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Preface

This book is mainly about the quantitative analysis of borechole sequences
ol micropalaeontological data. Other fossil material can also be utilized,
provided that the fossils occur in continuous and contiguous sequences.
Although wide use is made of a variety of statistical methods, some of
them not yet available in statistical textbooks, the book is not, by any
meins, a text on statistics.

Industrial micropalacontology marked an important breakthrough in
npplicd geology. At a time when electrical logging methods were only just
beginning to be developed, the possibility of using the microfossil content
of borehole samples, not only for dating the beds penetrated, but also for
porrelating between adjacent boreholes, was clearly an innovation of
wonsiderahle economic importance.

() recent years, there has been a certain tendency to downgrade the
tole of micropalacontology in the petroleum industry. The impressive
Nucess of seismic methods in many situations, along with improvements
in the standard “Schlumberger techniques”, confront an undeniable lack
il Initintive on the part of micropalacontologists in refining their methods
il this has worked against us,

Nonetheless, microfossils contain a great deal of biological information
thit gan be put to service in a wide variety of palaeontological and, more
rrﬂi'l'l.lly. geological situations, From time to time, isolated attempts have
oot made at improving the value of fossil data used in biostratigraphical
work, usually by means of some kind of statistical procedure. Some 50
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vi PREFACE

vears ago, Brinkmann (1929) used quantitative analyses of English Mid-
dle Jurassic ammonites in a detailed biostratigraphical study and more
recently Shaw (1964) emploved much the same philosophy in producing a
somewhat more general approach to basically the same problem.

To any palacontologist who has followed recent developments in
ecology and genetics, it is clear that there ought to be reasonable chances
of extracting considerable biological information from fossil organisms. |
hope to be able ta convince the reader of this book that palaeontologists
have not yet reached the end of the road by any means and that the
biological information residing in fossils can be exploited for purposes of
producing a more wseful and nuanced stratigraphical analysis in many
situations.

An imntroduction 1o the ideas expounded here was given in Chapter 5 of
my book “Tntroduction to Quanttative Paleoecology™ (1971) in which
the preparation of time-ordered variational plots for single variables was
considered, In “Multivariate Morphometries”™ Blackith and Reyment
(1U71) ook some of these concepts several steps further in that the
multivirinte pencralization of chronoclines was discussed as well as the
hiological aspects of the methods,

I'he statistical analysis of sequential varigtion in fossil organisms is still
in fts infuney, despite the long history of isolated applications dating back
somme T years, A breoad Trontal approach to this fundamental subject has
vl o appear,

I wish, therefore, to underline the experimental nature of the text 1 put
before you. | should like you o aceept it more as a challenge to your own
ingenuity, rather than a final report upon which little betterment can be
contemplated. 1 believe | have proved that the approach used here is
valid and that the components of ecology, genctic variability, size and
shape must be fully recognized if a useful expression of secular changes in
fossils is to be achieved. It is, in fact, here that | think the most rewarding
advances will be made in the future development of the subject.

Also important is the need for tailoring multivariate statistical methods
to fit particular biological problems. Impressive steps in this direction
have already been made by Burnaby (1966}, Campbell (1979} and Gower
(1976}, but much remains 1o be done.

Colleagues and students to whom the ideas of this book have been
presented are inclined to be suspicious about the time likely to he
involved in making a biolog. The daunting spectre of endlessly measuring
and calculating is often enough to quench any ardour felt wt the first
confrontation with the concepts. Undoubitedly, there is more work in-
volved in doing o Tully integrated gquantitative study of Tossils oceurring in
a sequence than in the usual ran of polaeomtologien] sividbes, The extra
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lubour is, however, slight in relation to the preparation of the samples for
routine study and the taxonomical work. The problem for industrial
lnboratories becomes trivial, the costs being small compared with those
for exploration and drilling. The advantages accruing from a quantitative
biostratigraphical analysis of a section far outweigh the supplementary
work, for a wealth of often unsuspected information about palacoecologi-
il relationships can be obtained as a bonus in addition to the variational
plots.

