedo~enesis and classification are based in large measure on

the recognition of soil horizons and an understanding of their development.

A century ago Dokuchaev and his colleagues initiated the science of pedology

with their study of the development and distribution of Chernozems and Pod

zols, soils both readily distinguished in the field by their characteristic

horizons. Marbut, writing in 1920, listed eight features which should be

used when defining a soil; seven of these related directly to the horizons

while the eighth was concerned with the geology of the soils ~aterial (Bald

win et al., 1938). His thoughts were echoed thirty-nine years later from a

different perspective by Simonson (1959); "Soil genesis can be viewed as

consisting of two steps; viz, (a) the accumulation of parent materials, and

(b) the differentiation of horizons in the profile."

This marriage of pedogenic theory and soil classification has been rein

forced by the genetically oriented, soil taxonolTJies which have been promul

gated by the U.S. Soil Conservation Service (Soil Survey Staff, 1975) and the

Canada Soil Su rvey Commi ttee (1978). These cl assifi cat i on systems are con

cerned fundamentally with the recognit i on of di agnost i c hori zons, each of

which is defined in terms of differentiating soil properties having values

within specified ranges. Ideally, each of these properties has a number of

acccessory properties which vary with it (Cline, 1949). If this occurs, the

following thesis should hold true: where soils have developed from litholog

ically homogeneous parent materials, horizon types can be expected to be

distinct from one another in terms of those soil properties related to

pedogenesis.
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A multivariate space model can be constructed in which the coordinate

axes are defined as soil properties (Norris, 1970). Within this model each

horizon sample in the data set is plotted as a single point; consequently,

each type of horizon is represented by a group of points. Two questions are

relevant. Firstly, to what extent do horizon groups occupy different regions

of the space? Secondly, in a numerical or statistical context, to what

extent can the grouping of the points into the horizon types be considered as

an optimu~ grouping? The present discussion attempts to answer these ques

tions using chemical data from six different types of horizons of Podzolic

soils. Several types of parent materials exist in the study area, but they

are all derived from granodiorite bedrock.

DATA BASE

The soils were collected as part of an ecosystem classification program

conducted throughout the 5100 ha Uni vers ity of British Col umbi a Research

Forest (Klinka, 1976). Located in the foothills of the Coast Range Mountains

of southwestern British Columbia, the Forest consists of rugged mountainous

land which was heavily glaciated until approximately 10,000 years ago. The

soil parent materials are dominantly glacial till and colluvium with associ

ated deposits of glaciofluvial, glaciomarine, and alluvial origin. The sedi

ments are coarse grained and have been derived from several varieties of

granodiorite bedrock. In some bogs volcanic ash is present as a distinct

1aye r.
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The 158 sample plots were selected such that each plot would approximate

a modal ecosystem individual; thus, transitional areas (ecotones) were

excluded from sampling. Of the 158 pedons sampled from the centres of the

plots, 112 were me~bers of the Podzolic Order (C.S.S.C., 1978). Included in

these were 40 F .hori zons, 42 H hori zons, 39 Ah hori zons. 58 Ae hori zons. 46

Bhf horizons, and 132 Bf horizons (Klinka. 1976). Thirty horizons from each

type were randomly chosen wi th no rega rd to the frequency of samp1i ng from

each of the pedons. The F and H designated horizons were either true F or H

horizons or LFH horizons considered in the field to consist of 90 to 95

percent F or H material, respectively. The Ah category included both Ah and

Ahe horizons. For each horizon twelve properties were measured: pH; percent

organic carbon; percent total nitrogen; carbon/nitrogen ratio; exchangeable

calcium. magnesium, sodium and potassium; cation exchange capacity; percent

base saturation; extractable iron; and extractable aluminum.

CHEMICAL ANALYSIS

The pH was measured in 0.01 M CaC12 (1:2, Peech, 1965). Organic

carbon was determined using the Leca analyzer. The semi-micro Kjeldahl tech

nique was used to establish total nitrogen (Bremner. 1965). Cation exchange

capacity and exchangeable calcium, magnesium, sodium, and potassium were

determined by the ammonium acetate method at pH 7 (Chapman, 1965). Iron and

aluminurl were extracted by sodium pyrophosphate (Bascomb, 1968). All cation

concentrations in extracts were measured by atomic absorption spectrophoto

metry.
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NUMERICAL ANALYSIS

The multivariate spatial relationships of groups to one another are

determined with the use of a measure and an associated objective function.

The approach is simi lar to the techiques used by Webster and Burrough (1974)

and hy de Gruijter (1977). By basing their analysis on t4ahalanobis distance

and Wilks' lambda, Webster and Burrough assume a common variance-covariance

structure for all groups. Geometrically, this is equivalent to assuming that

the regions of the multivariate space occupied by the groups' respective

points are best represented by ell ipsoids of equal size and orientation. de

Gruijter uses euclidean distance and the average squared euclidean distance

from a point to its group's centroid. In so doing he rejects the notion of

covariance altogether and aSSUMes a common variance structure for all groups;

thus, in his multivariate space model the groups of points are treated as

residing in equally sized hyperspheres.

The present study employs multivariate density calculated on the

individual group covariance matrices and an objective function developed by

Scott and Symons (1971). It is assumed that the variance-covariance struc

ture of each group may di ffer si gni fi cantly from those of the other groups.

The geometri c equi va 1ent of thi sis the assur.1pt i on that the poi nts for the

groups may be perceived as enclosed in ellipsoids with sizes and orientations

independent of one another. Si nce the groups in the study are di fferent

types of soil hori zons, each domi na ted presumably by different pedogeni c

processes, this approach is most appropriate.
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Multivariate density is defined as follows:

(Eq. 1.1) f 0 kJ,

2
(21T) -·5p V.-·5 e-· 5d ., d2 ~ (X U )TV -l(X U )

k-· . k- 0

J J J J

where f· kJ , is the density of the kth observation with respect

to the jth group,

p is the number of variables,

Vj is the covariance matrix for the jth group,

d2 is the squared Mahalanobis distance,

Xk is the vector of values for each of the vari ab 1es for the

kth observation, and

Uj is the vector represent i ng the centroi d coordi nates for the

jth group.

For the situation where the kth observation comes from the jth

group, an alternate density, f*j,k, can be defined by replacing d2 with

d*2 :

(Eq. 1.2) f* (2 )-.5p VJo-.5!e-.5d*2andjk = 1T

22232 2
d* ~ n (n.-2)d /((n.-1) ·(l-n.d /(n.-1) ))

J J J J

where nj is the nllmber of observations in the jth group.



-------------- --

10

This formula (Halm 1976; Jennrich and Sampson 1977) represents a short cut to

rletermining what the squared Mahalanobis distance would be if the kth

observation were not a member of the jth group.

d2jO, f*j,k is always less than fj,k.

It happens that with

It is strai ghtforward to determi ne to what extent predefi ned groups

overlap. Let M be a classification matrix of order 9 x 9 with eler.1ents

fTIi,j where 9 is the number of groups. Each e1efTIent equals the number of

observat ions of group i for whi ch density is greatest wi th respect to group

j. The quantity Tr(M)/N, where N is the number of observations, equals the

proportion of the observations which are identified with the groups to which

they belong. The sum of opposed matrix elements across the diagonal, i.e.,

mi,j+mj,i, i/j, provides information as to the extent of overlap

between groups i and j. A matrix M* can be sir~ilarly defined using

f*j,k where appropriate instead of fj,k. It can be argued that the

quantity Tr(M*)/N provides a less biased estimate of the robustness of the

classification scheme. Note that Tr(M*)/N is always equal to or less than

Tr(M)/N.

The relative goodness of a classification of N observations into 9

groups can be tested with an objective function developed by Scott and Symons

(1971). The function, referred to here as S, can be defined as follows:

9 n.
(Eq. 1.3) S = II W. J ; W. = (n.-l).V.

i=1 J J J J

where Wj is the sum of squares and cross-products matrix for the jth

group.
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The more compact the groups are, the sma 11 er is the va 1ue of S.

optimum classification S is a mini~um.

For an

When N is even moderately large, the number of possible combinations of

N ohservations into g groups is so great that there exists no practical way

to derive with certainty the globally optimum classification. However, there

are a number of iterative dynamic clustering routines for obtaining locally

optimum classifications. 50 long as the value of 5 decreases with each iter-

ation, reallocation can he either random or based on the best value of a

gi ven measure. Di fferent start i ng poi nts and di fferent procedu res may 1ead

to a plethora of local optima; often though, the membership of the better of

these classifications ,will be quite similar. The best of these, the one for

which 5 is smallest, mayor may not be the global opti~um.

In the present work several dynamic clustering methods were tried. The

smallest value of 5 was obtained by the following method. For all observa-

tions the alternate density, f*j,k, is calculated with respect to each

of the original groups. Next each observation is allocated to the group for

which the value of f*j,k is greatest. For the resulting second genera-

tion groups, centroids and covariance matrices are determined, and a new

value of 5 is calculated. Assuming 5 has decreased, the procedure proceeds

again. For this iteration f*' kJ , is now based on the newly created

groups. Reallocation leads to a third generation of groups. Iteration of

the process stops if ~o reallocations are made, if 5 has not decreased, or if

any of the group covariance matrices are singular.
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When dynamic clustering as outlined above was tried using fj,k

instead of f*· kJ, , S decreased, but neither so quickly nor so far. With

Mahalanobis distance as the measure, Wilks' lambda continually decreased,

while S behaved erratically. Clustering was also tried using euclidean dis

tance as the measure. In this case the average squared euclidean distance of

a poi nt to its group' scent roi d decreased and Saga in behaved errat i ca 11y.

Unless the groups are well segregated in the multivariate space, a resulting

optimum is highly dependent on the measure and objective function used to

define it. Consequently, the choice of measure and function must be regarded

as critical.

Comparison between each new set of groups and the original c1assifica-

tion can be made by construction of a 0 matrix, analogous to the M and M*

matri ces di scussed earl i ere o is composed of the elements qi,j, where i

and j refer to membership in the ith original group and the jth new

group, respectively. Should the new classification be an optimum, and if the

omatrix can be organized such that the largest value in each column falls on

the diagonal, then Tr(O)/N serves as a simple indicator of the validity of

the original classification.

RESULTS AND OISCUSSIONS

Table 1.1 displays the matrix M* giving the degree of overlap among

horizons using f*j,k as the measure. Interpretation of the matrix is

straightforward. Group 1 is composed of those observations which are
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Table 1.1: Comparison Between Original and Second
Generab on Classlflcabons

G R 0 U P

• 1 2 3 4 5 6

F 20 10 0 0 0 0

H 1~ 13 2 0 0 0

Ah 0 4 17 0 7 2

Ae 0 1 2 20 3 4

Bhf 0 2 6 1 20 1

Bf 0 0 5 1 1 23
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nea rest, in the sense of a greatest f* j ,k va 1ue, to the F horizon cen

troid. Group 2 is related to the H horizon and so forth for the other groups

and horizons. For example, of the 30 F samples, 20 have the highest

f*j,k value with respect to their own group centroid and 10 have the

highest f*j ,k value with respect to the H horizon centroid. The major

misallocations on the matrix involve the F and H horizons and the Ah and Bhf

horizons. Of the 67 off-diagonal observations, 25 involve cross-identifica-

tion between the F and H groups and 13 between the Ah and Bhf groups. There

are much smaller degrees of overlap present between all pairs of the mineral

horizons and also between the H and the Ah, Bhf, and Ae horizons.

Tab1e 1. 2 shows that the value of Scott and Symons I object i ve funct ion

is 10456 for the original horizon groups and 10241 for the six new groups.

Thus in the multivariate space these second generation groups appear to be

more tightly defined. Also shown on Table 1.2 for the new groups is the

value of Tr(Q)/N, equal to (20+13+17+20+20+23)/180, or 0.63. Thus, 63

percent of all observations are closest to the centroid of the horizon to

which they belong.

identical.

Note that in thi s case the rna t ri ces M* and Q are

Reiteration with the new groups as the starting point results in a third

generation classification (Table 1.3). The major misallocations are again

between the F and H hori zons and between the Ah and Bhf hori zons. As i ndi

cated on Table 1.2 the values of Scott and Symons' objective function and of

Tr(Q)/N have dropped to 10 159 and 0.62 respectively.
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Table 1.2: Values of Sand Tr(O)/N for the Four Classifications

Classification S Tr(O)/N

Original Horizon Groups 10456 not applicable

Second Generation Groups 10241 0.63

Third Generation Groups 10159 0.62

Fourth Generation Groups undefined 0.54
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Table 1.3: Comparison Between Original and Third
Generation Classifications

G R 0 U P

1 2 3 4 5 6

F 23 7 0 0 0 0

H 11 18 1 () 0 0

Ah 0 8 15 0 6 1

Ae 0 2 5 16 1 6

Bhf 0 3 9 0 18 0

Bf 0 n 8 1 0 21
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Iteration another time produces the fourth generation classification

(Table 1.4). Cross-identification between the F and H groups and between the

Ah and Rhf groups is high, but it is also high between most other pairs of

groups. The value of Tr{Q)/N is given on Table 1.2 as equal to 0.54. Calcu

1at i on of Scott and Symons I object i ve function is meani ngl ess because one of

the groups contains only eight members, a number less than the number of

variables used in the analysis. When this condition occurs, the covariance

matrix for that group is said to be singular. For this same reason it is no

longer possible to iterate with Equation 1.2.

The third generation classification would appear to be an optimum in the

sense that the objective function has the lowest definable value. On the

other hand, since all of the observations do not have the greatest density~

f*j,k, with respect to the group to which they belong, this optimum is

not very satisfactory. Regardless of the difficulties in defining a statis

tically optimum classification, it is clear that the original horizon classi

fication must be viewed as considerably less than optimum.

The results of these iterations suggest that while none of the horizons,

either singly or collectively, forms an isolated cluster, each does tend to

fall into a definite region of the multivariate space. If this were not the

case the values of Tr{Q)/N in Table 1.2 would be much lower. The limited

degree of spatial regionalization suggested here is due in part to the

presence of precise boundaries explicit in the definitions of some of the

groups, e.g., the percent carbon breaks between the organic and the mineral
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Table 1.4: Comparison Between Original and Fourth
Generation Classifications

...
G R 0 U P

1 2 3 4 5 6

F 22 8 0 a a a

H 11 19 a 0 0 a

Ah a 10 16 0 3 1

Ae 0 5 6 8 1 10

Bhf 0 3 10 0 16 1

Bf a 0 12 0 1 17
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horizons and between the Bhf and Bf horizons. However, in part it is

probably a result of a different balance of pedogenic processes operating in

each of. the horizons.

It Inay be that if the F and H 1ayers had been more precisely defi ned in

the field then a greater degree of separation between them would have been

manifest in the multivariate space. Alternatively, it has been suggested

(L.E. Lowe t personal communication) that had different chemical properties

been used t they may have appeared better separated. The confusion between

the Ah and Bhf horizons is somewhat more serious in that the physical differ

ences between them are often vague. Because the presence or absence of each

of these horizons is of direct importance to soil classification t it may be

that the distinction between them should be precisely defined. However, it

should be noted that their relationship at the Research Forest may be compli-

cated by the possible presence of volcanic ash in the soil t a factor which

could result in the Ah horizons having chemical properties similar to those

of the Rhf horizons (C.S.S.C q 1978). Although there is no fTlorphological

evidence of ash in any of the pedons sampled, this possibility should not be

dismissed completely, since ash is known to exist elsewhere in the Forest.

CONCLUSION

For the data in this study it was shown that cross-identification

between F and H horizons and between the Ah and Bhf horizons may be consid

ered as fairly high. Nevertheless t an overall evaluation of the horizon



20

classification system clearly indicates that while none of the six horizons

forms an isolated cluster, each of them appears to occur in a definite region

of the multivariate space. Similar analyses of larger and more complete data

bases would be of value.
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CHAPTER 2

THE RELATIONSHIP OF SOIL AND PHYSIOGRAPHIC ATTRIBUTES

TO AN ECOLOGICAL CLASSIFICATION SYSTEM
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Ouring the last decade there has been increased interest in North

APlerica in an ecosystem approach to forest resource management (Kimmi ns,

1977). In western Canada this has led to the development and utilization of

several types of ecosystem classification schemes. Among those successfully

applied in British Columbia is the system developed by Krajina (1960, 1965,

1969, 1972, 1977) and his colleagues (Wali and Krajina, 1973; Kojima and

Krajina, 1975; Hoefs et al., 1975; Klinka, 1976; Beil et al., 1976; Klinka

and Skoda, 1977; Utzig et al., 1978; Annas and Coupe, 1979; Klinka et al.,

1979; Kojima and Krumlik, 1979; Klinka et al., 1980). Discussions of the

system may al so be found in some standard textbooks (Mueller-Domboi sand

Ellenberg,1974; Daniel et al., 1979; Spurr and Barnes, 1980).

Krajina's classification is considered to be truly ecological in scope;

however, it is based primarily on the identification of climax plant communi

ties. Use of the system is of particular interest to soil scientists in

British Columbia because of the following assumption inherent in the system:

an ecological classification, essentially phytosociological in nature, can be

employed profitably to explain the variability of those soil and physiogra

phic properties thought to interact strongly with the vegetation. An in

depth analysis of this assumption is the object of this paper. The manner of

investigation is discussed after a brief description of the classification

system.

Krajina's approach to classification involves several levels of integra

tion, two of which are relevant here. The first concerns the definition of a

biogeocoenosis. Synonymous with the term ecosystem (Tansley, 1935), a
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biogeocoenosis refers to a concrete entity on the ground with finite boun

daries, containing both uniform vegetation and site characteristics (Sukachev

and Dy1is, 1964). Thus it contains vegetative, faunal, microbiological,

climatic, and soil elements which are conceptualized as being in dynamic

equilibrium. The vegetation within a biogeocoenosis composes a phyto

coenosis, the plant community. Taxonomically, climax plant communities are

classified into plant associations. Where different biogeocoenoses are

characterized by the same association, their overall climatic, moisture, and

chefTlica1 regimes are presumed to be approximately equivalent (K1inka, 1976;

K1inka and Skoda, 1977).