Chapter | presents the basic concepts of biological logging and topics
of a peneral statistical nature likely to influence the outcome of a
quantitative analysis: in this connection, atypical observations are given
particular attention. Chapter 2 is concerned with exploring the hiological
backpround of gquantitative biostratigraphy from the aspects of secular
vartution in morphological characters, speciation theory, palasogenetics,
peology and ecophenotypic variation.

A return to questions of statistical methedology is made in Chapter 3;
i purticular, analyses by the methods of canonical variates and princi-
pul components are discussed, together with some newly developed
improvements of biostatistical importance. Chapter 4 develops the con-
vept of biologging, passing from simple univariate representations to
multivariate statistical solutions. Consideration is given to the problem of
gutablishing reference levels in boreholes and to correlation between
Bioreholes by Gordon™s slotting technigue.

Clhapter 5 is devoted to examples of biologs based on continuous
morphometric characters. Case histories for Cretaceous and Tertiary
otrneods and foraminifers are discussed and the subjects of growth
Ivariance and stability of canonical vectors illustrated. The presentation
ol micropalacontological information in relation to palaeoecological
fuctors as an ecolog is taken up. The palaeoccological significance of
ploctrie borehole logs is reviewed in conjunction with some of the examples
ol this section,

b Chapter 7, the slotting technigue is applied to a problem of correla-
Hisy of physical lops in the face of constraints. A completely worked
wnuiiple (or o Nigerian benthic species of foraminifers is given in Chapter
B Vinally, in Chapter 9, points of practical significance for quantitative
Bhom it npiienl studies are considered.

I iswe grent debis of gratitude to many colleagues for helpful advice and

witve eriticlsm, In particular, 1 wish to thank Ttaru Hayami. Colir
bholed, Bobin Beks, Nodm Camplbell, Maurice Dadson, Allan Gardon,
iy Chower, James Beower, Karl-Ciostiy Jdreskop and Vittorio Fois,
Ehibiny Ao Dugemie Eogstedim and, especially, By Reyment pro-
Shidied divitiatle techioienl msistanee. D Birks, Campbell and Gordon
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devoted hours of their valuable time to detailed critiques of the first
rough draft of this book.

Financial support has been provided by the Swedish Board for Techni-
cal Development (STU), the Swedish Natural Science Research Council
(NFR), and Uppsala University. Valuable research materials were do-
nated by the Shell-B.P. Petroleum Development Company of Nigeria
Limited, the Geological Survey of Kansas and Service Géologique du
Maroc.

The final version of this book was written while T was a guest scientist
at the University of Cambridge, 1 wish to express my thanks to the
Heads of the Departments of Botany and Geology for making this visit
possible.

Richard A. Reyment
Cambridge, March 1979
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1
Introduction

Presentation of the subject

The methods presented in this little book are primarily suited for the
special needs of borehole analysis in petroleum exploration. Borchole
cores of marine sediments are often rich in microfossils and they provide
i potential source of excellent material for the guantitative analysis of
paluncontological problems at a level approaching that enjoyed by people
working on living material. For several decades now, it has been common
practice to identify the micro-organisms contained in borehole samples
i 1o analyse the sediments of cores. Originally, foraminifers, and then
otracods, were the groups of interest but the recognition of the potential
blostratigraphical usefulness of palynology heralded a major break-
through in the early hiftics. OF recent years, palaenecological studies have
been undertaken, at the descriptive level, by uniting the observations
minde on the microfossils with the sedimentary information. This is a
ptural and logical approach, for many of the facts of tmportance for
understanding the distribution of the microfossils are availible in the
lowt-rock, For example, traces and tracks preserved in the sediments can
ollon provide valuable date on the environment of deposition of the
soilimonts, thence the world in which the micro-organisms once lived.




2 MORPHOMETRICAL METHODS IN BIOSTRATIGRAPHY

Detailed studies of the sedimentology of 4 core can aid in elucidating
whether the microfauna is in sifie, or whether it has arrived at its present
location by post-mortem transport. Further information can be obtained
from the scanning electron microscope (SEM) study of the specimens, as
even minute evidence of reworking can usually be identified at high
magnifications.