A second level of integration of Krajina's system involves the construc

tion of a phytosocio10gica1 classification (Krajina, 1977). The classifica

tion follows Braun-B1anquet ' s taxonomy of plant communities (Braun-B1anquet,

1964), whereby associations are grouped hierarchically into alliances, orders

and classes. The groupings are based mainly on the floristic properties of

the ecosystems. It is assumed that the higher the category of the taxonomy,

the broader is the spectrum of some of the associated pedologic and physio

graphic attributes (Krajina, 1969). The phytosocio10gica1 classification is

applied to biogeocoenoses as well as phytocoenoses. Consequently, the class

ification is presumed to be valid not only for vegetation, but also for those

site characteristics which significantly interact with the floristic elements

of the ecosystem.

The present study analyzes the relationship of forty pedologic and

physiographic properties to the association, alliance, and order categories
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of the system. The cl ass category is not consi dered because of data base

1imitations and because of its very limited usage in the 1iterature. Two

major issues are addressed.

(1) To what extent does the va ri abil ity of each of the properties increase

as the degree of generalization increases through the categories?

(2) Ignoring the categorical rank, how much does the organization of the

biogeocoenoses into associations, alliances, and orders help explain the

variability of each of the properties?

The two questions can be examined appropriately in a univariate context with

the use of nested and one-way analyses of variance, respectively. Because

univariate analyses are used exclusively, the study does not examine the

ecological principle of compensating factors. Note as well that the legiti-

macy of the taxonomy as a phytosociological classification is not questioned.

Rather the study simply attempts to ascertain the extent to which the three

selected categories of Krajina's taxonomic system explain the variability of

a number of soil and physiographic properties.

DATA BASE

The data comes from a study by Kl i nka (1976) at the Uni vers i ty of

British Columbia Research Forest located in southwestern British Columbia. 1

1 The numbers of the plots in Klinka (1976) from which the data were taken
are as follows: 2, 3, 4, 5, 6, 7, 8, 12, 13, 14, 16, 19, 20, 22, 23, 24,
25, 26, 27, 28, 29, 30, 31, 32, 33, 36, 37, 39, 41, 42, 44, 46, 52, 53,
54, 55, 56, 60, 62, 63, 74, 75, 79, 82, 87, 89, 90, 97, 99, 100, 104, 111,
114, 116, 119, 148, 150, 153, 155, 158.
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The study groups the biogeocoenoses of the Research Forest into twenty-four

associations. Of these twenty-four taxa, fourteen have complete environ

mental data and are adequately represented to be included here. The fourteen

associations fall into eight alliances, and these in turn into three orders.

Included in this hierarchy are sixty biogeocoenoses, each of which was

sa~pled once. Figure 2.1 displays the synopsis, the names of taxa, and the

number of biogeocoenoses which each contains. The stands, all naturally

estahlished, range in age from approximately 100 years to greater than 250

years; they represent mature to 01 d growth stages of success i on. Although

the time factor has not been held constant, the earlier, most dynamic periods

of ecosyste~ development have been excluded.

The properties under investigation include eight physiographic factors,

four mineral soil textural characteristics, fifteen mineral soil chemical

attributes and thirteen forest floor (LFH) chemical dttributes. Because

mineral soil data were collected on a horizon basis, it was necessary to take

weighted averages for each of the nineteen mineral soils properties. Both

arithmetic and exponential weighting procedures were used, bringing the total

number of parameters up to fifty-nine. The properties with their abbrevia

tions are listed in Table 2.1.

NUMERICAL METHODS

For each of the mineral soil textural and chemical properties, data for

the horizons within the rooting zone of each pedon are redu..ced to a single

value. This was accomplished using both arithmetic and exponential weighting

procedures. With the arithmetic method the single pedon value is defined as

follows (Kloosterman and Lavkulich, 1973):

".



Figure 2.1: Synapis af the Taxa--_.-

Sample
Size

2

5

5

Association

Liehen - Gaulthepia - PC - PM

Stokesiella - Gaulthepia - TH - PM

Mahonia - Gaulthepia - TH - PH

Alliance

Gau lthepia - PM

Order

Pseudotsuga
menziesii

5

2
Plagiotheeium - Rhytidiadelphus - TH - PM
Hyloeomium _ Mahonia _ TP _ PM I Rhytidiadelphus - TH

4

3

6

4

7

5

3

6

3

Hyloeomium - (Polystiehum) ~ PM&TP - TH

GaulthePia - Vaeeinium - RM - TH

Rhytidiopsis - Vaeeinium - AA - TH

Bleehnum - Vaeeinium - AA - TH .

PolypodiwlI - Polystiehum - PM - TP

Mahonia - Polystiehum - PM - TP

TiapeU'1 - Polystichum - TP

Rubus - Ivlystiehum - TP

Ribes - ,11,lopanax - TP

Hy loeomium - TH

I Vaeeinium - TH

Bleehnum - AA - TH

Polystiehum - RM - TP

TiapeUa - TP

Oplopanax - TP

Tsuga
hetepophyUa

Thuja
pHeata

1',)
C)

The names of trees speci es ,II"(' abbrevi a ted as follows;
AA - Abies amabilis, PC - /'il/lli' contopir!., RM - Pseudotsuga mensiesii, TH - Tsuga hetepophyUa, TP - '1'huja I,lieata
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Table 2.1: Description of Properties

Property Description Laboratory Reference

------------------ General Physiographic Factors ---------------------------

EL
SL
RA
CaSAS
PRS
PCF

OPO
OPM

Elevation
Slope in percent
Incoming solar radiation (month of May)
Cosine of aspect
%of ground surface as rock or stone
Field estimate of %of soil as coarse
fragments (>2mm)

Depth of LFH layer
Depth of rooting zone

Buffo et al., 1972

Soil Textural Characteristics* --------------------------

COFR
SAND

SILT
CLAY

r, Coarse fragments (>2mm)
%Sand «2mm, >50pm)

% Silt «50~m, >2~m)

% Cl ay «211m)

Sieve
Sieve and pipette,
Jackson, 1958

"
II

*

Mineral Soil** and Forest F1oor** Chemical Attributes----------

PHH pH-measured in water 1: 1, Peech, 1965
PHC pH-measured in CaC1 2 solution 1:2, Peech , 1965
C %carbon content Leco
N %nitrogen content Semi-micro Kjeldah1,

Bremner, 1965
CNR Carbon-nitrogen ratio
CA Exchangeable calcium-meq/100g pH 7.0, Chapman, 1965
MG Exchangeable magnesium-meq/100g "
NA Exchangeable sodium-meq/100g "
K Exchangeable potassium-meq/100g "
CEC Cation exchange capacity-meq/100g "
BS %base saturation
FEP Iron by pyrophosphate-ppm Bascomb, 1968
ALP Aluminum by pyrophosphate-ppm II

FEO Iron by oxalate-ppm McKeague and Day, 1966
ALO Aluminum by oxalate-ppm "

For the mineral soil properties both arithmetically and exponentially
weighted values for each site were derived from the original horizon data.

** Mineral Soil Chemical Attributes include all fifteen properties listed.
Forest Floor Chemical Attributes include only the first thirteen properties
listed.
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n n
(Eq. 2.1) Va = I: V·t·/ I: t .' where

i =1 1 1 i =1 1

Va is the new, arithmet i ca lly weighted value,
n is the number of horizons,
V· is the value of the i th horizon,1
t· is the thickness of the ii horizon.1

With the exponential technique the weight of a horizon diminishes with depth.

The single pedon value is thus determined by the following equation:

(Eq. 2.2)

n
i~lVi(exp(-O.02ui )-exp(-O.021 i ))

n
.L (exp(-O.02ui)-exp(-O.021i))
1 =1

where

•
Ve is the new, exponentially weighted value,
ui is the depth of the upper boundary of the i th horizon,
li is the depth of the lower boundary of the i th horizon.

Work by Russel and Moore (1968) and by Sondheim et ale (1981) shows that

for many soil s the i ntens ity with depth of pedogeni c development and of

organic matter accumulation is approximately proportional to the exponential

term, exp(-O.02d), where d is depth in em. This term may also serve as a

rough approximation of the availabil ity of nutrients with depth within the

mineral soil. Using Equations 2.1 and 2.2 two separate data sets for the

mineral soil textural and chemical data were created. An alternative to the

integration techniques of these eq~ations involves taking data from specified

hori zons. For examp 1e, the pH of the fi rst Bf hori zon coul d be used as a

variable. However, since a given type of horizon will vary in its occur-

rence, thickness, and depth, and in its relationship to the rooting zone,

this approach was not considered to be satisfactory.
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For the nested analysis of variance a random effects model is used in

which components of variance are assigned to each category of the hierarchy.

Because the classification as tested is unbalanced, it is necessary to resort

to the approximation procedure developed by Gower (1962). The results for

the calculated sums of squares and the estimated sums of squares and mean

squares are shown in Table 2.2. The calculated mean squares, not shown, are

equal to the calculated sums of squares divided by the respective degrees of

freedom. Thus each of the variance components are readi 1y evaluated. The

total variance, 0T2, is equal to the sum of the variance components

attributable to the order, all iance, tlnd association categories, and random

error within the association categories respectively:

The proportion of the total variance attributable to each of the categories

of the hierarchy is readily obtained and graphed from this equation. The

statistical significance of the components can be determined approximately by

a technique developed by Satterthwaite (1946). With this procedure quasi-F

ratios and associated degrees of freedom are calculated using the mean square

values. Table 2.3 shows the results for the association, alliance, and order

categories. The calculated mean squares of Table 2.3 represent the expected

mean squares of Table 2.2. The a, 13 and y coefficients on Table 2.3 are

designated such that the expected mean square terms in the numerator and

denominator of the quasi-F ratio are identical with the exception of one term

in the numerator specific to the level being tested.

•
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Table 2.2: Nested Analysis of Variance Design

Source Degrees of
Freedom

Calculated
Sum of Squa res Sum of Squares

Expectations of
Mean Squares

Order

Alliance

Association

Error

2

5

6

46

3
[ n. (x* ._x*)2

i =1 1 1

3 m·
[ [In .. (x* .. _x*.)2

i =1 j =1 ' J 1J 1

3 mi m··
.[ [ [l Jn.. (x* .. -x*. )2
1=1j=1k=11Jk 1Jk 1j

3 m· m.. n·.
[ [1 [lJ [lJk(x .. -x* 2

i =1 j =1 k=1 1=1 ' Jk1 i j k)

222 220 E +9.4o As +19.50Al +38.400r

2 2 250 E +21·40As +31.50Al

2 260 E +24.50As

2460 E

222 20E +4.7oAs +9.8oAl +19.200r

2220E +4.30As +6.30Al

2 20E +4.1oAs

2
°E

w
o

ni is the number of observations in the ith order; mi is the number of alliances of the ith order. nij , nijk , and mij are
similarly defined for the lower levels of the hierarch~ x* is the calculated grand mean. x*i is the calculated mean of the
ith order; x* .. and x*"k are similarly defined for the lower levels of the hierarchy. x. 'kl is the lth observation of the

1J 1J 2 2 2 2 1J
kth association of the jth alliance of the ith order. 00r' 0Al ,oAs and 0E are the variance components attributable to
the orders, alliances, associations, and the variability within the associations (the error), respectively.



Table 2.3: Significance Tests for the Nested ANOVA

Degrees of Freedom

Null
Hypothesis

Quasi-F Ratio Numerator Denominator Coefficients
(Nearest Inteqral Value)

2
°As

2
°Al

2
°Or

o

o

o

f4S/\s
6 46ffS[

2
etAl MSAl + 3 Al MS E (oAl MSAl + 13 Al MS E) ClAl = 4.1/4.3 w6 .....MS As 2 2 2 2 BAl = l-ClAlCl Al MS Al gAl MS E

5 +~

2 ClOr = 6.3/9.8Cl Dr MSOr + BOr MSAs + YO r MS E (ClOr MSOr + g Or MS As + YO r t1S E)
5 BOr = (4.3-4.7ClOr )/4.1MS Al 2 2 2 2 2 2

ClOr MSOr 3 Or MSAs YO r MS E YOr = l-00r-BOr-2-- + 6 + 46

MS Or ' MSA1 , MSAs ' and MS E are the calculated mean squares at the order, alliance, association, and error levels,
respectively.

*



Table 2.4: Design and Significance Tests for the One-Way ANOVA's

Null Hypothesis:

Degrees of Freedom:

Calculated Sums of Squares
among Groups - SSa

Calculated Sums of Squares
within Groups - SSw

Calculat~d Mean Squares
among Groups - MS a

Calculated Mean Squares
within Groups - MSw

Estimated Mean Squares
among Groups
where no equals*

Estimated Mean Squares
within Groups

Order

0
2 =0
lJi- lJ

2 , 57

3
l: ni(x*.-x*\2

i = 1 1 '

3 n·
.l: l:1(x .. _x*.)2
1=1 j=l 1J 1

5S/2

5S/57

2 2Ow +nooA

19.2

2Ow

All i ance

0 2 =0
lJi- lJ

7 , 52

8
l: n.(x*.-x*)2

i =1 1 1

8 n.
.l: l:l(x .. -x*.)2
1=1 j=l 1J 1

SS /7a

SSv/52

2 2Ow +nooA

7.3

2
°H

Association

0 2 =0
lJ i -lJ

13, 46

14 2
l: n. (x* .-x* . )

i=l 1 1 1

14 n.
l: 1 ( 2. l: x.. -x*. )

1=1 j=l 1J 1

SS/3

SS/46

2 2Ow +nooA

4.2

2Ow

W
N

F - Ratio M5 /MSa w

1 l:n. 2
* no = - (l:n i - ~ ), where g is the number of groups.

g-l 1

MS/M5w MS /MSa w

For each of the three independent tests: p is the grand mean and lJi is the mean of the ith class; x* is the calculated grand mean and
x*i is the calculated mean of the ith class; ni is the number of observations in the ith class; xij is the jth observation of the ith

class; 0A2 and 0w2 are the among group and within group variance components, respectively.
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The one-way analyses were conducted using the one-factor analysi s of

variance. random effects model. with unequal numbers of observations (Snede-

cor and Cochran 1967). This is displayed for each of the categories of the

hierarchy in Table 2.4. As before the total variance can be broken into

components. These components can be identified as the among group variance.

0A2• and the within group variance. oW2• As with the nested anal-

yses. the proportion of the total va ri ance attri butab 1e to the components

0A 2 and 0W 2 is of interest.

is referred to as the intraclass correlation coefficient. PI:

(Eq. 2.4)

RESULTS

P = ° 2/(0 2 + ° 2)I A A W

Tables 2.5 through 2.8 display the significance results for both types of

analyses. For the one-way analyses the estimated intraclass correlations are

given only for those variables found statistically significant; for the

remaining variables the estimated correlations are less than approximately

0.18. 0.14. and 0.11 for the association. alliance. and order levels. respec-

tively; such levels are too low to be of any interest. Figure 2.2 shows

graphs of percent cumulative variance versus categorical level. The

percentages of the total variance of 0E
2 2 2 2 2 2 and• °As + oF. • °A1 + °As + oF. •

2 2 2 2
plotted against the error. association. alli-°Or + °Al + °As + oF. are

ance. and order categories. respectively. As an example of the interpre-

tation of these tables and figures. elevation will be discussed in detail.
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Table 2.5: Significance Results - - General Physiographic Factors

Property

EL

SL

RA

CaSAS

PRS

PCF

OPO

OPM

----Nested ANOVA----
Assoc. Alliance Order

I

**

**

**

**

---One-Way ANOVA----
Assoc. Alliance Order

0.64** 0.53** 0.19**

0.66** 0.35**

0.35** 0.32** 0.17*

0.64** 0.36** 0.15**

0.54** 0.21**

0.56** 0.51** 0.38**

EL, elevation; SL, shape in percent; RA, incoming solar radiation (month of
May); COSAS, cosine of aspect; PRS, % of ground surface as rock or stone;
PCF, field estimate of % of soil as coarse fragments; OPO, depth of LFH
layer; I)PM, depth of rooting lone. Significance of the 95% and 99% levels
of confi dence are i ndi cated by * and **, respectively. For one-way ANOVA
results, the intraclass correlation coefficients are given where the among
group variance component is judged significantly different from zero at the
95% or 99% level of confidence.



Table 2.6: Significance Results - - Soil Textural Characteristics

Nested ANOVA One-Way ANOVA
Arithmetic Exponential Arithmetic Exponential

Pro~ Assoc. Alliance Order Assoc. Alliance Order Assoc. Alliance Order Assoc. Alliance Order

COFR ** ** 0.53** 0.36** 0.54** 0.36**

SAND * * 0.20* 0.20* w
(J1

SILT 0.14*

CLAY * * 0.18* 0.21* 0.19* 0.22**

COFR, %coarse fragments; SAND, %sand; SILT, %silt; CLAY, %clay.