Despite the detail with which boreholes are studied in petroleum
laboratories, it is surprising how little of the potential information con-
tained in them. and obtained at great cost, is extracted. The analysis of
evolutionary changes and morphological variation caused by ecological
influences remains at a descriptive level: the usefulness of morphological
changes for aiding the logging of boreholes is seldom realized and there
do not seem to have been many attempts to exploit this source of
additional information. The determination of the quantitative effects of
environmental factors is the only certain manner of initiating and follow-
ing through an evolutionary and ecological study.

Electronic computers are today available at all petroleum companies
and most universities and there is, therefore, no reason why even the
most complicated of the computations in this text should hinder the
application of quantitative methods in the routine analysis of borehole
samples,

The main theme of the present text is then to show how one can extract
more hiological information from palacontological borehole samples. As
is well known, long-ranging fossils are difficult to use in biostratigraphical
and palasoecological analyses, The solution of the problem can in parl
be seen as being biostatistical in thalt such material can often yield
valuable stratigraphical results if treated by suitable statistical methods,
Let us now briefly consider the main theme of this text in its simplest
representation.

If one plots the means of some character or other of the shell of a fossil
organism against time, it will be found that the points oscillate back and
forth about the grand mean. If the means for each of the samples in
chronological order are graphed against location in the horehole (hence
time), a type of log of the average morphological variation will be
produced, analogous to physical logs.

The econstruction of a biolog requires the following bases:

1. a biologically realistic background;
2. suitable biometrical methods;
3. peological assessment.

Biological considerntions are niturally of primary importance as the
variational patterns over time displivved Dy oo shetled orginism may be
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of ecological origin, they may be genetic or. again. due to both or random.
As indicated by several of the examples used here, sustained trends in the
morphological variation of a species in a horehole sequence often seem 10
be relatable 1o the reaction of the organism to unswaying environmental
pressure, although not always (of, Ozawa, 1975). Cook and O'Donald
(1971 p. 93) observed that changes in the average of some size dimension
over very short distances may indicate changes m otherwise undetected
environmental variables that affect fitness through shell size.

Borehole logs are a natural source of time series. This is a subject that
can become very complex, but for most correlations between boreholes, it
is sufficient 10 use simple statistical methods in order to obtain a useful
reduction of the data.

The reasons for wanting to make a graphical record of the biological
variation of some long-ranging species may noi be clear, particularly as
the zonal concept, as applied in micropalaeoniology, centres about the
identification of marker fossils, zonal indices and faunizones and using
them for correlation.

The biolog is not proposed as an alternative to classical biostratigraphy.
The methods of this book would normally only be attractive when the
usual approaches have failed or been deemed ineffective. Such a situation
could oceur where there is a thick and homogeneous marine sedimentary
sequence and just a few species which range throughout these beds,
Normally, one would hardly think it worthwhile to carry out a mic-
ropalaeontological treatment of such material and correlation would have
1o be attempted on the physical logs unaided, even these being unlikely to
be especially diagnostic,

Lops based on morphological variations of organisms cannot be used
lor correlations over preat distances. ldeally, 1 should only feel safe in
recommending correlation by biologs for boreholes drilled within a single
bsin,  Exceptionally, however, major geological events may leave a
pronouneed imprint on the palaeoecology of an area, thence the mor-
phology of some shell-bearing organisms.

A more dithiealt kind of problem must also be considered. If we have a
pguence of samples in a horehole and wish to relate the time-dependent
Nuctuntions in the means of the organisms oceurring in these samples 1o
determinable factors in the palaeoenvironment (that is. we wish to
porrelnte hetween aset of “ecovariables™ and a set of “morphovarniables™,
o sudtabde statisticn! method of analysis would be one that examined the
sirengih ol the pssociation between seis. For example, the variation in
wlee wndd shipe of an organism s controlled by such Factors as salinity and
P wviilanbility of ooucishiment, Another way ol extracting ecolopical
Wlormtion feom fossil materiol bs by anonlysing reliative Treguencies of
"'H“l”l”ﬂh i e lnthon o l||11,'~.||'n|.'lu'r11||..'II Toctonrs of the coviromment

-



4 MOBRFHOMETRICAL METHODS TN BIOSTRATIGRAPHY

Another type of question concerns the need to ascertain if a hiological
population is morphometrically homogeneous. This necessitates the appli-
cation of suitable statistical methods of analysis at the outset of an
investigation in order 10 uncover the eventual presence of groups or
clusters in the data.

This hook is in no wise a text in applied biometry. It is necessary to
presuppose that the user has a fair grounding in basic statistical
methodology and the interpretation of multivariate morphometric anal-
yses. Suitable introductions are given in Simpson et al. (196{) for intro-
ductory biometrical analysis, Reyment {(1471) for guantitative palaco-
ecological analysis, Morrison (1976) for an elementary introduction to the
most common methods of multivariate analysis, and Blackith and Rey-
ment (1971}, for the interpretation of multivariate statistical analyses of
biological data, with emphasis on taxonometrical problems.

The construction of time-dependent curves for the frequencies of
species as a quantitative expression of stratigraphical relationships seems
i0 have been conceived by the Swedish Quaternary geologist, Gerard de
Geer. The main foree behind the development of pollen-analytical graphs
for studying the palacoclimatology and stratigraphy of the Swedish Pleis-
tocene was provided by a student of de Geer's, Lennart von Post.

Pollen-analytical curves are made from counts on frequencies of species
of pollen in samples and are, consequently, a kind of semi-gquantitative
approach to several palasontological problems. Pollen analysis has re-
mained one of the principal tools of the palynologist, having achieved its
most elaborate treatment in the hands of John Birks (see, for example,
Gordon and Birks, 1972).

The use of variability in the dimensions of shelled organisms for
producing series in time has received much less attention than frequency
diagrams and this subject has been largely ignored by pollen-analysts.

Reyment (1963) used simple multivariate plots for making graphs for
use in stratigraphical correlation, later expanding the concept to encom-
pass ecological components (Reyment, 1970). The latter paper introduced
a more general approach to the topic in that multivariate methods were
utilized.

The idea of using fluctuations in the morphological characters of a
shelled species to produce a stratigraphically applicable plot scems 10
have been presented for the first time by Brinkmann (1929} in his study
of British Jurassic ammonites. Shaw (1964) made vse of much the same
idea in his book on quantitative methods in biostratigraphy. Neither of
these applications is directed towards extracting biological information
from the data, nor do they take account of differences in means resulting
qolely from arbitrary mixtwres of growih stupes andd sie varilions

-
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[ have in the ensuing text made frequent reference to what 1 have
dubbed “hiologs™ (Reyment, 1978), as well as “curves” based on the
murphﬂ}ngical variation of organisms as a function of time. These plots
are, §tnctly speaking, not continuous curves, as are gamma Tay logs,
resistivity logs, etc., since they are made from discrete sampling points in
a rock column. Although this point might not seem very significant. it
should be kept well in mind when comparisons are being made between a
hi{}?ng, which 15 discontinuous in origin, and continuously recorded obser-
vations.

'1_"he importance of graphically studying any data set cannot be over-
cs_nmale:d (Reyment, 1971), and this will become apparent in connection
with the examples. Everitt (1978) has published a useful summary of
some of the more important graphical methods for multivariate data.

Selection of characters

Thc:- selection of characters for use in a morphometric analysis (for a
df:hnilinn of morphometry, see Blackith and Reyment, 1971) should be
given careful thought before embarking on a study. Foraminifers and
ostracods are often measured in quantitative taxonomical studies, but with-
out due regard for the relevance of the characters chosen, A redundancy
nnalysis of the variables provisionally selected for describing the variation
of n species is therefore a desirable starting point.