Table 2.7: Significance Results - - Mineral Soil Chemical Attributes

Nested ANOVA
Arithmetic Exponential

Assoc. Alliance Order Assoc. Alliance Order--- --- ---Property

PHH

PHC

C

N

CNR

CA

MG

NA

K

**

**

*

*

**

**

*

One-Way ANOVA
Arithmetic Exponential

Assoc. Alliance Order Assoc. Alliance Order-- -- --- --
0.51** 0.36** 0.34** 0.50** 0.56** 0.38**

0.50** 0.54** 0.29** 0.49** 0.54** 0.31**

0.25** 0.15* 0.14*

0.15* 0.25** 0.26* 0.20* 0.23**

0.16* 0.20* 0.15* 0.20**
w
en

CEC

BS

FEP

ALP

FED

ALO

0.20* 0.22* 0.15*

** 0.13* 0.15*

* 0.21* 0.22*

0.26* 0.19* 0.23* 0.22*

0.28* 0.19* 0.33** 0.30**

0.19* 0.20*

PHH, pH in water; PHC, pH in CaCI Z solution; C, % carbon, N, % nitrogen, CNR, carbon-nitrogen ratio; CA,
exchangeable calcium; r-ti, exchangeable magnesium; NA, exchangeable sOdium; K, exchangeable potassium; CEC,
cation exchange capacity; BS, % ha';e saturation; FEP, pyrophosphate extractable iron; ALP, pyrophosphate
extractable aluminum; FED, oxalate extractable iron; ALD, oxalate extractable aluminum.
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Table 2.8: Significance Results - - Forest Floor Chemical Properties

*

**

**

----Nested ANOVA----
Assoc. Alliance Order

---One-Way ANOVA-----
Assoc. All i ance Order

0.41** 0.38** 0.41**

0.39** 0.41** 0.42**

0.22* 0.21* 0.20**

0.25* 0.28** 0.20**

0.23* 0.25** 0.28**

0.18* 0.18*

0.11*

0.23* 0.14*

0.47** 0.17* 0.17*

0.42 0.34** 0.39***

**

*

PHH

PHC

C

MG

N

NA

as

CNR

CA

CEC

K

Property

FEP

ALP *

PHH, pH in water; PHC, pH in CaC1 2 solution; C, % carbon; N, % nitrogen; CNR,
carbon-nitrogen ratio; CA, exchangeable calcium; r~, exchangeable magnesium, NA,
exchangeable sodium; K, exchangeable potassium; CEC, cation exchange capacity;
as, % base saturation; FEP, pyrophosphate extractable iron; ALP, pyrophosphate
extractable aluminum.
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2.2 to 2.5: Gra hs of
ategory of the Hierarchy
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E is error; As is association; Al is alliance; Or is order. Where two
graphs occur on the same set of axes, the upper refers to the arithmetic
results and the lower refers to the exponent i a1 results.
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Looking at the nested analyses of variance results on Table 2.5 first,

it can be seen that for elevation the association component of variance is

statistically significant at the 99 percent level of confidence. At the 95

percent level, neither the alliance nor the order component differs signifi-

cantly from zero. On Figure 2.2 it is clear from the slope of the line seg

ments that the estimate of 0A1
2

is larger than that for 0As 2• The former is

not statistically significant because of the fewer degrees of freedom assoc

2
iated with its assessment. The plot shows further that the estimate of oar

is negative, a result which for practical purposes can be equated with zero.

When the association category is considered as a separate, independent

classification, the intraclass correlation coefficient for elevation is esti-

mated to be 0.64, as given on Table 2.5. This proportion, equal to approxi-

mately two-thirds, is significant at the 99 percent level of confidence; it

also implies that among group variance, 0A2, is approximately twice as

great as the within group variance 0W2. This suggests that, in terms

of understanding the variability of elevation in the data set, knowledge of

the association taxa is quite helpful. The alliance and order categories are

also tested as independent classifications. Their 0A2 estimates are

judged significantly different from zero at the 99 percent level and their

intraclass correlations are 0.53 and 0.19, respectively. Though of

statistical significance, the latter value is too sr.lall to be of much

interpretive use.
!
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From this discussion the following points emerge concerning elevation.

As independent taxa both associations and alliances are valuable in that they

each account for over half of the total variability. The hierarchical ar

rangement of ecosystems into associations also appears useful; from the graph

and the significance results, it is clear that the percentage of variability

explained by the association category is comparatively large and statisti

cally significant. The grouping of associations into alliances seems worth

while in spite of its apparent lack of statistical significance. The order

category appears to he of no va 1ue as a 1eve1 of the hi erarchy and of only

marginal value as an independent classification.

An examination of the other physiographic factors on Table 2.5 and

Fi gure 2.2 shows that percent slope, percent of soi 1 as coarse fragments

(field estimate), and percent of surface as rock or stone all behave quite

similarly. In all three cases IJAs2 appears highly significant and ex

plains well over 50 percent of the total variance. Their association intra

class correlations are all above 0.5. The alliances and orders, as hier

archical constituents, are of no value; as independent classes the alliances

account for only a limited amount of the overall variance, whereas the orders

are of even less utility. For incoming solar radiation the nested and the

one-way results are of no significance and of minor value, respectively.

Cosine of the aspect and depth of the LFH layer do not appear related to the

taxa of the system in any way. From its cumulative component graph, depth of

the rooting zone can be partially explained by each of the categories, al-

though none are statistically significant. PI for both the associations
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and the alliance is estimated as greater than 0.5, and for the orders it is

nearly 0.4.

Analyses of the textural data are provided on Table 2.6 and Figure 2.3.

The upper and lower curves on each of the graphs represent the results from

the arithmetic and the exponential weighting procedures, respectively. The

marked similarity between the two curves for each variable is noteworthy.

For percent of soil as coarse fragments (laboratory determination) both the

associations and the alliances appear as valid hierarchical categories; how

ever, only the association level is statistically significant. The intra

class correlation coefficient is over 0.5 for the associations and close to

0.4 for the alliances. Percent sand and percent clay are significant at the

95 percent 1eve1 of confi dence for the all i ance category only on the nested

results. From the graphs on Figure 2.3, percent silt behaves virtually

identically. For all sand, silt and clay one-way analyses, the estimated

PI values are very low to non-significant for the association and al

liance categories. None of the textural variables show any relationship to

the order category.

Table 2.7 and Figure 2.4 display the results for the mineral 50il chem

istry. Here as well the similarity between the results for the arithmetic

and exponential weighting procedures is striking. For both measures of pH

the component of variance attributable to the alliance category is highly

significant, accounting for approximately 50 percent of the total variance.

A5 independent classifications all three categories are statistically signi-

•
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ficant; however, only for the associations and the alliances is the estimate

of PI at or above 0.5. Other significant results from the nested anal

yses include: calcium significant for the order category, sodium for the

order category for the arithmetic data only, and base saturation for the

order category for the exponential data only. From the graphs on Figure 2.4

aluminum by pyrophosphate and iron and aluminum by oxalate appear to have

major variance components for the alliance category. Results from the one

way analyses indicate that for the following variables one or more of the

PI estimates was found significant: carbon, calcium, magnesium, cation

exchange capacity, base saturation, iron and aluminum by both pyrophosphate

and oxalate. Neverthe1ess the· hi ghest est imate of PI is only 0.33 and

in most of these cases it is 0.20 or less. For nitrogen, carbon-nitrate

ration, and potassium, none of the variance components in any of the analyses

are judged significantly different from zero.

Results from the analyses of the forest floor chemical properties are

contained in Table 2.8 and Figure 2.5. On the nested analyses, the order

estimates of variance for both pH measures are significant at the 99 percent

level of confidence. For the association category the estimate of the nested

variance component for cation exchange capacity is highly significant and

accounts for over half of the total variance. Other significant results on

the nested analyses include the estimates of variance for potassium for the

association category, for base saturation for the association and the order

category, and for aluminum by pyrophosphate for the alliance category. From

the graphs on Figure 2.5 calcium and carbon-nitrogen ratio both appear to
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have major va ri ance components for the order category, though neither were

found to he significant. Examining the results from the one-way analyses it

can be seen that all of the variables except carbon, iron, and aluminum have

significant variance estimates for at least one of the categories. None of

the corresponding intraclass correlation coefficients are above 0.5 and only

for the two pH measures, cation exchange capacity, and base saturation are

any of the estimated PI values above 0.4.

DISCUSSION

When the classification is viewed as hierarchical, it appears to be of

limited value as a means of partitioning the variability of the physiographic

factors or the soi 1 attri butes. The nested vari ance components were not

judged significant at all three levels of the hierarchy for any of the vari

ables examined. In one case, base saturation of the LFH layer, two of the

components were found to be statistically significant. For fourteen of the

properties only one of the components was found significant. All of the

components on the remaining twenty-five variables were deemed not signif

icantly different from zero. For some variables, such as depth of the

rooting zone, the components suggest d desirable trend, in spite of their

lack of statistical significance.

Provided that at least some of the variables are significant at each of

the three categories of the hierarchy, the classification system could be

considered as a legitimate and valuable tool. This contention has been

•
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suggested in regards to natural versus numerical soil classification systems

(Kubiena, 1958). For the system under study, however, there appears to be no

inherent logic as to why certain variables are significant for some

categories but not for others. Consequently the worthiness of the

classification as an ecologically valid, hierarchical system must be called

into question insofar as the pedologic and physiographic properties tested

here are concerned.

When the di fferent 1eve1s of the system are considered as independent

classifications, a complementary but very different picture emerges. With

the one-v/ay analyses only nine (ten with the exponential weighting) of the

variables are not statistically significant at any of the three levels. The

three levels though must be evaluated separately. At the association level

variables found significant and with an estimated interclass correlation

coefficient (PI) of 0.50 or greater include: elevation, slope, percent

of surface as rock or stone, depth of the rooting lone, percent coarse frag-

ments (field and laboratory estimates), and the two pH measures for the

mineral soil. At the alliance level, four variables have estimated PI

value of 0.50 or greater: elevation, depth of the rooting lone, and the two

soil mineral pH measures. At the order level none of the estimated PI

values were equal to or greater than 0.50 •

Two further points emerge from an examination of the one-way results.

Firstly, of the three categories, the association classification appears to

be the most viable in terms of how it relates to the forty variables included



45

in the study. Secondly, with the association category in particular, those

variables best explained by the system are primarily physiographic in nature.

The only exceptions to this are the soil pH measures.

There are two explanations for the apparent significance of many of the

physiographic variables. The first relates to mapping procedures. A physio

graphic bias may result during mapping, when an attempt is made for mapping

convenience to link landform boundaries to ecosystem delineations; since the

vegetation of these delineations is directly involved in the recognition and

definition of taxa, a relationship between physiography and taxonomy can be

expected. The second explanation, which also serves as justification for the

first, is that physiography undoubtedly does exert a strong influence on

ecosystems and thus in turn on associations. The nature of this influence

would seem to involve the moisture (Soil Survey Staff, 1975) and temperature

regimes of the soil. Elevation, slope, percent of surface as rock or stone,

rooting depth, and percent coarse fragments are all clearly related to the

hydrologic dynamics within the rooting zone. To varying degrees these

factors influence the soil's thermal characteristics within the rooting zone

as well. The finding that physiographic attributes are the major differen

tiating criteria in the research forest is corroborated by the work of Eis

(1962). The importance of physiography on climax communities is also

discussed by Oaubenmire (1952).

Most of the non-physiographic properties do not appear to show a strong

relationship to the categories of the hierarchy examined. Data from a study

•
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conducted in the interior of British Columbia (Wa1i and Krajina, 1973) indi

cate that the environmental tolerances of most species are sufficiently wide

that associations of these species may not fall within unique physical or

chemical ranges. Other factors, such as fire history, past management prac

tices, and seed dispersal patterns may also influence species location. In

theory these factors are irrelevant to the definition of a taxon defined on

the basis of climax characteristics; in practice it may be difficult to dis

count them completely. The existence of genetic variability within indivi

dual species also complicates the picture. The possibility that a single

taxonomic system can explain a major proportion of the variability of

floristic, physiographic, and pedo10gic.characteristics may simply be asking

too much. This would seem to be particularly true, as in the case here,

where that classification is based on only the floristic attributes of the

ecosystems.

CONCLUSIONS

The study indicates that a statistically significant relationship exists

between the ecosystem groupi ngs, as defi ned by the p1 ant associ at ions, and

many physiographic and soil variah1es. For elevation, slope, percent of

surface as rock or stone, depth of the rooting zone, and percent coarse frag

ments, the association classification explains one-half to two-thirds of the

variabil ity. It is suggested that the significant physiographic properties

manifest their ecological importance primarily through their effects on the

soil moisture and temperature regimes within the rooting zone. Of the

mineral soil chemical properties, one-half of the variability for pH is



47

explained by the association classification. Of the forest floor properties,

40 to 50 percent of the variance estimates for pH, cation exchange capacity,

and base saturation are also explained by the association classification.

Results for other properties are considerably lower. Whether viewed as cate

gories of a hierarchy or as independent classifications, the all iances and

orders appear to bear little or no relationship to most of the attributes

included in the study. A possibility for improving the results for the

all i ances and orders mi ght be to redefi ne the cl asses and structure of the

system such that environmental characteristics are taken directly into

account. However, such a redefinition would result in an increase of the

variation within the vegetation parameters.
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CHAPTER 3

NUMERICAL ANALYSIS OF A CHRONOSEQUENCE,

INCLUDING THE DEVELOPMENT OF A CHRONOFUNCTION
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In 1941 Hans Jenny attempted to formalize much of the early Russian work

on pedogenesis with the use of functional relationships employing mathe

matical symbolism. Specifically, he gives an "environmental formula of soil

forming factors:"

s = f (cl, 0, r, p, t ••• )

where s is soil, cl is climate, 0 is organisms, r is topography, p is parent

material, t is time, and f indicates that s is functionally dependent on

these fi ve factors (Jenny, 1941). Fo 11 owi ng Jenny IS 1ead there have been a

number of soil sequence studi es aimed at i sol at i ng one or more of the

factors. Yaalon (1975) provides a review of much of this work.

Most of the studies concerned with the determination of chronofunctions

have presented the results only graphically or diagrammatically (e.g. Dickson

and Crocker, 1953; Crocker and Major, 1955; Crocker and Dickson, 1957;

Franzmeier and Whiteside, 1963; Ugolini, 1968; Harris, 1971). Birkeland

(1974, p. 176) gives schematics suggesting the time necessary to obtain a

steady state for various soil properties and various soil orders; in all

cases the curves have the classic S-shape analogous to a biological growth

curve.

Ruxton (1968; Carson and Kirkby, 1972) is one of the few authors to

determine a regression equation. He found that the weathering of volcanic

glass in north-east Papua followed an exponential decay with time. Lafon and

Vacher (1975), working in a strictly geological context, have attempted to

model the time dependence of di agenet i c alterat ions in Bermuda sandstones
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using a semi-stochastic differential equation. They claim that this approach

is necessary because of the tremendous complexity of natural diagenetic

processes. Yaalon (1975) argues that the application of statistical and

stochastic functions to pedogenic problems is valid and even necessary when

the reactions are very complicated or when independent factors cannot be

readi'ly serarated. Kline (1973) has proposed a semi-deterministic mathemat

ical simulation model of soil genesis based on systems theory; however, he

goes no further than postulating the theoretical framework.

The present study concerns the application of numerical and statistical

techniques to a well documented (Cordes, 1972; Hendershot et al., 1979;

S''1g'eton, 1978; Singleton et al., 1978) soil chronosequence at Cox Bay on

the west coast of Vancouver Island, Canada. There are two aspects of in

terest. One concerns the identification of the results of principal com

ponent analysis applied to chemical and physical data which characterize the

ongoing soil processes. The other involves the evaluation of a non-linear

equation defining pedogenic development as a function of time and depth.

Before the numerical analyses are discussed, the data base is reviewed.

THE DATA BASE

Site Characteristics

The soil samples were taken from seven sites along a 550-year-old

chronosequence developed on a sandy, continuously aggraded beach at Cox Bay,

•
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West Vancouver Island~ British Columbia. The rate of aggradation has been

determined independently by Cordes (1972) and Singleton (1978) to be fairly

constant at approximately 25 cm per year unti 1 the early 1900 1 s. At that

time escaped logs from log booms began collecting on the beach, disturbing

the natural rate of deposition. Oating in both studies was done by dendro

chronology.

The headl and rocks on either si de of the bay serve as the sediment

source area and consist primarily of greywacke with minor inclusions of

argillite. Results from X-ray diffraction analysis (Singleton, 1978) of the

less than 0.25 mm soil fraction indicated that quartz, plagioclase feldspars,

and amphiboles are the major constituents. Comparison of the X-ray traces

showed the mineralogy to be relatively constant throughout the entire length

of the transect.

Topographically, the transect is 110 m in length and is oriented perpen

dicularly to the beach. Elevation differences between any two sampling sites

is less than half a meter in all cases. The vegetation is dominated by Sitka

spruce (Picea sitchensis) and salal (Gaultheria shallon). Tree height varies

asymptotically from roughly 8 m at the first site, nearest the beach, to

just over 40 m at the last two sites. The climate is characterized by abun

dant rainfall and a lack of temperature extremes. Tofino Ai rport, located 8

km from Cox Bay, has a mean annual precipitation of 127 cm and a daily temp

erature mean and standard deviation of 9.0°C and 4.4°C, respectively. It is

assumed that the climate has remained fairly constant over the last six cen-
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turies. Differences among the samples should be explainable in terms of:

(a) progressive degrees of pedogenesis, (b) distance from the marine influ

ence, (c) biocycling, (d) water movement and water table effects.

Figure 3.1 shows a cross-section from the ocean through the last site,

indicating the horizons and the site ages. The absence of an A horizon at

sites 1 and 2 is presumed to have resulted from insufficient time for devel

opment; there are no indications that truncation has occurred. The soils

ranged from Typic Udipsamments at sites 1 and 2, to Typic Haplorthods from

sites 3 through 6, to an Aquic Haplorthod at site 7. At each site, samples

included in this study came from the top B horizon, the horizon immediately

below this, and the lowest horizon sampled in the profile; this gives approx

imately equal weight to various types of horizons and to each of the sites.

The chemical and physical values for the samples were assumed to be represen

tative of the middle of the horizons, as shown in Figure 3.1.

The actual data base (Table 3.1) consisted of the values for each of the

21 samples for the following soi 1 properties: percent organic carbon; per

cent nitrogen; extractable iron and aluminium; exchangeable calcium, mag

nesiu~, sodium and potassium; cation exchange capacity; pH; and percent fines

«50~m). The decision of which particular variables to include was based

partly on convenience (i.e., only variables measured on continuous scales

were included) and partly on a subjective assessment of utility in providing

information on soil genesis.



Figure 3.1: Cross-section Indicating Horizons and the 21 Sample Locations
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Table 3.1: Original Data

OBS AGE DEPTH pH N C Fe Al Ca Mg Na K CEC FINES
yrs em % meq/100g %

1 127 5.0 4.6 0.03 0.61 0.32 0.10 0.93 0.85 0.17 0.12 6.10 1.10
2 127 17.7 4.6 0.03 0.46 0.35 0.13 0.85 0.93 0.26 0.13 11.03 1. 30
3 127 53.3 4.9 0.00 0.00 0.24 0.06 0.48 0.30 0.24 0.08 1.71 0.00
4 170 7.6 4.3 0.00 0.42 0.30 0.12 0.33 0.45 0.25 0.09 7.26 1.40
5 170 35.5 4.5 0.00 0.23 0.22 0.09 0.20 0.28 0.17 0.08 3.29 0.20
6 170 63.5 4.6 0.00 0.00 0.21 0.05 0.23 0.25 0.16 0.08 1. 92 0.20
7 265 20.3 4.6 0.00 0.76 0.32 0.12 0.70 0.38 0.07 0.04 5.34 0.80
8 265 53.3 4.8 0.00 0.08 0.21 0.08 0.35 0.15 0.04 0.05 2.19 0.30 (J1

9 265 76.2 4.9 0.00 0.00 0.23 0.06 0.38 0.15 0.04 0.06 1.71 0.00 +::>

10 371 10.1 4.2 0.06 0.91 0.44 0.17 0.68 0.48 0.09 0.07 6.23 4.50
11 371 31.7 4.5 0.03 0.61 0.29 0.19 0.23 0.10 0.06 0.05 9.38 1.60
12 371 99.0 4.7 0.01 0.08 0.19 0.09 0.15 0.05 0.05 0.05 2.26 0.30
13 441 15.2 4.0 0.07 1.67 0.63 0.23 0.55 0.73 0.29 0.10 12.74 5.60
14 441 30.4 4.3 0.05 1.03 0.36 0.27 0.28 0.25 0.17 0.07 8.84 2.80
15 441 106.6 4.9 0.00 0.02 0.30 0.07 0.10 0.08 0.06 0.05 1. 58 0.00
16 480 7.6 4.3 0.08 1. 60 0.64 0.32 0.85 0.50 0.11 0.07 16.65 4.80
17 480 15.2 4.5 0.05 1.14 0.45 0.30 0.80 0.28 0.08 0.04 13.97 3.80
18 480 81.2 4.7 0.00 0.17 0.21 0.11 0.10 0.05 0.04 0.05 2.60 0.10
19 550 21.5 4.2 0.06 1.67 0.48 0.28 0.78 0.35 0.14 0.07 17.47 4.20
20 550 43.1 4.4 0.05 1.14 0.33 0.23 0.45 0.23 0.11 0.05 11. 71 2.60
21 550 63.5 4.6 0.02 0.34 0.20 0.15 0.48 0.08 0.08 0.04 5.55 0.90

•
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Laboratory Technique

For this section of the thesis, the following analytical techniques were

conducted. Total organic carbon was determined using the Leco analyser, as

none of the horizons were calcareous. A semi-micro Kjeldahl technique was

used to establish total nitrogen (Bremner, 1965). Iron and aluminiuT'l were

extracted by citrate-bicarbonate-dithionite (Mehra and Jackson, 1960).

Cation exchange capacity and exchangeable calcium, magnesium. sodium. and

potassium were determined by the ammonium acetate method at pH 7 (Chapman,

1965). All cation concentrations were subsequently analyzed by atomic

absorption spectrophotometry. The pH was measured in 0.01 M CaC12 (1:2,

Peech, 1965). Percent fines was determined by the sieve and pipette method

(Jackson, 1958) after hydrogen peroxide pretreatment for organic matter

removal.

NUMERICAL METHODS

Principal Component Analysis

Principal component analysis with a normal varimax rotation was per

forl!led on the data matrix. Principal component analysis, as outlined by

Harman (1967), has been a major analytical tool in a number of soil investi

gations and consequently the mechanics of it are not explained here. The

varimax rotation (Kaiser, 1958) is a modification to the basic procedure in

which the statistically significant components are rotated orthogonally in
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the multivariate space such that greater simplification of the loadings

~atrix columns is obtained. This implies that the loading for each component

tends to be either high or near zero. Thus fewer intermediate values result.

With this method, identification of components with particular processes is

facilitated. An explanation of the mathematics behind the varimax criterion

is provided in the soils literature by Webster (1977).

Non-Linear Curve Fitting

It was decided to fit component scores and soil property values to non-

linear functions involving both time and depth. Non-linear here means that

the equation cannot be linearized by suitable transformations; thus the pro-

cedure of multiple linear regression cannot be employed. For such non-linear

cases, it is generally possible to define an iterative least squares solution

as follows. First define the Function F as follows:

n 2
(Eq. 3. 1) F = L (y Y I )

j = 1 j j

The object is to minimize F, where Y'j is the estimated value of the

property for observation j as determined by the non-linear equation, Yj is

the actual value of the property for observation j, and n is the nu~ber of

observations in the set. Next a multi-dimensional space is constructed, •

where each of the dimensions represents one of the coefficients in the non-
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linear equation. If p is the number of coefficients, then a p-dimensional

space results. For each point in the space, F can be calculated. Thus the

coordinates of the point at which F is a minimum correspond to the optimum

values of the coefficients in the non-linear equation. Once this has been

accomplished, it is possible to determine r, the Pearson product-moment

correlation coefficient:

(Eq. 3.2)
L(Y-Y*) • (y~y'*)r = -----=.~---'--~--"-_.:---

2 2 1/2
((L(y-y*) ) • (L(y'-y'*) )

where y* and y'* are the means of the y and y' values, respectively.

There are a number of non-linear optimization routines for finding the

optimUM point in the p-dimensional space. The technique used here is termed

a sequential simplex algorithm (Nelder and Mead, 1965). A starting point in

the space is fi rst guessed; then p more poi nts in the space are arbitrarily

defined around it. Of the p + 1 points the point which gives the worst value

for F is reflected through the hyperplane of the remaining p points. This

new point plus the remaining p points form the new set of p + 1 points.

Reflection of the worst point occurs again, etc. Thus the continuously

redefined p + 1 points move through the space towards a minimum on the hyper-

surface determined by values of F. The figure formed by the points, called a

simplex, can be forced to expand or contract in response to local curvature

conditions.
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By such procedures it is possible to converge upon a minimufll on the

hypersurface. The reader is referred to Ne1der and Mead (1965) for a tech

nical discussion of the simplex method. Many computing centers have avail

able the simplex technique as well as several other types of non-linear

optimization routines. A note of caution is that for many non-linear equa

tions there may be more than one minimum and that there is no foolproof

method of determining whether a particular minimum is in fact the global

minimum.

RESULTS AND DISCUSSION

From Principal Component Analysis

Results from the principal component analysis of the raw data indicated

that there are two significant components, with eigenvalues greater than

1.00, (Kaiser, 1960) and that these components explain 86% of the total vari

ance. Table 3.2 gives the loading for the eleven soil properties. The load

ings on the first component show that it has strong positive correlation with

organic carbon, nitrogen, aluminum, iron, cation exchange capacity, and

percent fines. The pH is also highly correlated with the first component,

but negatively so, imp lyi ng that low values of one wi 11 generally be found

with high values of the other. Looking at the second column of loadings, it

c~n be seen that potassium, magnesium, and sodium have high negative correla

tions with component II. The loadings of calcium on both components are of

intermediate magnitude, making its identification with either one suspect.
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Table 3.2: Component Loadings

No. Property Component I Component II

1 pH .81 + .26

2 N + .95 .15

3 C + .97 .13

4 Fe + .89 .28

5 Al + .96 + .10

6 Ca + .56 .49

7 Mg + .30 .91

8 Na + .11 .87

9 K .02 .97

10 CEC + .92 .18

11 Fines + .96 .15
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The loadings on the first component are closely related to what is con

sidered to be the dominant pedogenic process. This entails the formation of

iron and aluminiu~ sesquioxide coatings on the sand grains and the sloughing

off of these coatings to form silt and clay-sized particles. Intermixed with

the sesquioxide material is organic matter, suggesting a casual relationship

consistent with modern concepts of Spodosol genesis (Soil Survey Staff,

1975). As would be expected, nitrogen co-varies with organic matter. Due to

the low content of phyllosilicate clay materials, the cation exchange capa

city is a function of the organic matter and the sesquioxides. With low

absolute values for the basic cations, resulting from high leaching rates,

organic matter exerts strong control over the pH.

The loadings on the second component indicate that the distribution of

the basic cations is largely governed by other factors, such as the marine

environment (Etherington, 1967; Clayton, 1972) and possibly biocycling. Sea

spray sweeping onto the island includes salts of sodium, potassiu~, magnesium

and calcium. 8ecause the whole area is forested, the section of the sequence

nearest the beach is most affected by the spray. Limited data from Cordes

(1972) indicate that on the active beach sea spray annually deposits

250 g/m2 of sodium, 8.9 g/m2 of potassium, 22 g/m2 of magnesium, and

7.0 g/m2 of calcium. Other data by Cordes (1972) suggests that at a

distance of 250 meters from the beach inputs drop to less than 0.02 percent

of these values. Moving inland from the shore, it can be expected that the

effects of biocycling will gradually begin to outweigh those of sea spray.
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With the components being interpretable, it was of interest to consider

them separately. Figure 3.2 displays a hand-contoured cross section, based

on the scores from component I. The high level of concurrence between Figure

3.2 and Figure 3.1 shows that pedogenesis as discussed above correlates

strongly with horizon development. This reinforces the fundamental tenet of

pedology that in the absence of geomorphic causes horizon developlilent is a

direct manifestation of pedogenesis. Scores for component II are liIapped in

Fi gu re 3.3. It can be seen that the di stri but i on of the bases fo 11 ows a

regular pattern quite distinct from that on Figure 3.2. The comparatively

high base values implied along most of the surface and at depth for the first

two sites is in keeping with the ideas on marine influence and biocycling

discussed above. The irregularities of the last three sites may be partially

explained by the observance at these pits in the winter of a near surface

fluctuating water table. However, neither regular monitoring nor sampling of

the ground water has occurred as either a part of this or previous studies.

Results From the Curve Fitting

Because component I appears to act as a general index of pedogenic

development it was deciderl worthwhile to try to fit component I scores to an

enpirical equation involving both time and depth.

The equation used was:
-1

(Eq. 3.3) s = c1+c2·exp(-d/c3)·(1+c4·exp(-t-c5))

where s is component 1 scores, Ci,(i=1. •• 5), are coefficients, d is depth

in cm and t is time in years_ Pedogenic development is assumed to vary



Figure 3.2: Cross-section Showing Contours Based on Component I Scores



Figure 3.3: Cross-section Showing Contours Based on Component II Scores
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exponentially with depth. This is analogous to temperature amplitude in an

isotropic soil, where c3 is termed the damping depth (Monteith, 1973). At

depth d=C3 the magnitude of pedogenic development is e- 1 or 0.37 times

the magni tude at the surface. At depth d=3· c3 the magni tude is e- 3 or

only 0.05 times that at the surface. The second part of the equation states

that pedogenic development follows a logistic curve over time. The logistic,

one of a family of S shaped curves, has been used to model biological growth,

population dynamics, and economic development. The time coordinate of the

inflection point on the logistic curve, tI, is given by:

(Eq. 3.4) tI (1 n C4) /c5

After several hundred iterations using the simplex routine at the Uni

versity of British Columbia Computing Centre (Patterson, 1978), the best

value for the five coefficients were found to be:

c1=-1.50, c2=7.23, c3=55.3, c4=10.4, C5=0.00531

Following Equation 2, rand r 2 were determined as 0.99 and 0.98, respec

t i ve ly. With twenty degrees of freedom thi s r value is much greater than

0.67, the minimum value needed to be significant at the 99.9 percent confi

dence level. The stability of the simplex results was checked by starting

from different points on the F hypersurface. It was found that within the

vicinity of the minimum the hypersurface was quite regular and convergence on

the minimum would always result. Furthermore, the curvature of the hyper

surface near the minimum was rather pronounced, implying that the sampl ing

variances of the estimates of the coefficients are small. In conjunction
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with the high r value, this means that it is reasonable to feel fairly confi

dent about the estimates of the coefficients given above.

The behavior of Equation 3.3 is worth examining. Figure 3.4 shows a

predicted three-dimensional map of the principal component I value plotted

against time and depth. It should be noted that the lines in Figure 3.4

should not quite reach the soil surface. This is so because the balance of

pedogenic processes in the A and B1 horizons is presumed to be very different

froP1 that in the B2, B3 and C horizons. A further graphical comment

concerns the inflection line, occurring at 441 years at any depth. Of the

seven sites four occur before this age, one at it, and two following it. The

fact that a number of data points are located on both sides of the line

strengthens the argument for using an S-shaped curve.

Although the data extend only from 127 to 550 years, it was of interest

to extrapolate the graph to zero and 1200 years. Two points emerge by doing

thi s. The fi rst concerns the boundary condi t i on at zero years. Along thi s

line pedogenic development should ideally be zero yet the line does show some

curvature. Thus in the very initial stages of pedogenesis, development

occu rs at a sl i ght ly faster rate than i ndi cated by the di agram. The second

poi nt concerns time to steady state. It can be seen that between 800 and

1000 years pedogenesis begins to level off; at 900 years in fact development

is greater than 90 percent of the maximum. These fi ndi ngs strongly corrob

orate the postulations by Birkeland (1974, p. 176) as presented in his graph

of Spodosol development versus time.



Figure 3.4: Graph Depicting Pedogenic Development as a Function of Depth and Age, From Equation 3.3
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When investigating the relationship between soil attribute data and soil

classification, Russel and Moore (1968) assumed that the values for many

physical and chemical properties decrease exponentially with depth in a

manner ana1agous to the behavior of the following function:

(Eq. 3.5) w = c·exp(-c.d)

where w is a weighting Factor, c a constant and d depth. For each property

they converted a series of horizon values to a single value representative of

the pedon by multiplying w by a horizon value, integrating across the horizon

boundaries, and summing the results for all horizons. Using clustering pro

cedures they found that with c equal to 0.02 there was a strong relationship

between a soil's physical and chemical characteristics and its classification

category. The exponential part of Equation 3.3 can be transformed to a form

equivalent to that of Equation 3.5 by simply defining c3=1/c and C2=k·c,

where k is an arbitrary. constant. Since c3 is equal to 55.3, its recipro

cal is 0.018, a value not significantly different from the 0.02 value

mentioned above.

The notion of a pedogenic damping depth is intuitively appealing because

of the analogy to a thermal damping depth. As well it is potentially useful

in terms of the definition of a C horizon; this is especially true in those

soils in which the transition from B to C horizons is comparable to variation

along a chromatographic column. Since many soils are approaching a steady

state, it would be easy to define a C horizon as that section of a pedon

fall ing below three damping depths for example. The criterion on which the
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damping depth would be hased could be either a single soil property, such as

organic carbon, or a factor representing a combination of chemical and

physical properties thought to play major roles in the genesis of the par

ticular soil in question.

Further numerical analysis of component II was not attempted because of

insufficient data regarding sea spray input, biocyc1ing, and water table

dynal:lics. Simply comparing component II scores to tree height would be of

little value. Nevertheless, the regularity of the pattern displayed in

Figure 3.3 suggests that, were an adequate data hase available, additional

analysis might be worthwhile.

CONCLUSION

The Cox Bay depos its provi de a very useful chronosequence. The homo-

geneity of the parent material, the uniformity of topography, and the con

stant rate of aggradation make the area highly suitable for studying soil

deve10pf'lent. Application of principal component analysis with a varimax

rotation appears to separate pedogenic processes from sea spray additions.

Curve fitting analysis of the component associated with pedogenesis produces

a model of soil development over time and depth expressed as a single empir

ical equation with both logistic and exponential terms. Because only one

chronosequence is examined, the extent to which these results are site spec

ific cannot be ascertained. Nevertheless, the general similarity between the

findings here and those by other workers elsewhere is encouraging.
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The techniques employed may be applicable to reclamation projects, where

for example the leaching rates from mine tailings might be modelled in a

similar fashion. Instead of a purely statistical approach, it may be pos

sible to apply a stochastic analysis in which the autocorrelation of an

observa t i on to those observat ions adjacent to it in both time and space is

taken into account. The general statistical relationships discussed in the

present paper coul d be used as the basi s of such a procedure. With a

stochastic approach it would be preferable to sample in time and space at

equa 1 i nterva1s •

•
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CHAPTER 4

NUMERICAL ANALYSIS OF A CHRONOSEQUENCE

INCLUDING AN ASSESSMENT OF VARIABILITY
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A number of recent studies have examined the variability of soil

physical and chemical properties (Sondheim and K1inka, 1982; Burgess and

Webster, 1980; Webster, 1978; Beckett and Webster, 1971; Webster and Beckett,

1968). A major conclusion of these works is that the inherent, error assoc

iated variability of most properties is usually as great or greater than the

variability attributable to known factors, such as differences in vegetation

or terrain features. This suggests that it may be difficult to measure

accurately trends related to temporal or landscape characteristics. Of the

large number of available chronosequence studies (Jenny, 1980; Yaalon, 1975;

Birkland, 1974), none have had an experimental design allowing for an assess

ment of the variability of properties. Rather, they all appear to have

concentrated on modal descriptions. In studies by Sondheim et al. (1981) and

Ruxton (1968) the time dependent changes in properties have been analyzed

numerically, but the resulting regression equations were based on compara

tively few points, II/ith only one pedon representing each position along the

time axis. Previous numerical chronosequence studies to contain replications

include works by Jenny (1965) and Olson (1958); however, in both cases not

all points were replicated and the notion of variability was not addressed.

The present study examines data from six moraines located adjacent to

Mt. Robson in the Canadian Rockies. On each moraine ten pits were dug and

samples were collected from three standard depth intervals following a

rigorous sampling scheme. Three major questions are addressed.