Confined as we are in palaeontology to the hard parts of organisms for
our measurements, it may be difficult to find characters of functional
morphological significance, as would be of interest for ostracods, or
muorphologically well integrated attributes in foraminifers. Cnnsaque:&ﬂv
in addition to the task of producing a biolog, there will often be a née-d;
for an introductory round of multivariate analyses directed towards
miupping the variability of the material and singling out diagnostic vari-
ahles, in particular, those that are sensitive to modifications in environ-
mental conditions,

Bosteally, there are two classes of characters, continuous and discon-
fgons vorinhles, The most commonly used characters in the present
ponnection are continuous variables, that is, variables which can take any
vilue within o certain range. For example, length, height, breadth of the
fost of o forwminifer, These characters are measured in millimeters or
o andd the values observed Tor o sample will be found 1o range
wlihot brenk, oo sulliciently lnrge homogeneous sample. between upper
il lower Tt
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I use the terms character and variable synonymously. The word mor-
phocharacter is used if the morphological aspect of a character i? to be
emphasized as opposed to, say, an ecological variable. Customarily. the
measurements will be obtained in terms of some arbitrary scale. For
practical studies, it may not be necessary 10 convert these to
micrometres (microns).

Discontinuous characters are of the kind; presence or absence of some
ornamental features, such as spines in ostracods, number of spines along
the margin of the carapace, presence or absence of a posterior spine,
ornamental categories, number of lateral ridges on a foraminifer, ete.
Discontinuous {or discrete) characters are, as implied by their name, not
gradational—there are either five or six spines, but nothing in h‘etweern.

Now, it is possible to consider a kind of intermediate situation in which
one measures lengths, say, of spines. This kind of measure can be
rewarding in the study of living organisms, but is seldom useful in
palacontological work, owing to the case with which ornamental charac-
ters are damaged. This is not to say that suitable material cannot oCcur,
and where this is so [ recommend its study. In this book, discontinuous
characters have been used in a particular kind of analysis involving
secular shifts in frequencies. The results of this study are interesting and
there is little doubt that much more use should be made of such material
in quantitative palacontological work.

Frequencies

Maost people working on the quantification of biostratigraphy make use of
a variety of continuous variables, namely, proportions calculated on
frequencies of species occurring in a rock column. Although some use of
frequencies is made in this book, most of the methods are based on
continuously distributed morphometrical values. That is, attention has
been directed towards studying variations in the organism rather than the
relative numbers of the organisms in the sampled material. The subject of
the statistical analysis of frequency data of fossils has been well studied by
Gordon and Birks (1972, 1974) with particular reference to palynological
data.

I have found that it is possible to find clear relationships between
ecological factors of the ancient environment and the organisms that lived
therein with respect to variation in their hard parts. Iv is likewise clear
that variations in numbers of organisms also reflect foctors in the
palaco-environment and there is no doubt that the study ol connechions
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hetween environmental factors and relative frequencies of organisms will
eventually prove to be a useful ool

In studying discontinuous variations in fossil ostracods, one has the
possibility of utilizing the results obtained by geneticists for living mater-
ial. For example, the polymorphism shown by the frequencies of anterior
spines of Cyprideis are paralleled by the discrete banding variations in the
spail Cepaea. We krow very little about the genetics of ostracods, sad to
say, but geneticists have put in a great deal of work on Cepaea and much
of this can be used in unravelling the complicated variational patterns we
find in fossil and recent ostracods. This topic is taken up in the next
chapter.

Problems of sampling

It is often found that when palasontological samples are taken from the
same immediate area, they may seem to possess different statistical
properties; i.e. there may be marked differences in means of a character
and in the conclusions to be drawn from the statistical tesis, even where
relatively large samples are used. Statistical studies made on collections of
a fossil species along the strike of a bed may yield sample means and
variances that differ statistically significantly from each other. This kind of
uhservation has sometimes been used by opponents to the application of
(uantitative principles in palacontology as an argument for the futility of
nnulysing measurements on fossils, The reasons for these differences in
menns, henee seemingly excessive variability, are, however, usually inter-
pretable as being due to geological causes, and a cautious approach to the
pudy of such data can yield acceptable and reliable results. Particular
attention must be paid to the post-mortem sorting of shells (Kilenyi,
1971}, reworking, distortion resulting from sedimentary compaction etc.,
uk such factors can easily lead to considerable differences in means and
viitignees in comparison with undistorted material.