1) What are the major pedogenically related processes operating on the

moraines?
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2) To what extent does the inherent variabil ity of the parent material

mask expected trends?

3) For selected properties does the inherent variability limit the

usefulness of estimated chronofunctions?

The techniques used to answer these ~uestions include analysis of

variance, factor analysis, and non-linear regression.

DATA BASE

Site Characteristics

The terminal and five recessional moraines under study are situated in

front of the Robson Glacier, the largest glacier on Mt. Robson. The mountain

is located just west of the continental divide in the Canadian Rockies at

53°7 1
N latitude and 119°9'W longitude. The moraines are readily identified

on 20 chain (1:15,840) air photographs (Flight Line BC7515, Nos. 147 and 148)

\'Jhich may be obtained from AIR B.C., Surveys and Mapping Branch, British

Columbia Ministry of Environment, Victoria, V8V lX5, Canada. Referred to

here as Morai nes A through F, they are located at a beari ng of N45W at

distances of 1.59, 1.45, 1.34, 1.25, 0.99 and 0.64 km, respectively, from the

snout of the glacier as depicted on the photography. The mountain and

moraines are situated at elevations of 3959 m and approximately 1676 ±

8 m, respectively.
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The chronology of the sequence has been documented by Cooper (1916) and

Heusser (1956). Heusser's work shows that sometime between 1350 and 1650 the

Robson Glacier advanced roughly 0.5 km over an Engelmann spruce forest. It

remained fairly static until the late 1700's, at which time it began to

retreat. As it did so, it deposited nearly twenty recessio~al moraines. The

ages of the six most prominent moraines, these included in this study, were

determi ned usi ng tree ri ng cores and an age-hei ght growth curve for the

moraines provided by Heusser (1956). The resulting ages for :~oraines A

through Fare 193, 96, 79, 65, 55 and 33 years before the 1979 field season,

respectively. For Moraines A, B, C, 0 and E, the ages are based on an

average of three Engelmann spruce trees. For Moraine F, only one spruce was

examined. With reference to Cooper's terminology (1916), Moraine A is the

terminal moraine and Moraines B, C and 0 are the third, fourth and fifth

recessional moraines.

Plant succession along the moraines has been examined by Cooper (1916),

Heusser (1956), Tisdale et ale (1966), and again in the present study. Plots

of five metres radius were establ ished around each soil pit. Vegetation

cover for each species was estimated by use of the Domin-Krajina cover

abundance scale (Mueller-Dombois and Ellenberg, 1974). For selected species

categorical scale values were transformed to percentage values based on the

corresponding category midpoints. The results were averaged for each moraine

and in some cases altered slightly after examination of air and ground photo

graphy.
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The pioneering species on Moraines E and F and on younger sediments are

sweet vetch (Hedysarum mackenzi i), yell ow dryas (Dryas drummondi i), white

dryas (Dryas octopetala), Indian paintbrush (Castilleja pullida), dwarf fire

weed (Epilobium latifolia), several willow species (Salix glauca, Salix

vestita, var. erecta, Salix rigida, and Salix brachycarpa), and Engelmann

spruce (Picea engelmanii). Sweet vetch and the t~~o dryas species, all

involved in nitrogen fixation, often appear to serve as centers of radiation

for the other species. Also affecting distributional patterns are some small

scale geomorphic features; depressional areas, including miniature kettles

ann flutes, have a higher concentration of vegetation than the surrounding

coarser and dryer mounds. The forest community on Moraine A appears to be

more randomly dispersed. Dominant species include Engelmann spruce, red

bearberry (Arctostaphylos rubra), glandular birch (Betula glandulosa), the

willow and dryas species, soapberry (Shepherdia canadensis), carex (Carex

scirpoidea), alpine aster (Aster alpinus), bracted wintergreen (Pyrola

bracteata), bracted lousewort (Pedicularis bracteosa), and assorted mosses

and lichens. The percent cover graphs (Figure 4.1) indicate that while for

some species the change across the moraines is gradual, for others it is

dramatic. Engelmann spruce, glandular birch, and red bearberry show compara

tively slow and continuous increases through the sequence. By comparison,

for both sweet vetch and yellow dryas, a sharp increase and a sharp decrease

are evident between Moraines F and B, a time span of only 63 years. Trends

for total vegetation cover, hei ght of the domi nant trees, thi ckness of the

litter layer, and rooting depth of the 1 mm roots, also show a wide variety

of patterns (Figure 4.2).
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Figure 4.1: Percent Cover on the Moraines for Five Plant Species
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The bedrock of the headwalls and sidewalls of the Robson Glacier

consi sts primarily of 1imestone, dolostone, argill aceous 1imestone, cal car

eous shale, and limestone conglomerate, with smaller quantities of non

calcareous shale and siltstone also present. This is reflected in the clast

lithology of the moraines and has been corroborated by the 1:250,000 mapping

of the region by Mountjoy (1980). Mineralogical determination by x-ray anal

ysis of the <2 mm fraction was performed on six samples. Two samples were

taken from each of Moraines A, C, and F, with one of the samples coming from

the 0 to 15 em depth interval and with the other corning from the 30 to 45 em

depth interval. The six traces were very similar. They all indicated the

presence of calcite, dolomite, quartz, kaolinite, illite, chlorite, and

vermi cul ite.

The nearest meteorological station to Mt. Robson is at Red Pass

Junction, 17.5 km to the southeast of the mountain and at an elevation of

1059 m. For the station th~ mean daily temperature and mean total

precipitation are 2.1°C and 73.7 em, respectively. The mean annual snowfall

is 391 em or about 53 percent of the mean total preci pi tati on. The

mesoc1 imate at the moraines is considerably harsher than that at Red Pass

Junction. Not only is there a difference in elevation of more than 600 m

between the two sites, but as well, the morai nes are subject to col d ai r

drainage from the glacier. Both rainfall and snowfall are probably several

times greater on the moraines compared to Red Pass Junction. The soils on

the moraines can be characterized as belonging to the very cold soil

temperature class and the perhumid soil moisture subclass (C.S.S.C., 1978).
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Assuming that the mean annual soil temperature is above OO~' the soils

vary fro~ Orthic Regoso1s on Moraine F to Orthic Eutric Bruniso1s on the five

older moraines; otherwise, they range from Orthic Static Cryosols on the

three younger moraines to Bruniso1ic Static Cryosols on the three older

moraines. Using dilute HC1 acid, all soils effervesced to the surface of the

mineral material. The average calcium carbonate equivalent is over eighty

percent. Organi c carbon content of the surface hori lon for the 01 dest

moraine is just under one percent, and the corresponding organic carbon

nitrogen ratio is approximately 20. All soils appeared well drained with no

evidence of mottling. Moist colours varied very slightly from light olive

grey (5Y fJ/2) for the surface horizon of the oldest moraine to grey (N 5/0)

for samples taken at depth or from anywhere on the younger moraines. The

corresponding dry colours were both light grey (5Y 7/1 and N 7/0, respec

tively). Field estimation of coarse fragment content ranged from forty to

seventy percent by volume, with no trends evident across the moraines or with

depth. The texture of nearly all samples taken from the moraines was loam.

By contrast the texture of several samples obtained from the edge of the ice

was loamy sand. The morainal samples were extremely hard when dry, firm when

moist, and sticky and plastic when wet. Weak horizonation was evident on all

but the youngest moraine. A Brnk horizon overlying a Ck horizon was defined

on the basis of a gradual change in structure (C.S.S.C., 1978). The Bmk was

fine subangu1ar blocky with a granular secondary structure, whereas the Ck

was medi um subangul ar blocky with no secondary structure. The depth of the

Bmk increased from zero to 18 cm across the moraines (Figure 4.2).
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Sampling Design

On each of the six moraines examined, the following sampling procedure

was employed. A fifty metre chain was placed along or near the crest of the

moraine on a section where the microtopography was relatively smooth. In all

cases this was around the middle of the moraine, as the surfaces of the two

ends typically were covered with miniature kettles and small mounds. The

chain was subdivided from west to east into five sequences: 0 to 10 In, 10 to

20 m, 20 to 30 m, 30 to 40 m, and 40 to 50 m; these were labelled Segments 1

through 5, respectively. In every segment two points were randomly chosen,

and from each of these a random offset up to 4.5 m in length was taken in a

northerly direction. A pit was dug at each of the new points, provided that

it was at least a metre away from any major tree or shrub. If it was not, a

new offset was picked. The two pits were randomly labelled as Pit 1 and Pit

2. In this fashion, two pits represented each segment, and the five segments

represented each moraine. Bulk soil samples for all pits were collected at

three standard depth intervals: f)epth 1,0 to 15 cm; Depth 2,15 to 30 ern;

and Oepth 3, 30 to 45 em. Additionally, three samples were obtained from the

edge of the ice, as indicators of time zero.

Properties and Laboratory Methods

Percent organic carbon (C), percent total nitrogen (N), and their ratio

(CjN) were determined for all 183 resulting samples (Table 4.1). For a

suhset of 39 samples~ the following properties were evaluated as well (Table



Table 4.1: Organic Carbon and Nitrogen for all 183 Observations

Organic Total Organic Total Organic Total
Carbon Nitrogen Carbon Ni t rogen Ca rbon Nitrogen

M S P 0 % M S P 0 % M S P 0 %

A 1 1 1 0.878 0.0508 C 1 1 1 0.512 0.0324 E 1 1 1 0.340 0.0176
A 1 2 1 1.005 0.0457 C 1 2 1 0.165 0.0119 E 1 2 1 0.235 0.0135
A 2 1 1 0.779 0.0384 C 2 1 1 0.731 0.0397 E 2 1 1 0.248 0.0174
A 2 2 1 0.773 0.0412 C 2 2 1 0.386 0.0232 E 2 2 1 0.231 0.0091
A 3 1 1 0.341 0.0187 C 3 1 1 0.552 0.0261 E 3 1 1 0.191 0.0129
A 3 2 1 0.820 0.0352 C 3 2 1 0.583 0.0345 E 3 2 1 0.272 0.01~~

A 4 1 1 0.689 0.0353 C 4 1 1 0.761 0.0387 E 4 1 1 0.217 O.OOfstl
A 4 2 1 1.208 0.0585 C 4 2 1 0.510 0.0328 E 4 2 1 0.238 0.0126
A 5 1 1 0.710 0.0314 C 5 1 1 0.490 0.0241 E 5 1 1 0.337 0.0238
A 5 2 1 0.918 0.0500 C 5 2 1 0.473 0.0256 E 5 2 1 0.429 0.0241
A 1 1 2 0.221 0.0107 C 1 1 2 0.239 0.0093 E 1 1 2 0.188 0.0109
A 1 2 2 0.206 0.0154 C 1 2 2 0.233 0.0126 E 1 2 2 0.348 0.0239
A 2 1 2 0.248 0.0096 C 2 1 2 0.369 0.0167 E 2 1 2 0.151 0.0101 OJ

A 2 2 2 0.225 0.0120 C 2 2 2 0.289 0.0141 E 2 2 2 0.169 0.0078 0

A 3 1 2 0.174 0.0112 C 3 1 2 0.283 0.0135 E 3 1 2 0.113 0.0083
A 3 2 2 0.185 0.0116 C 3 2 2 0.187 0.0127 E 3 2 2 0.172 0.0098
A 4 1 2 0.268 0.0095 C 4 1 2 0.270 0.0153 E 4 1 2 0.114 0.0065
A 4 4 2 0.239 0.0159 C 4 2 2 0.277 0.0154 E 4 2 2 0.145 0.0079
A 5 1 2 0.224 0.0132 C 5 1 2 0.207 0.0139 E 5 1 2 0.221 0.0158
A 5 2 2 0.271 0.0146 C 5 2 2 0.228 0.0120 E 5 2 2 0.190 0.0129
A 1 1 3 0.133 0.0103 C 1 1 3 0.142 0.0085 E 1 1 3 0.143 0.0093
A 1 2 3 0.125 0.0100 C 1 2 3 0.145 0.0109 E 1 2 3 0.152 0.0107
A 2 1 3 0.226 0.0118 C 2 1 3 0.215 0.0111 E 2 1 3 0.139 0.0090
A 2 2 3 0.189 0.0097 C 2 2 3 0.236 0.0133 E 2 2 3 0.102 0.0077
A 3 1 3 0.183 0.0110 C 3 1 3 0.145 0.0099 E 3 1 3 0.086 0.0073
A 3 2 3 0.146 0.0086 C 3 2 3 0.152 0.0093 E 3 2 3 0.113 0.0055
A 4 1 3 0.206 0.0104 C 4 1 3 0.149 0.0089 E 4 1 3 0.086 0.0064
A 4 2 "3 0.184 0.0116 C 4 2 3 0.203 0.0103 E 4 2 3 0.080 0.0058
A 5 1 3 0.166 0.0099 C 5 1 3 0.205 0.0115 E 5 1 3 0.096 0.0112
A 5 2 3 0.233 0.0128 C 5 2 3 0.154 0.0096 E 5 2 3 0.162 0.0123
B 1 1 1 0.690 0.0384 0 1 1 1 0.214 0.0130 F 1 1 1 0.101 0.0086
B 1 2 1 0.286 0.0183 0 1 2 1 0.551 0.0301 F 1 2 1 0.106 0.0076
B 2 1 1 1.078 0.0566 0 2 1 1 0.372 0.0209 F 2 1 1 0.089 0.0175

(continued on next page)



Table 4.1 (continued)

Organi c Total Organic Total Organic Total
Carbon Nitrogen Ca rbon Nitrogen Carbon Nitrogen

M S P 0 % M S P 0 % M S P 0 %

B 2 2 1 0.506 0.0249 0 2 2 1 0.300 0.0153 F 2 2 1 0.117 0.0062
B 3 1 1 1.142 0.0473 0 3 1 1 0.436 0.0227 F 3 1 1 0.109 0.0080
B 3 2 1 0.860 0.0403 0 3 2 1 0.296 0.0171 F 3 2 1 0.117 0.0081
B 4 1 1 1. 127 0.0505 0 4 1 1 0.529 0.0267 F 4 1 1 0.207 0.0106
B 4 2 1 0.845 0.0450 0 4 2 1 0.305 0.0184 F 4 2 1 0.159 0.0101
B 5 1 1 1.174 0.0590 0 5 1 1 0.303 0.0187 F 5 1 1 0.121 0.0085
B 5 2 1 1.066 0.0582 0 5 2 1 0.363 0.0178 F 5 2 1 0.134 0.0068
B 1 1 2 0.240 0.0156 0 1 1 2 0.134 0.0096 F 1 1 2 0.079 0.0070
B 1 2 2 0.189 0.0114 0 1 2 2 0.170 0.0095 F 1 2 2 0.075 0.0064
B 2 1 2 0.286 0.0159 0 2 1 2 0.161 0.0090 F 2 1 2 0.101 0.0048
B 2 2 2 0.266 0.0113 0 2 2 2 0.142 0.0079 F 2 2 2 0.086 0.0"054
B 3 1 2 0.392 0.0205 0 3 1 2 0.191 0.0109 F 3 1 2 0.087 0.0073
B 3 2 2 0.316 0.0201 0 3 2 2 0.150 0.0103 F 3 2 2 0.093 0.0056
B 4 1 2 0.335 0.0179 0 4 1 2 0.130 0.0070 F 4 1 2 0.079 0.0069 (Xl

......
B 4 2 2 0.422 0.0238 0 4 2 2 0.151 0.0081 F 4 2 2 0.080 0.0070
B 5 1 2 0.370 0.0195 0 5 1 2 0.158 0.0092 F 5 1 2 0.103 0.0064
B 5 2 2 0.342 0.0199 0 5 2 2 0.255 0.0123 F 5 2 2 0.094 0.0064
B 1 1 3 0.164 0.0111 0 1 1 3 0.102 0.0071 F 1 1 3 0.093 0.0064
B 1 2 3 0.163 0.0096 0 1 2 3 0.115 0.0087 F 1 2 3 0.078 0.0061
B 2 1 3 0.274 0.0146 0 2 1 2 0.139 0.0066 F 2 1 3 0.090 0.0050
B 2 2 3 0.102 0.0060 D 2 2 3 0.127 0.0095 F 2 2 3 0.100 0.0061
B 3 1 3 0.255 0.0130 0 3 1 3 0.155 0.0090 F 3 1 3 0.105 0.0073

-B 3 2 3 0.191 0.0092 D 3 2 3 0.105 0.0068 F 3 2 3 0.090 0.0049
B 4 1 3 0.230 0.0133 D 4 1 3 0.111 0.0070 F 4 1 3 0.087 0.0064
B 4 2 3 0.253 0.0137 0 4 2 3 0.146 0.0079 F 4 2 3 0.082 0.0062
B 5 1 3 0.192 0.0095 0 5 1 3 0.144 0.0090 F 5 1 3 0.093 0.0072
B 5 2 3 0.249 0.0130 0 5 2 3 0.138 0.0074 F 5 2 3 0.092 0.0070

I · 1 · 0.058 0.0045
I · 2 · 0.048 0.0054
I · 3 · 0.,058 0.0056

M signi fies the moraine, A through F, and I for the time zero, ice contact samples. S, P, and D signify the
segment, pit, and depth interval, respectively.
dj



Table 4.2: Original Data For 39 Observations

Citrate-bicarbonate Pyrophosphate
Or9anic Total CaCO dithionite extractable Extractable

M S P 0 Carbon Nitrogen pH Equivalent Fe Al Fe A1 Sand Clay
~

A 3 2 1 0.820 0.0352 7.68 76.14 0.277 0.025 0.035 0.005 26.25 19.98
A 4 1 1 0.689 0.0353 7.82 85.87 0.232 0.010 0.031 0.007 45.75 10.20
A 3 2 2 0.185 0.0116 7.83 80.08 0.205 0.015 0.031 0.002 41.50 20.73
A 4 1 2 0.268 0.0095 7.88 88.25 0.210 0.010 0.033 0.005 40.75 21.68
A 3 2 3 0.146 0.0086 7.89 83.92 0.220 0.015 0.031 0.002 42.75 19.55
A 4 1 3 0.206 0.0104 7.95 85.43 0.290 0.005 0.033 0.005 41.25 21.68
R 3 2 1 0.860 0.0403 7.54 83.59 0.197 0.017 0.034 0.004 45.00 17.76
B 4 1 1 1.127 0.0505 7.75 84.21 0.217 0.012 0.034 0.006 43.50 19.40
B 3 2 2 0.316 0.0201 7.70 75.91 0.187 0.010 0.034 0.003 44.25 18.56
B 4 1 2 0.335 0.0179 7.81 83.00 0.192 0.012 0.033 0.005 43.50 20.65
B 3 2 3 0.191 0.0092 7.84 81.60 0.187 0.012 0.034 0.002 46.75 20.81
B 4 1 3 0.230 0.0133 7.86 86.68 0.177 0.007 0.034 0.004 40.25 22.74
C 3 2 1 0.582 0.0345 7.83 80.29 0.217 0.022 0.034 0.003 44.25 19.04
C 4 1 1 0.761 0.0387 7.75 80.29 0.217 0.015 0.031 0.006 39.75 20.99
C 3 2 2 0.187 0.0127 7.97 80.98 0.202 0.010 0.034 0.003 42.25 21.17
C 4 1 2 0.270 0.0153 7.97 82.16 0.197 0.012 0.034 0.005 43.00 21.68
C 3 2 3 0.152 0.0093 7.96 82.67 0.207 0.010 0.034 0.004 41.00 22.01
C 4 1 3 0.149 0.0089 8.00 90.07 0.185 0.007 0.032 0.005 46.50 20.41 CO0 3 2 1 0.296 0.0171 7.84 85.05 0.180 0.012 0.034 0.002 40.75 23.21 N
0 4 1 1 0.529 0.0267 7.84 84.46 0.212 0.010 0.033 0.005 37.00 22.74
0 3 2 2 0.150 0.0103 7.92 77 .83 0.187 0.010 0.035 0.002 40.75 22.44
0 4 1 2 0.130 0.0070 7.92 82.82 0.195 0.012 0.033 0.003 43.00 22.74
0 3 2 3 0.105 0.0068 7.94 77 .96 0.180 0.010 0.035 0.002 42.00 21.12
0 4 1 3 0.111 0.0070 7.88 86.80 0.192 0.007 0.031 0.005 41.25 22.74
E 3 2 1 0.272 0.0149 7.86 80.58 0.177 0.020 0.033 0.003 42.75 21.16
E 4 1 1 n.217 0.0088 7.86 87.96 0.197 0.012 0.032 0.003 35.00 23.56
E 3 2 2 Q, 17i 0.0098 7.84 82.38 0.190 0.015 0.034 0.002 37.25 23.73
E 4 1 2 0.11 0.0065 7.R8 83.57 0.180 0.012 0.034 0.005 35.75 24.01
E 3 2 3 0.113 0.0055 7.93 82.45 0.185 0.015 0.036 0.004 35.50 24.54
E 4 1 3 0.086 0.0064 7.94 84.30 O.IAO 0.015 0.035 0.004 35.00 26.59
F 3 2 1 0.117 0.0081 8.02 78.50 0.165 0.015 0.032 0.002 48.75 19.44
F 4 1 1 0.207 0.0106 7.93 82.55 0.180 0.012 0.030 0.003 51. 30 12.40
F 3 2 2 0.093 0.0056 8.09 84.33 0.167 0.007 0.033 0.003 40.50 22.84
F 4 1 2 0.079 0.0069 7.90 82.61 0.180 0.010 0.031 0.004 33.66 18.29
F 3 2 3 0.090 0.0049 8.08 83.30 0.180 0.012 0.035 0.002 39.00 23.23
F 4 1 3 0.087 0.0064 8.03 81. 27 0.177 0.007 0.032 0.004 37.75 25.51
I 1 0.058 0.0045 7.92 89.05 0.125 0.002 0.025 0.001 82.50 5.29
I 2 0.048 0.0054 7.65 92.32 0.117 0.002 0.021 0.002 84.75 5.77
1 3 0.058 0.0056 7.81 100.02 0.127 0.002 0.024 0.003 80.50 5.77

M signifies the moraine: A through F, and I for the time zero, ice contact samples. S, P, and 0 signify the segment.
pi t, and depth i nterva 1, respect i ve ly.

I
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4.2): pH (pH), percent calcium carbonate equivalent (CaC0 3 ), percent iron by

citrate-bicarbonate-dithionite extraction (CBD-Fe), percent aluminum by the

same method (CBD-Al), percent iron by pyrophosphate extraction (Pyr-Fe),

percent aluminum by the same method (Pyr-Al), percent sand (Sand), percent

silt (Silt), and percent clay (Clay). The 39 samples were chosen arbitrarily

as the Segment 3, Pit 2 and the Segment 4, Pit 1 samples from each moraine,

plus the three time zero samples.

Organic carbon was determined titrimetrically by the Walkley-Black

method (Allison, 1965). A semi-micro Kjeldahl technique was used to estab

lish total nitrogen (Bremner, 1965). The pH was measured in 0.01 M CaC1 2

(1:2, Peech, 1965). Percent calcium carbonate equivalent was measured by the

gravimetric method for loss of carbon dioxide (Allison and Moodie, 1965).

CBO extractable iron and aluminum followed the indicated extraction method

(Mehra and Jackson, 1960), as was also the case for pyrophosphate extractable

iron and aluminum (Bascomb, 1968). All cation concentrations were analyzed

by atomi c absorption spectrophotometry. Percentages of sand and cl ay were

determined by sieve analysis and the hydrometer method (Day, 1950), respec-

tively, after pretreatment with hydrogen peroxide and calgon.

properties were evaluated by calculation.

All other
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NUMERICAL METHODS

Analysis of Variance

Linear models with random t fixed t and nested effects were employed. For

the 180 samples covering the six moraines t pits (P), segments (5), and

~oraines (M) were classed as random, with the pits nested in the segments and

the seg~ents nested in the moraines. Depth (D) was treated as fixed. Inter-

action between moraines and depth (MD) was also considered. For the subset

of 36 samples on the six moraines, the pits were treated as nested directly

i nthe mo rai nes • The analysis of variance designs for the two sampling

schemes is provided (Tables 4.3 and 4.4). The 0 2 terms refer to the

variance components associated with the random effects, whereas the

K2
term is equal to the mean square of the deviations associatedn

with the fixed depth effect. 0 2
i s the variance notE error

explained by the model (Snedecor and Cochran, 1967). Any of the terms with

an estimate less than zero was treated as equal to zero. The ANOVA program

of the Statistical Analysis System (Helwig and Council, 1969) was used for

all analyses.

Factor Analysis

The method of factor analysis used involved three major steps. FirstlYt

principal components were generated. Secondly, the statistically significant

components were rotated orthogonally by the varimax procedure as a means of
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Table 4.3: ANOVA Design for Full Set of 180 Observations

D.F. Source of Variation Parameters Estimated

5 Moraines °E
2

+
2 2 300M230p + 60S +

24 Segments in Moraines 2 2 60p
2

°E + 30p +

30 Pits in Segments 2 + 30p
2

°E

Depths 2 2 60 KD
22 °E + 100MD +

10 Moraine Depth Interaction 2 100MD
2

°E +

108 Error °E
2
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Table 4.4: ANOVA Design for Subset of 36 Observations

D.F. Source of Variation Parameters Estimated

5 Moraines 2 2 60M
2

°E + 30p +

6 Pits in Moraines 2 + 30p
2

°E

2 Oepths °E
2

+
2 121<022°MD +

10 Moraine Oepth Interaction 2
20MD

2
°E +

12 Error °E
2
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simplifying the columns of the loadings matrix (Kaiser, 1958). Finally, in

order to simp1i fy the structure even further, the components or factors were

rotated again, this time obliquely by the promax method (Hendrickson and

White, 1964). With thi s approach the i dentifi cati on of factors wi th maj or

processes is facilitated, especially when it is thought that these processes

may be related to one another. The strength of the relationships can be

judged by the correlation coefficients between the pairs of oblique factors.

For the promax rotation k was set equal to 4, allowing the components to be

moderately correl ated, provi ded that such correl at ion exi sts in the data

base. Varying the value of k around 4 changed the results only marginally.

Results were also equivalent to those obtained by the direct oblimin method

(Jennrich and Sampson, 1966) using the SPSS package (Kim, 1975). A detailed

explanation of the principles behind oblique rotations may be found in Harman

(1967) or Mulaik (1972). The factor analysis presented here was produced by

the FACTOR program of the Statistical Analysis System (Helwig and Council,

1979) •

Non-Linear Curve Fitting

Organi c carbon and nitrogen va 1ues were fitted independently by non

linear equations involving functions of time and depth. Instead of applying

the sequential simplex algorithm (Nelder and Mead, 1965) as done in a

previous paper (Sondheim et ale, 1981), the Gauss-Newton method using the

Taylor series was employed. This technique demands that the partial deriva

tives of the function be given with respect to each of the coefficients to be
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estimated. Convergence on an optimal solution is reached much more quickly

than with the simplex method; more importantly, unlike the simplex method,

approximate standard errors and thus confidence limits are generated readily

for all esti~ated coefficients. Concise explanations of the method are found

in Snedecor and Cochran (1967) and in Helwig and Council (1979). The NUN

prograf'1 of the Statistical Analysis System (Helwig and Council, 1979) was

used for all non-linear curve fitting. The correlation .coefficient between

observed and expected va 1ues for each soil property tested was determi ned by

the Pearson product-moment formula.

Because the sampling design allows for the representation of each of the

1R depth-moraine combinations by ten independent samples, the regression

equation can be tested further using a repeated measurements analysis of

variance procedure (Draper and Smith, 1981). The total sum of squares, SST,

consists of the sum of squares explained by the regression equation, SSR,

plus the residual or error sum of squares, SSE. The latter term may be

subdivided into the sum of squares categorized as pure error, SSP, plus the

sum of squares reflecting lack of fit of the regression equation, SSL. The

pure error term is the random va ri at ion defi ned by the sum of the sum of

squares of the ten replicates from their mean for each of the depth-moraine

combinations. The lack of fit term measures systematic variation from the

regression curve, and consequently, it is related to the adequacy of the

regression model. It can be calculated by subtracting SSP from SSE. Roth

the regression equation and the lack of fit may be tested for statistical

s i gnifi cance (Table 4.5). SSP and SST may be used further to estimate the
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Table 4.5: Analysis of Variance Test for Regression Equation

Source of Sum of Degrees of f statistic and associated
Variation Squares Freedom degrees of freedom

Regression SSR k-l (SSR/(k-l))/((SSL+SSP)/(n-k)); k-l, n-k

Lack of fit SSL o-k (SSL/(o-k))/(SSP/(n-o)); o-k, n-o

Pure error SSP n-o -

Total SST n-l

k is the number of constants estimated by the regression equation, 0 is the
number of observations representing each combination of the independent
variables, and n is the total number of observations. In the case under
study, k, 0, and n are equal to 4, 10, and 180, respectively.
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maximu~ proportion of variation which could possibly be explained by a

regression equation. The proportion, referred to as Max-r2, is estimated

as (SST-SSP)/SST.

RESULTS AND DISCUSSION

From the Analyses of Variance

The total variance of a soil property may be partitioned into a number

of separate and independent variance components. These fall into three gross

classes: (1) variance associated with differences in process related charac

teristics; (2) variance associated with locational differences not readily

related to ongoing processes; and (3) variance remaining after all of the

previously defined sources of variation have been taken into account. Into

t'r1e 7i rst class fall variances attributable to di fferences in age of the

moraines, o~,

age with depth,

segments on the

in depth, KO, and in the interaction
2

°MD. Vari ances rel ated to di fferences among

moraines, o~, and between the pits within

of

the

the

segments, belong in the second class. The error component,

0
2
E, which lies in the third class, is the variance unexplained by

the other terms. Presumably, it is associated with lateral or horizontal

variation within a pit, with variation resulting from minor differences in

sampling technique, and with variation attributable to the method of labora-

tory determination.
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Following standard analysis of variance procedures (Snedecor and

Cochran, 1967), the amount of variation attributable to each of a number of

sources may be estimated. By summing the 02 and K2 components (Tables

4.3 and 4.4), the percentage of the total variation determined by the indi

vi dua 1 components is readily ascerta i ned. Note that the 1egi t imacy of such

percentile comparisons depends on the recognition that for the fixed effects

the associated K2 values represent very specific quantities; in the case at

hand they refer di rect ly to the depth i nterva1s exami ned. Another poi nt

concerning the approach used here is that, if the distribution of a property

differs markedly from the Gaussian distribution, the data should be trans

forned to approach greater normality. Organic carbon and nitrogen were both

found to be lognormally distributed; thus their logarithmic equivalents were

used in the analysis of variance •

. Examination of the organic carbon results (Table 4.6) shows that approx

imately 90 percent of the variation is explained by the moraine, depth, and

moraine-depth interaction terms. The fact that the interaction term differs

very significantly from zero suggests that the true relationship of In(C) as

a function of depth and age may be non-linear. Variation among the means of

the seg~ents within the moraines accounts for only three percent of the total

and variation between the pits within the segments accounts for only two

percent. Thus, while these differences in location are judged significant,

they are of mi nor importance. Analysi s of the di fferences among the means

for the three depths and for the six moraines is accomplished by use of

Duncan1s New Multiple Range Test. The results indicate that Depth 1 has



Table 4.6: Analysis of Variance Results

Duncan's New Multiple Range Test
Property No,~ of % of Sum of ANOVA Components Listed Highest to Lowest

Samp 1es
2 2 2 2 2 2

°E op aS °MD KD oM Depths Moraines

In(C) 180 7 2* 3* 8** 44** 37** 1 2 3 B A C D E F

In(N) 180 9 2* 3* 9** 47** 30** 1 2 3 B A C D E F

C/N 180 62 7 1 3 7* 19** 1 2 3 B A C D E F

pH 36 13 14 NA 5 28** 40* 3 2 1 F C 0 E A B

CaC0 3 36 53 40 NA 5 1 0

CBD-Fe 36 25 8 NA 10 13* 44* 1 2 3 A C B D E F

CBD-Al 36 37 35 NA 0 28** 0 1 2 3

CBD (Fe + Al) 36 23 13 NA 10 19* 36* 1 2 3 A C B 0 E F

Pyr-Fe 36 65 31 NA 5 0 0

Pyr-Al 36 18 66* NA 16 0 0

Pyr (Fe + Al) 36 53 7 NA 28 0 12

Sand 36 71 0 NA 15 0 15

Si lt 36 50 2 NA 36 0 12

Clay 36 52 0 NA 4 22* 22 3 2 1

Significance at the 95% and 99% levels of confidence is indicated 2by * an~ **, respectively. Results
from Duncan's New Multiple Range Test are provided where KD or OM are found significantly
different from zero. Depths or moraines joined by underlining are judged to have means not signifi
cant ly di fferent from one another at the 95% 1eve 1 of confi dence. For the subset of 36 samp 1es the ~
component is not applicable, (NA).

lD
N
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significantly more organic carbon than Depth 2 and that Depth 2 has signif-

icantly more than Depth 3. The six moraines have means significantly

different from one another. With the exception of Moraine B, the older the

moraine the greater is its organic carbon content.

The results for nitrogen are essentially the same as those for organic

carbon. Other properties with a high degree of variance explained by the

moraine, depth, and interaction terms are pH, CSD extractable iron, and CBD

extractable iron plus aluminum. Values' for pH increase with depth and tend

to decrease with age. The latter two properties both decrease with depth,

but generally increase with age. It is clear from their values (Table 4.2)

that in the analysis of CSD extractable iron plus aluminum, the effects of

the iron far outweigh those of the aluminum. For all the remaining

variables, the error, pit, and segment terms explain more than one-half of

the total vari ance. Neverthel ess, the carbon-nitrogen ratio shows a s i gnif

icant decrease with depth and a significant increase with age. CSD extract

able aluminum decreases significantly with depth, whereas percent clay

increases significantly with depth.

From the Factor Analysis

The factor analysis was performed on the correlation matrix for the

following eight properties: organic carbon, nitrogen, pH, calcium carbon

equivalent, the sum of iron plus aluminum by both extraction methods, percent

sand and percent clay. The correlation between organic carbon and nitrogen
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was based on all 183 samples; all other correlations were based on the subset

of 39 samples. Accounting for eighty-three percent of the total variance,

two principal factors were judged significant with eigenvalues greater than 1

(Kaiser,1960). The results from rotating these factors obliquely are

displayed in the pattern matrix and the structure matrix (Table 4.7). The

squares of the coefficients in the pattern matrix indicate the direct contri

butions of the factors to the variances of the properties. Thus, the pattern

matrix is used to delineate the groupings of properties. The structure

matrix consists of the correlation coefficients between the properties and

the factors. The squares of these coefficients give the total contributions

of the factors to the va ri ances of the propert i es. The total cont ri but ions

are composed of both direct and indirect contributions, the latter resulting

from the non-zero correlations among the factors. The indirect contributions

may be either positive or negative, as scrutiny of Table 4.7 shows.