Particular attention must be given the identification of outliers in the
i, us even one divergent specimen can greatly influence variances,
viovarianees and correlations. Gnanadesikan (1977) has devoted a great
deal of tme 1w studying and developing a set of methods for picking up
Witlying observations. There are many techniques available, some based
o dlirect ealeulation and others on graphical procedures. Barnett and
Lol C19TH) have also given the subject detailed treatment.

I most morphometric studies, it s usoally assumed that the data are
nowmadly disteibwted, There are univarinte tesis for normality which are
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deseribed in most textbooks on statistics (useful procedures are given in
Simpson et al., 1960). The first step in any study is therefore to check the
data for normality. This can be done conveniently by testing each of the
variables, if the study is multivariate, for univariate normality by the usual
methods for skewness and kurtosis. This step is then followed by a
graphical appraisal of the variables pairwise as bivariate scatter plots.
Often, outlying observations can be identified at this stage. The final stage
is to carry out a collective multivariate analysis of the samples. Probability
plots of the ordered observations can often be very helpful as well.

Caution should be exercised in interpreting the results of multivariate
studies of normality as the implications are still not fully understood. The
univariate concepts of skewness and kurtosis are well known and for
much palaeontological work, it may be sufficient to have obtained an
opinion of their importance in a sample in order 1o be able to make
reasonably well founded assumptions about the multivariate normality
of the variables being considered.

Mild skewness is not necessarily a non-biological complication and
many variables display a natural right skew in their distributions (see
Simpson et al., 1960). The coefficient of kurtosis is a measure of peaked-
ness in a sample. Peakedness can often be related to geological causes,
such as the effects of size and, or, shape-sorting. Belemnites are very
susceptible to shape-sorting as they are easily rolled about by currents. At
the microscopic level, ostracod valves may be sorted by bottom currents
{cf. Reyment, 1960).

Another kind of complication is mixing of samples (for example,
through reworking) which causes a particular variable to have a mixed
distribution.

Mixing will also bring about a significant deviation in kurtosis from the
properties of the normal distribution as such a mixed distribution will
tend to be flattened, bimodal, long-tailed, or polymodal. In the bimodal
case, it is easier to identify the mixed nature of the sample and there are
now special statistical methods that may be used for extracting a greater
amount of useful information from such material than was possible a few
years ago. Kurtosis complications can also derive from taxonomic mis-
identifications and post-mortem deformation (compaction by sediment
Toad).

The identification of mixed distributions is often an important part of a
palaeo-ecological study. as factors of biological significance may lie at the
root of the heterogeneity. Fairly suitable methods for treating mixed
distributions are available, such as so-called Pearsonian curve analysis for
reconstructing the probable shapes of the component distributions.

It s not advisable o attempt o uneavel miged data in the above
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manner if one has multiple measurements on the specimens and it may be
more valuable to proceed by means of a suitable multivariate method for
finding clusters in data sets,

Consequences of multivariate deviations from normality

Very many of the standard multivariate methods in wide use have been
specifically designed for normally distributed data. This is the outcome of
the fact that the mathematics for treating problems involving multivariate,
normally distributed variables are much simpler than for variables that
deviate from the normal distribution. If one attempts to pass non-normal
data through computer programs for multivariate procedures based on
the multivariate normal distribution, one runs the risk of arriving at
misleading conclusions,

The risk of doing something seriously wrong in this connection is not
cqually great for all methods, as some of them are robust to deviations
from the theoretical requirements, Such a method is that known as the
generalized statistical distance. It is well to remember that robustness was
not built into the method when it was developed originally; things just
turned out to be so. This suggests that it is often worthwhile carrying out
empirical tests of methods to see how well they behave under increasingly
serious deviations from normality, as such information is not well
documented in the statistical literature. Where data are markedly skewed,
the peneralized distance may be appreciably distorted.

You should be aware of the fact that much work is going on at the
present time on the subject of non-parametric multivariate procedures. |
do not make use of such methods here, but there seems to be every
chance that non-parametric multivariate methods will occupy an impor-
tant position in the fulure.