In an orthogonal solution, such as that provided by principal component

analysis, there are no indirect contributions since by definition the compo

nents or factors are completely uncorrelated; orthoganality also implies that

the pattern and structure matrices are identical. It follows that the

smaller the correlations between factors in an oblique solution, the more

similar will the pattern matrix be to the structure matrix. Examination of

the two matrices (Table 4.7) shows small differences between the respective

coefficients. The correlation between Factor 1 and Factor 2 is 0.20. Thus,

from a statistical perspective the factors and the processes identified with

them cannot be assumed to have a simple linear relationship to one another.
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Table 4.7: Obligue Factor Matrices

Pattern Matrix Structure Matrix
Property Factor 1 Factor 2 Factor 1 Factor 2

C 0.13 0.94 0.31 0.96

N 0.10 0.94 0.29 0.96

pH 0.35 -0.85 0.18 -0.78

CaC03 -0.71 -0.06 -0.72 -0.20

CBO (Fe + Al) 0.68 0.48 0.78 0.61

Pyr (Fe + Al) 0.89 0.11 -0.97 -0.13

Sand -0.98 0.07.. -0.97 -0.13

Clay 0.93 -0.35 0.86 -0.17
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Perusal of the pattern matrix shows that organic carbon, nitrogen and pH

are strongly related to Factor 2. From the signs of the coefficients it is

clear that higher values of organic carbon occur with higher values of

nitrogen and lower values of pH. All three of these properties ~'/ere deter

mined to have significant depth and age components in the analysis of

variance. Increases in vegetation development and associated microbial

activity lead to increases in organic carbon and nitrogen. The correlation

coefficient between these two properties is 0.98, indicating that the

nitrogen produced by symbiotic fixation as well as by other mechanisms

qui ckly attai ns equil i bri urn with respect to organi c carbon. The changes in

pH appear to be controlled largely by the production of acids associated with

organic matter. Carbonic acid as a constituent of precipitation or as a

product of non-biologically produced carbon dioxide and water in the soil is

tentatively discounted as a major influence on pH. This is logical not only

because of the relationship of pH and organic carbon in the factor pattern,

but also because the two properties reach their minimum and maximum values,

respectively, on Moraine 13, not Moraine A (Table 4.2). Since Moraine A is

twice the age of Moraine B, its soil should be less alkaline if abiotically

generated carbonic acid were the main cause of decreases in pH.

The remaining properties may be identified with Factor 1. The pattern

coefficients suggest that decreases in percent sand are related to increases

in percent clay, to increases in percent iron plus aluminum by both extrac

tion methods, and to decreases in percent calcium carbonate equivalent.

Percolation of rainfall and snowmelt through the soil should lead to weather-
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ing from carbonation, which as argued above, seems largely independent of the

state of vegetation development. Dissolution of carbonate in the surface

layer results in the destruction of sand grains and the creation of clay

sized particles; some of these particles are translocated downward in the

profile by infiltrating water, as suggested by the analysis of variance

results. Increases in percent extractable iron plus aluminum can be

explained by the freeing of amorphous material during the weathering process.

The decrease in percent CBD extractable iron plus aluminum with depth is a

reflection of the lesser intensity of weathering with depth. It is assumed

that only percent clay and percent CBD extractable iron plus aluminum show

significant variation with depth and that only the latter property shows

significant variation across the moraines (Table 4.5) because of the inherent

variability of the parent material.

From the Non-linear Curve Fitting

In a previ ous chronosequence study Sondheim et al., (1981) defi ned a

multivariate measure of pedogenic development in terms of an equation with an

exponential soil depth term and a logistic age term. The same equation is

used here with first percent organic carbon and then percent total nitrogen

as the dependent variable.

where P is the soil property, q through c5 are coefficients, d is depth

in cm and t is time in years. The value of c1 is defined as the mean
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organic carbon value or the mean nitrogen value for the three time zero soil

sdmp 1es. The values for the other coeffi ci ents are such that for either a

zero value for t or a very large value of d, P becomes approximately equal to

q. The data base for the two analyses consisted of the 180 samples from

the six moraines, with ten repl icates for each of the eighteen depth-age

combinations. The midpoints of the depth intervals, 7.5, 22.5 and 37.5 cm,

a re taken as the va 1ues of d. The correlation coefficients between the

observed and the equation estimated values were 0.89 (r 2 = 0.79) for orga

nic carbon and 0.88 (r 2 = 0.78) for nitrogen. The corresponding Max-r2

estimates are 0.81 and 0.83, respectively. Thus, of the variation which

hypothetically could be explained by a regression model, Equation 4.1

accounts for 97 percent (100 x .79/.81) for organi c carbon and 94 percent

(100 x .78/.83) for nitrogen.

Examination of the coefficients' estimates and their 95 percent confi

dence intervals shows (Table 4.8) that for c3, C4 and c5 the values for

the two properties are very similar. For c2 the values for organic carbon

are all approximately 20 times the correspondi ng values for nitrogen. Thi s

is close to 17, the carbon-nitrogen ratio for the 180 samples. The confi

dence intervals for c3 are fairly narrow, those for C4 quite wide, and

those for c2 and c5 somewhere in between. Thus the est imates for c3

should be judged as reasonably reliable. In an earlier paper (Sondheim et

al., 1981) c3 was identified as a chemical damping depth, analogous to a

physical damping depth (Monteith, 1973). At depths of c3 and 3·c3, or

approximately 14 and 43 cm, the values for the soil properties can be
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Table 4.8: Estimates and 95% Confi dence Intervals for
Coefficients of Eg. 4.1

Percent Organic Carbon Percent Total Nitrogen
Estlmate Lower Opper Estimate Lower Upper

q 0.0547 0.00517

c2 1. 30 1.15 1.46 0.0641 0.0559 0.0723

c3 14.8 13.0 17.1 13.7 11.9 15.9

C4 226 -81. 9 533 252 -122 625

c5 0.0790 0.0579 0.100 0.0815 0.0582 0.105
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expected to be only 37 percent and five percent, respectively, of those at

the surface of the mineral soil. This suggests that the buildup of organic

carbon and nitrogen is heavily concentrated at and near the surface.

The results of the repeated measures analysis of variance provided two f

statistics for each property, one for the regression equation and the other

for lack of fit. The f values for the lack of fit are 4.86 and 8.30 for

organic carbon and nitrogen, respectively, both with six and 170 degrees of

freedom and both significant at the 99.9 percent level of confidence. The f

values for the regression equation are 210 for percent organic carbon and 202

for percent total nitrogen. With three and 176 degrees of freedom, these

would normally be statistically significant well beyond the 99.9 percent

level of confidence. However, since the lack of fit is statistically signif

icant, it is not really legitimate to test the significance of the regression

equation. Thus, the regression ~odel appears to account for a highly signif

i cant proportion of the va ri ance for both properties, but whether it fa ith

fully represents all the trends in the data seems doubtful.

This apparently anomalous situation is clarified by examination of the

graph of Equation 4.1 for percent total nitrogen with the appropriate means

plotted (Figure 4.3). Two major systematic deviations between the observed

and the expected values are evident. At all three depths Moraine B has the

highest level of nitrogen. It is postulated that Moraine A does not have a

higher nitrogen percentage because of the sharp decrease in the plant species

included in nitrogen fixation (Figure 4.1). The other major systematic
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Fi ure 4.3: Gra hs of Percent Total Nitro en versus Time and De th,
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standard deviation within strata.
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deviation concerns the relative magnitudes of the means of the second and

third depth intervals. The curves indicate a much wider spread between the

values than is in fact the case. Also, for all six moraines the means of the

lowest depth i nterva 1 are above the regress ion 1i ne. These factors suggest

that the chemical damping depth may be smaller than the equation indicates

and that the background nitrogen level may be gradually increasing over time,

as a result presumably of percolating water carrying minute quantities of

nitrogen throughout the soil. Organic carbon is not discussed here since its

behaviour is nearly identical to that of nitrogen.

A further comparison between the plotted points and curves for nitrogen

and the graphs of sweet vetch and yellow dryas (Figure 4.1) is in order. The

percent cover for both species reaches its maximum values on Moraines C, 0

and E, the same moraines exhibiting the greatest increase in nitrogen

content. Where the percent cover is low at the beginning and end of the

graphs, the rate of nitrogen increase is also low. This suggests a func

tional relationship between the level of nitrogen in the soil at any given

time and the total sum of nitrogen added to the soil since time zero. A

practical implication of this hypothesis is that application of nitrogen

fertil izer at an early stage of ecosystem development may lead to long term

increases in the soil's nitrogen content. Armson (1977) discusses a similar

not i on with respect to degraded soil s. Concerni ng the sma 11 but defi nite

decrease in nitrogen from Moraine B to Moraine A, it is speculated that it

may be a product of a significant increase in the nitrogen uptake by the

trees. The graphs of dominant tree height and thickness of the litter layer
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(Figure 4.2) indicate considerable tree growth between the oldest two

moraines. Similar results were obtained by Ugolini (1968) and by Crocker and

Major (1955). In their chronosequence studies at Glacier Bay, Alaska, they

found that percent ni trogen reached a maximum withi n a century of degl aci a

tion and then decreased as Engelmann spruce replaced alder.

Examination of the graphs (Figures 4.1, 4.2 and 4.3) and the, apparent

correlation between size of the error bars and age (Figure 4.3) suggests a

further suppos iti on. St rong corre1at ions may exi st between certai n soil and

vegetat ion properties du ri ng specifi c per; ods of ecosystem development or

whenever high levels of pedologically related or pedologically induced stress

are placed on the plant community. Oiversity of an ecosystem, as indicated

by the complexity of the vegetation structure and the number of plant species

within a given area, may be related to the variability of soil properties.

For the study at hand ecosystem diversity appears to increase as steady state

(Figure 4.3) is approached. Thus, steady state may represent a stage of

development during which the statistical interdependencies among the elements

of an ecosystem are at comparatively low levels. This hypothesis is corrobo

rated by the findings of Sondheim and Klinka (1982) in their study of the

relationships between soil properties and a phytosociological classification

system.

The question of the time to steady state remains to be addressed.

Because of the absence of data between Moraines A and B it is unclear whether

the oldest moraine has in fact reached steady state. If it is assumed that
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no further decrease in nitrogen content is expected, then steady state

probably occurs somewhere between 130 and 190 years. The graph of Equation

4.1 virtually reaches its age related asymptote at 130 years, but for reasons

given above, the validity of this estimate may be questionable. By compari

son to much older forest communities nearby, the successional status of the

oldest moraine would still be considered as seral. Field examination of the

soils of these older ecosystems showed them to have the morphological charac

teristics of a Podzol. Thus, there exists the possibility that the community

on Moraine A is approaching an edaphic climax. The graphs of rooting depth,

depth of the Ck horizon, and total vegetation cover all suggest the culmina

tion or near culmination of a phase of ecosystem development. However, even

if it were the case that one or more components of the ecosystem have reached

steady state conditions, major changes in both the pedological and biological

characteristics of the moraines are likely to occur once the percentage of

carbonate in the soi 1 begi ns to decrease substant i ally. The time requi red

for this to begin to happen cannot be extrapolated from the data, since

percent calciurl carbonate equivalent did not show significant differences

across the moraines.

CONCLUSIONS

The Robson morai nes appear to reach pedogeni c steady state in 1ess than

two centuries after deglaciation. For organic carbon and nitrogen the near

surface values for the oldest moraines are greater than their time zero

counterparts by approximately an order of magnitude. This comparatively
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large increase has been identified with highly visible changes in the vegeta

tion ecology of the moraines. A non-linear regression model, with an expo

nential term for depth and a logistic term for time, explains nearly four

fifths of the variation for both properties. Decreases in pH are associated

with increases in organic carbon and nitrogen. For percent calcium carbonate

equivalent, percent iron, percent aluminum, percent sand and percent clay,

the primary mechanism of change appears to involve the process of abiotically

induced carbonation. However, the evidence to substantiate this interpreta

tion is clouded by the high degree of inherent variability exhibited by these

properties.
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CONCLUSIONS

This thesis examined some fundamental concepts of soil classification

and genesis) IJsing a variety of statistical and numerical techniques.

Chapter 1 concerned an eva 1uat i on of the extent to whi ch hori zons can be

differentiated from one another on the basis of chemical properties. The

horizons studied included F) H) Ah) Ae) Bhf, and Sf and were taken from

Podzo1i c soil s developed on granodi orite deri ved sedimentsin southwestern

British Columbia. The determination of the degree to which the horizons form

distinct groups in a multivariate context was performed using a grouping

procedure based on the multivariate density equation. It was found that 63

percent of the observations were nearer to their own horizon centroid than to

any of the other centroids. When horizon membership was altered in an

attempt to form optimal groupings) the membership of 54 percent of the obser

vations was unchanged. Considerable overlap was show to exist between the F

and H horizons and between the Ah and Bhf horizons. Otherwise the picture

that emerged was one in which the horizons did not form distinct clusters but

did tend to fall into definite regions of the multivariate space.

In Chapter 2 the ability of an ecological classification system to

explain the variability of soil and physiographic properties was tested.

Sixty stands from a research forest in southwestern British Columbia are

defi ned in terms of three categori ca 1 1eve1s of the ecosystem taxonomy of

V.J. Krajina. The stands belong to fourteen associations) eight alliances,

and three orders. Using these taxa, nested and one-way analyses of variance

were performed on forty soil and phys i ographi c properties of the i ncl uded



107

ecosystems. Because the hierarchy tested was unbalanced and the samples were

of unequal size, the estimates and significance of the variance components

for both ana lyses were determi ned by approxi mat ion techni ques. The results

from the nested ana lyses i ndi cated that for most of the propert i es the

hierarchical structure was of little value as a means of explaining vari

ability. The results from the one-way analyses showed that for mineral soil

pH and for most physiographic factors between one-half and two-thirds of the

variability can be attributed to the classification of the ecosystems into

associations. For the other properties and for the alliances and orders,

this proportion was typically much lower. The study suggested that for

general pedologic and environmental characterization there may be little

justification for using the alliance and order categories.

In Chapter 3, multivariate techniques were applied to eleven chemical

and physical properties of soil samples collected along a prograded beach

chronosequence, located on the west coast of Vancouv~r Island, British

Columbia. The samples were taken from three horizons at each of seven sites.

The twenty-one samples were considered as independent observations. Applica

tion of principal component analysis with a normal varimax rotation gave

highly interpretable results. The first component was readily identified

with podzolic pedogenic processes, whereas the second component appeared to

relate closely to sea spray input. A non-linear optimization procedure was

used to fit the first principal component to an empirical equation incor

porating a logistic term for time and an exponential term for depth. A

correlation coefficient value of 0.99 was obtained. The notion of a pedo

genic damping depth analagous to a thermal damping depth was suggested.

,.



108

Chapter 4 involved an interpretation of 183 soil samples from 60 pits

collected from a sequence of moraines located in front of the Robson Glacier,

Mt. Robson, British Columbia. Univariate analysis of variance, oblique rota

tion factor analysis, and non-linear regression were employed to ascertain

the major processes operating on the moraines and to determine whether

expected trends were masked by the inherent vari abil ity of the parent

material. Properties exhibiting significant differences with respect to soil

depth and moraine age included organic carbon, nitrogen, and pH. Assumed to

be functionally related, these properties were also identified with one of

two significant factors from the factor analysis. The values for organic

carbon and nitrogen were fitted to non-linear equations involving an exponen

tial term for depth and a logistic term for time; the resulting correlation

coefficients were 0.89 and 0.88, respectively. Percent calcium carbonate

equivalent, percent iron plus aluminum by citrate-bicarbonate-dithionite

extraction, percent iron plus aluminum by pyrophosphate extraction, percent

sand, and percent clay showed generally little or no relationship to depth

and age. These properties were related to the second factor from the factor

analysis, which was identified with water infiltration and abiotica11y

induced carbonation. The absence of stronger depth and age trends for these

properties was presumed to be caused by a high degree of variability within

the parent material.

Extrapolations

The' major conclusions and suppositions from the chapters may be extended

to paint a more cohesive picture. The basic points are as follows.
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In a statistical context soil horizons do not always represent well

defined entities, as discussed in Chapter 1. Instead they may be arbitrary

divisions along a continuum. This suggests that in many cases the use of

constant depth intervals may be as informative as the use of horizons.

SaMpling from constant depth intervals can be cost effective in terms of the

number of laboratory samples needed to characterize a plot and in terms of

the level of expertise required by the field surveyor. As well, management

oriented interpretations may be easier to make since comparisons among pedons

are more direct.

Chapter two suggests that a tightly defined functional relationship

between vegetation and soil properties typically may not exist.

Consideration of the extremes of environmental gradients may lead to

assumptions regarding the nature and intensity of interactions which are not

necessarily applicable to more common situations. At least when restricted

to relatively small geographic areas, attempts to derive a holistic

classification useful for a variety of ecological data may be ill fated. It

may be better to handle the data for each discipline separately, combining it

only as demanded by various algorithms designed to meet very specific

interpretation objectives.

Treatment of soil as a mathematically tractable continuum may be useful

not only in interpreting processes, but also in predicting values across a

landscape, as shown in Chapter 3. Additionally, representation of chemical

and physical soil dynamics by simple mathematical entities may be more

informative than by taxonomic nomenclature. Fundamental pedological and
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ecological principles may be helpful as guides in the development of regres

sion equations, simulation models, and the like. Limitations to such tech

ni ques imposed by the presence of random noi se, or non-attri butabl e vari a-

bility, also apply to more traditional classificatory methods.

The results of Chapter 4 corroborate many of the assertions made above.

Use of constant depth intervals for sampling was highly beneficial, as it

allowed for straightforward analysis of the data. Some soil and vegetation

properties were clearly related to one another, but the strength of the

relationships appeared to drop when steady state was approached. For the

majority of soi 1 properties measured, expected trends were veiled by a high

degree of variability not attributable to any readily definable, environ

mental functions. Finally, the employment of regression and data reduction

analyses facilitated data interpretation, where dependence on taxonomy would

have been of little value.

Perspectives

The rationale behind soil taxonomy is based on two propositions.

{1} The taxonomy establ i shes a conceptual model. It serves as a

data reduction mechanism by providing the user with a compre

hensible vantage point of what is generally a very large

number of raw data. This in turn facilitates communication

among users and genera lly allows for the wi despread app 1i ca

tion of the taxonomy.
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(2) The definitions inherent in the taxonomy demand the develop

ment and maintenance of data standards. The standards ensure

that temporal and areal comparisons can be made. Addition

ally, the conceptual model and the data standards together may

be used to support soil mapping.