Normalizing transformations

1 haw Become an almost standard applied biometrical procedure to take
ihe logarithims of morphocharacters in mualtivariate work in order lo
dimintsl the effects of differential growth (i.e. allometric growth).
Jollcoenr (1963 proposed thiat the first cigenvector decvived from a
eovivrbieg mnteis of Togaeithmieally teansformed variables could he used
an o mltvarinte peneribizaton ol Flosley's (1932) concepl of Biviride
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allometry. The same idea has also been taken up by Hopkins (1966). This
approach turns out to be a practically useful representation of a mul-
tivariate differential growth relationship in cases where almost all of the
variance is attached to the first eigenvector of the logarithmic covariance
matrix.

Empirical studies of the effects of the logarithmic transformation on
morphovariables (Reyment, 1971) have shown that even if the univariate
values of skewness and kurtosis are bettered by the transformation, the
multivariate analogues may not benefit to the same degree or may, even,
have their normality worsened. It should perhaps be mentioned here that
in an analysis of morphometrical variation, it is not permissible to
transform logarithmically only a few of the variables to improve their
conformity with the normal disinbution, and to leave untransformed the
ones found to be satisfactory. Such a step would influence the expression
of growth patterns in the material. This is a biological interpretation and a
statistician might well advocate the logarithmic transformation of only
some of the variables in order to improve their agreement with the
properties of the normal distribution,

The bugbear of outliers

Experience teaches that the most important single source of distorted
results is that caused by outliers in the data. As is illustrated in Table I,
the inclusion of a wayward specimen in an analysis can wreak havoc with
correlations, principal components, factor analysis, etc. It is therefore
essential that the possibility of contamination from this source be kept
well in mind during an analysis. Outliers can be of many sources, not all
of them necessarily unnatural or non-biological. In morphometric studies,
they can derive from juvenile individuals—not an infrequent problem
with some species of ostracods, deformed specimens, or from misiden-
tified material. Another source of outliers is of geological origin, namely,
specimens deformed by compaction of the host sediment. The most
common cause of outlying observations s, however, of purely human
origin, to wit, mistakes in measurements or punching errors,
Gnanadesikan (1977} has made a detaled study of various ways of
detecting outliers in a sample. Many of the cases, he considers, are not
applicable to palagontological data; nevertheless, his book is worth de-
tailed study and can be highly recommended to all people working with
multivariate statistical methods,

For most purposes, a prelimmary graphicil appraisal of the data will
usually be sillicient Lo disclose the presence of togue abservitions. You

r
:
=

¢ Example of the deforming influence of a single outlier

g {N=22
1A Correlation matrix for sample of normal specimens from the borehole Araromi [ at a depth of 1550 ft.

on the correlation matrix of exchanging a normal specimen of Afrobolivina afra for one deformed by

Efecx

wry

0.4126
0.4791
0.5756
0.4513
0.4605
—0.4598
0.6124
0.2564
1.0000
0.4884
0.5456
0.5756
0.4513
0.4605
—0.4598
0.1541
0.2564
1.0000

0.3981
0.4809
0.3889
0.6269
0.4270
0.0418
0.6490
1.0000
0.2564
0.4415
0.5104
0.3889
0.6269
0.4270
0.0418
0.2432
1.0000
0.2564

0.6953
0.5695
0.6643
0.7303
0.7273
—0.3700
1.0000
0.6490
0.6124
—0.2577
—0.2345
0.1647
0.4155
0.2653
—0.1189
1.0000
0.2432
0.1541

—0.4087

0.0783
—-0.2131
—0.1553
—0.2386

1.0000
—0.3700

0.0418
—0.4598
-0.3041
—0.0831
—-0.2131
—-0.1553
—0.2386

1.0000
—0.1189

0.0418
—0.4598

0.6070
0.6430
0.6780
0.6677
1.0000
—0.2386
0.7273
0.4270
0.4605
0.5873
0.6418
0.6780
0.6677
1.0000
—0.2386
0.2653
0.4270
0.4605

0.6891
0.7225
0.6845
1.0000
0.6677
—0.1553
0.7303
0.6269
0.4513
4
0.5308
0.5974
0.6845
1.0000
0.6677
—0.1553
0.4155
0.6269
0.4513