FroPl both points it may be aSSUMed that more effort di rected at the develop

ment and refi nement of sophi st i cated pedo1ogi c and eco1ogi c taxonomi es is

worthwhile. This assumption was probably valid in the past. It is question

able today and will become more so in the future. The reasoning behind this

claim centers on the advent of electronic data storage and manipulation.

The importance of the conceptual model is discussed first. Increasingly

the degree of generalization implicit in the model will be viewed as unneces

sary and undesirable in a practical context. The emphasis more and more in

mapping will be to define polygons in as much detail as possible with respect

to a large set of raw attributes. The maps will be digitized and entered

into a computer, along with rough estimates of the attributes for each

polygon. Using algorithms operating on this data base, the surveyor will be

able to create computer produced, simple interpretive maps. Since the raw

field and laboratory data for sampled pedons will also be stored in the

co~puter, the surveyor will have the option of using his original pedon data

in the development of predictive models and the like. Standardized algo

rithms in conjunction with the data standards will gradually replace the role

of taxonomy as a communications device. Extensive use of the computer will
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give the surveyor the opportunity to create maps, guidelines, and other

interpretive aids more rigorously and with less dependence on taxonomy and

t raditi ona1 cl ass ifi cati on concepts. Some users of the Canada Soil Informa

tion System have begun taking this approach in recent years. The imminent

introduction in British Columbia of second generation soil information

systems will make this line of thinking very realistic to pursue.

The second point made earlier, concerning the relationship of data stan

dards to taxonomy, will also be influenced heavily by electronic data proces

sing. The driving force behind standardization will become the existence of

1arge, integrated data base management systems. Major changes in the stan

dards will entail major changes in system design, programming, and documenta

tion. System updating is always very expensive and will only be done when

there is substantial evidence that such a revision is required. This argu

ment refers primarily to the storage, retrieval and integrity requirements of

the raw pedon and polygon data. Advances in statistical and numerical

methods are less of a concern, since they are usually incorporated quite

quickly into standard analysis systems, such as SAS, SPSS, and BMD. Assuming

that a link has been established between the data management and analysis

systems, the surveyor will be able to analyze his data very readily.

Two complementary avenues of invest i gat i on are suggested from the pre-

vious discussions. One concerns digital terrain models and the other

involves variability. From a digital terrain model of elevation, companion

models can be derived of slope, aspect, curvature, upslope distance, distance
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to the nearest water body, etc. Maps of precipitation, temperature, bedrock,

and regolith thickness and composition could be digitized and added to the

data base to help establish gross chemical and physical properties. Crude

indications of surface and canopy conditions could be gleaned from remotely

sensed imagery in or converted to a digital format. Mathematical models of

soi 1 moi sture and temperature dynami cs coul d be appl i ed to the data base

using actual field measurements for local calibration. Other soil properties

might be predicted through regression and correlation techniques based on the

relationships between elements in the data base and ground truth observations

sampled where possible in accordance with a vigorous experimental design.

Through modelling and analysis, the original data base could be extended so

that for every point on the digital landscape a value could be estimated for

a 1arge number of vari abl es. Many i nterpretat ions commonly attempted from

soils maps or ecosystem descriptions probably could be made faster, cheaper,

and more accurately through the use of simple algorithms operating on the

extended data base. Conceptually, such a digital 1andscape approach is very

straightforward; as much emphasis as possible is placed on the data and as

little emphasis as possible is placed on higher levels of abstraction.

Random noise, or non-attributable variabilty, poses an ultimate limita

tion to the usefulness of this approach or any other. It would be of

interest to determine the relationship between noise and more manifest land

scape characteristics. Different environments could be placed relative to

one another on a noise scale. Predictive techniques would be less successful

with noisy environments as compared to quieter ones. Similarly, in a high

j
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noi se envi ronment di fferences inaccuracy between reconnai ssance and i nten

sive surveys would not be as great as one would normally expect. Extra

survey effort might be more profitably spent in a low noise environment.

There may exist relationships between noise and physiographic and ecological

complexity. It seems likely that t at the meso-scale t noise can be broken

into two mai n components: that rel ated to the development of mi croenvi ron-

ments and that inherited from the parent materi a1. Juvenil e ecosystems and

ecosystems under high stress conditions probably display comparatively little

noise t particularly if they occur on homogeneous parent materials. Low

stress t climax ecosystems developed on heterogeneous parent materials would

represent the opposite extreme •



115

REFERENCES CITED

Allison, L.E. 1965. Organic carbon. In C.A. Block (ed.) Methods of Soil
Ana lys is, Part 2. Agronomy 9: lID-1378. Amer. Soc. of Agronomy,
Madison, Wisconsin.

Allison, L.E. and C.O. Moodie. 1965. Carbonates. In C.A. Block (ed.)
Methods of Soil Analysis, Part 2. Agronomy 9: 1379-1196. Amer. Soc. of
Agronomy, Madison, Wisconsin.

Annas, R.M. and R. Coupe.
Cariboo Forest Region.
103 p.

1979. Biogeoclimatic Zones and Subzones of the
British Columbia Ministry of Forests, Victoria.

Armson, K.A. 1977. Forest Soils, Properties and Processes.
Toronto Press, Toronto. 390 p.

Uni v. of

Baldwin, M., C.E. Kellogg, and J. Thorp. 1938. Soil Classification. In
Soils &Men, Yearbook of Agriculture 1938. U.S.D.A., Washington, D.C.--

Bascomb, C.L. 1968. Distribution of Pyrophosphate-Extractable Iron and
Organic Carbon in Soils of Various Groups. J. Soil Sci. 19: 251-267.

Beckett, P.H.T. and R. Webster. 1971. Soil Variability: A Review. Soils
and Fertilizers. 34: 1-15.

Beil, C.E., R.L. Taylor, and G.A. Guppy. 1976. The Biogeoclimatic Zones of
British Columbia. Davidsonia 7: 45-55.

Birkeland, P.W. 1974. Pedology, Weathering and Geomorphological Research.
Oxford Univ. Press, N.Y. 285 p.

Braun-Blanquet, J.
Vienna.

1964. Pflanzensoziologie, 3rd ed., Springer-Verlag,

Bremner, J. 1965. Total Nitrogens.
Analysis, Part 2. Agronomy 9:
Madison, Wisconsin.

In C.A. Bl ack (ed.) Methods of Soi 1
m1-1175. Amer. Soc. of Agronomy,

Buffo, J., L.J. Fritschen, and J.L. Murray. 1972. Direct Solar Radiation on
Various Slopes from 0 to 60 Degrees North Latitude. U.S.D.A. For. Servo
Res. Pap. PNW-142, Portland.

Burgess, ToM. and R. Webster. 1980. Optimal Interpolation and Isorithmic
Mapping of Soil Properties, I. The Semi-Variogram and Punctual Kriging.
J. Soil Sci. 31: 315-331.

Canada Soil Survey Committee, Subcommittee on Soil Classification, 1978. The
Canadian System of Soil Classification. Can. Dep. Agric. Publ. 1646.
Supply and Services Canada, Ottawa, Onto



116

Carson, M.A. and M.J. Kirkby. 1972. Hi11s10pe Form and Process. Cambridge
Univ. Press, Cambridge. 475 p.

Chapman, H.D. 1965. Cati on-Exchange Capacity. In C.A. B1 ack (ed.) Methods
of Soil Analysis, Part 2. Agronomy 9: -891-902. Amer. Soc. of
Agronomy, Madison, Wisconsin.

Clayton, J.L. 1972.
Coastal Ecosystems.

Salt Spray and Mineral Cycling in Two California
Eco1. 53, 74-81.

Cline, M.G. 1949. Basic Principles of Soil Classification. Soil Sci. 67:
81-91.

Cooper, W. S. 1916. P1 ant Successions in the Mount Robson Regi on, Ikit ish
Columbia. The Plant World. 19: 211-238.

Cordes, L.D. 1972. An Ecological Study of the Sitka Spruce Forest on the
West Coast of Vancouver Island. Ph.D. Thesis. Univ. British Columbia.
Microfiche edition, National Library of Canada, Ottawa.

Crocker, R.C. and B.A. Dickson.
Moraines, Southern Alaska.

1957. Soil Development in the Recessional
J. Eco1. 45: 169-185.

Crocker, R.L. and J. Major. 1955. Soil Development in Relation to
Vegetation and Surface Age at Glacier Bay, Alaska. J. Ecol., 43: 427-
448.

Daniel, T.W., J.A. Helms and F.S. Baker. 1979. Principles of Silviculture.
2nd ed. McGraw-Hill, New York.

Daubenmire, R~F. 1952. Forest Vegetation of Northern Idaho and Adjacent
Washi ngton, and Its Beari ng on Concepts of Vegetation C1 ass ifi cat ion.
Eco1. Mono. 22:301-330.

Day, R. 1950. Physical Basis of Particle Size Analysis by the Hydrometer
Method. Soil Sci. 70: 363-374.

de Gruijter, ,J.,J. 1977. Numerical Classification of Soils and Its Applica-
tion in Survey. Agricultural Research Report 855. Netherlands Soil
Survey Institute (Stiboka), Wageningen.

Dickson, B.A. and R.L. Crocker. 1953. A Chronosequence of Soils and
Vegetation Near Mt. Shasta, California. II The Development of the
Forest Floors and the Carbon and Nitrogen Profiles of the Soils. J.
Soil Sci. 4(2): 142-154.

Draper, N. and H. Smith. 1981. Applied Regression Analysis, Second Edition,
Wiley, New York, 709 p.

Eis, S. 1962. Statistical Analysis of Several Methods for Estimation of
Forest Habitats and Tree Growth Near Vancouver, B.C. Faculty of
Forestry Bull. 4. Univ. British Columbia. 76 p.



117

Etherington, .J.R. 1967. Studies of Nutrient Cycling and Production in
01 i gotrophi c Ecosystems. 1. Soil Potassi urn and Wi nd-Bl own Seaspray in
a South Wales Dune Grassland. J. Ecol. 55: 743-752.

Franzmeier, D.P. and LP. Whiteside. 1963. A Chronosequence of Podzols in
Northern Michigan. II Physical and Chemical Processes. Mich. Agric.
Exp. Sta. Quart. Bull. 46: 21-36.

Gower'lJ.C. 1962. Variance Component Estimation for Unbalanced Hierarchical
Classifications. Biometrics 18: 537-542.

Halm, IJ. 1976. Stepwise Discriminant Analysis. The University of British
Columbia Computing Centre, Vancouver, B.C. 20 pp.

Harman, H.H. 1976. Modern Factor Analysis, Third Edition Revised. Univ.
Chicago Press, Chicago. 487 p.

Ha rma n, 1-1. H•
Chicago.

1967. Modern Factor Analysi s.
487 r.

University of Chicago Press,

Harris, S.A. 1971. Podzol Development on Volcanic Ash Deposits in the
Tolamanca Range, Costa Rica. In D.H. Yaalon (Ed.) Paleopedology.
Israel University Press, Jerusalem-,-PP. 191-209.

Helwig, J.T. and K.A. Council. 1979. SAS User's Guide, 1979 Edition. SAS
Institute Inc., Raleigh, North Carolina.

Hendershot, W.,J., G.A. Singleton, and loM. Lavkulich. 1979. Variation in
Surface Charge Characteristics in a Soil Chronosequence. Soil Sci. Soc.
Am. J. 43: 387-389.

Hendrickson, A.Eo and P.O. White. 1964. PROMAX: A Quick Method for Rota-
tion to Oblique Simple Structure. Br. J. Stat. Psych. 17: 65-70.

Heusser, C.J. 1956. Postglacial Environments in the Canadian Rocky Moun-
tains. Ecol. Monogr. 26: 263-302.

Hoefs, M., I. Met. Cowan, and V.J. Krajina. 1975. Phytosociological Anal-
ysis and Synthesis of Sheep Mountain, Southwest Yukon Territory, Canada.
Syesis 8, (Supplement 1): 125-228.

Jennrich, Rand P. Sampson. 1977. Stepwise Discriminant Analysis •
Brown (ed.) BMDP-77, Biomedical Computer Programs, P-Series.
740. University of Calif. Press, Los Angeles.

..

Jackson, M.L. 1958.
Cliffs, N.J.

Soil Chemi cal Analysi s. Prentice-Hall, Englewood

In M.B.
pP:- 711-

Jennrich, R.I. and P.F. Sampson.
Psych. 31: 313-323.

1966. Rotation for Simple Loadings.

Jenny, H.· 1941. Factors of Soil Formation. McGraw-Hill, N.Y. 281p.



118

Jenny, H. 1965. Bodenstickstoff und seine Abhangigkeit von Zustands-
fahtoren. Z. Pfl. Dung. Bod. 109: 97-112.

Jenny, H. 1980. The Soil Resource, Origin and Behavior. Springer-Verlay,
New York. 377 p.

Kaiser, H.F.
Analysis.

Kaiser, H.F.
Ana lys is.

1958. The Varimax Criterion for Analytic Rotation in Factor
Psych. 23: 187-200.

1960. The Application of Electronic COPlputers to Factor
Educ. &Psych. Meas. 20: 141-151.

Kim, J. 1975. Factor Analysis. In N.H. Nie (ed.) SPSS: statistical
package for the social sciences. :McGraw-Hill, New York. pp. 468-514.

KiPlmins, J.P. 1977. On the Need for Ecological Classification of Forests.
pp. i-vi. In J.P. Kimmins (ed.) Proceedings - Ecological classification
of forest land in Canada and northwestern U.S.A. Sponsored by Forest
Ecology Working Group of the Canadian Institute of Forestry and Centre
for Continuing Education, Univ. British Columbia, Vancouver.

Kline, J.R. 1973. Mathematical Simulation of Soil-Plant Relationships and
Soil Genesis. Soil Sci. 115: 240-249.

Klinka, K. 1976. Ecosystem Units, Their Classification, Interpretation and
Mappi ng in the Uni vers ity of British Col umbi a Research Forest. Mi cro-
fiche edition, National Library of Canada, Ottawa.

Klinka, K. and L. Skoda. 1977. Synecological Map of the University of Bri-
tish Columbia Research Forest. For. Chron. 53: 348-352.

Klinka, K., F. Nuszdorfer and L. Skoda.
tral and Southern Vancouver Island.
ests, Victoria. 120 p.

1979. Biogeoclimatic Units of Cen-
British Columbia Ministry of For-

Klinka, K., W. van der Horst, F. Nuszdorfer, and R. Harding. 1980. An Eco
systernat i c Approach to a Subunit Pl an - Kopri no Ri ver Watershed Study.
British Columbia Ministry of Forests, Victoria. 118 p.

KloosterPlan, B. and L.M. Lavkulich. 1973. Grouping of Lower Fraser Valley
Soils of British Columbia by Numerical Methods. Can. J. Soil Sci. 53:
435-443.

Kojima, S. and G.J. Krumlik. 1979. Biogeoclimatic Classification of Forests
in Al berta. For. Chron. 55: 130-132.

Kojima, S. and V.J. Krajina. 1975. Vegetation and Environment of the
Coastal Western Hemlock Zone in Strathcona Provincial Park, British
Columbia, Canada. Syesis 8, (Supplement 1): 1-123.

Krajina V.J. 1965. Biogeoclimatic Zones and Classification of British
Columbia. Ecol. Western No. Am. 1: 1-17.

,



FE

•

119

Krajina, V.J. 1960. Ecosystem Classification. Silva Fennica 105: 107-110.

Krajina, V.J. 1969. Ecology of Forest Trees in British Columbia, Ecol.
Western No. Am. 2: 1-147.

Krajina, V.J. 1972. Ecosystem Perspectives in Forestry. The H.R. MacMillan
Lectureship in Forestry. Univ. British Columbia, Vancouver. 31 p.

Krajina, V.J. 1977. On the Need for an Ecosystem Approach to Forest Land
Management. p. 1-11. In J.P. Kimmins (ed.) Proceedings - Ecological
Classification of ForeSt Land in Canada and Northwestern U.S.A.
Sponsored by Forest Ecology Working Group of the Canadian Institute of
Forestry and Centre for Continuing Education, llniv. British Columbia,
Vancouver.

Kubiena, W.L. 1958. The Classification of Soils. J. Soil. Sci. 9: 9-19.

Lafon, G.M. and L. Vacher. 1975. Diagenetic Reactions as Stochastic Pro-
cesses. Application to Bermudian Eolianites, Geol. Soc. Am., Mem., 142:
187-204.

McKeague, J.A. and J.H. nay. 1966. nithionite and Citrate Extractable iron
and Aluminum as Aids in Differentiating Various Classes of Soils. Can.
J. Soil Sci. 46: 13-22.

Mehra, O.P. and M.L. Jackson. 1960. Iron Oxide Removal from Soils and Clays
by a Dithi onite-Citrate System Buffered with Sodi um Bi carbonate. Cl ays
and Clay Mins. 5: 317-327.

Monteith, J.L. 1973. Principles of Environmental Physics. Edward Arnold.
London. 241 p.

Mountjoy, E.W. 1980. Map 1499A. Geology, Mount Robson. Canada Map Office,
Dept. of Energy, Mines, and Resources, Ottawa.

Muell er-Domboi s, D. and H. Ell enberg. 1974. Aims and Methods of Vegetat ion
Ecology. Wiley, New York. 547 p.

Mulaik, S.A. 1972. The Foundations of Factor Analysis. McGraw-Hi 11, New
York.

Nelder, T.A. and R. Mead. 1965. A Simplex Method for Function Minimization.
Computer J. 7: 308-313.

Norris, oJ.M. 1970. Multivariate Methods in the Study of Soils. Soils and
Fert. 33: 313-318.

Olson, .J.S. 1958. Rate of Succession and Soil Changes in Southern Lake
Michigan Sand Dunes. The Bot. Gaz. 119: 125-170.

Patterson, M. 1978. UBC NLP - Nonlinear Function Optimization. Univ. of
British Columbia Computing Centre. Vancouver, Canada. 137 p.