0.7648
0.8570
1.0000
0.6845
0.6780
—0.2131
0.6643
0.3889
0.5756
0.7041
0.8045
1.0000
0.6845
0.6780
—0.2131
0.1647
0.3889

variables 1, 2 and 7 are distorted) for a normal specimen.
0.5756

0.6051
1.0000
0.8570
0.7225
0.6430
0.0783
0.5695
0.4809
0.4791
0.8605
1.0000
0.8045
0.5974
0.6418
—0.0831
—-0.2345
0.5104
0.5456

1

1.0000
0.605
0.7648
0.6891
0.6070
—0.4087
0.6953
0.3981
0.4126
1.0000
0.8605
0.7041
0.5308
0.5873
—0.3641
—0.2577
0.4415
0.4884

9
1
3
3
7
9

IB Effect on the above correlation matrix of exchanging an outlier {specimen deformed by crushing so that the values for
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can usually begin by looking at the histograms of the variables and then
continue by checking the pairwise plots of them. These operations
are easily programmed and are therefore no more time-consuming than
scanning any kind of graphical output. Everitt (1978) has given a sum-
mary of some of the more common techniques available for the graphical
appraisal of multivariate data.

Summarizing comments

It is now appropriate to summarize some of the remarks made in this
section.

First, where samples have been taken along the strike of a bed, it can
be expected that there will be certain statistically significant differences in
means and variances owing to non-biological variation imposed by any of a
number of geological causes.

Secondly. chronologically separated samples usually do (and should)
show differences in means, variances and even covariances.

Thirdly, atypical observations, or outliers, can greatly distort the results
of statistical calculations. Even a single rogue observation can cause
serious trouble.

Fourthly, the effect of logarithmically transforming non-normal data
may be a mixed blessing, at least in the case of multivariate samples.
Apart from the fact that the investigator is removed one step from the
biological relationships, the betterment in multivariate normality may be
slight, or even the reverse may take place. Notwithstanding these reserva-
tions. biological considerations may demand that data be logarithmically
transformed. However, in such cases, this is the prime concern, not the
question of improving normality. For example, in analyses of differential
growth, particularly those directed towards studying allometric relation-
ships, it is usual to proceed by means of the logarithms of the measure-
ments.

2
Biological Foundations

Models of speciation

Before embarking on the subject of logging palacobiological variation in
sequentially ordered samples, it is necessary that we consider briefly
current thought on speciation. This subject is of great interest to palaeon-
tologists at the present time, because an essential part of the proof for
modes of speciation will ultimately have to come from palaeontological
Roirees,

This brief review must be made, as it is necessary that we understand
W8 lar as possible, the nature of the oscillatory sequences formed b:..r
morphological variation in the hard parts of, for example, osiracods and
foraminifers. Should such a series display an evolutionary unidirectional
trend? Should the series fluctuate randomly over its stratigraphical range
ind, eventually, be replaced abruptly by a related (descendant) species?
How important are ecological influences on the fluctuations in morphol-
opy’? Does random variation  over-ride evolutionary and ecological
TR

Some wea of the relative importance of these various considerations is

K]
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clearly required if the variational histories of fossil species are to be used
for making a borehole log. 1

Among tecent publications concerned with this subject, the following
can be mentioned: Dodson and Hallam {1977), Eldredge and Gould
(1972), Hayami (1973), Hayami and Ozawa {1975}, Gould and Eldredge
(1977} and Gould (1977). A classical reference is Mayr (1963). The
works cited here are not the only references concerned with detailing
aspects of the question, although they are noteworthy f_or the I:-r{_md
coverage of the literature they contain. The journals Eun!:lumr?, Paleobiol-
agy and American Naturalist often contain articles contributing to mod-
ern thinking on evolutionary Lopics.

One might say that the classical concept of evolutionary chang!a_as
often conceived by palacontologists is one of gradual and even transition
from one species to another. This is sometimes referred to as l.!m
gradualistic concept of evolution and it postulates that new species arise
by the slow and regular transformation of a large ancestral population
into its descendants, this shift taking place over all or most of l|:IE range of
the ancestral species. This is the concept of sympatric speciation.

In his monumental work on evolution, Heberer (1974, p. 408) osed
long-term unidirectional trending in foraminifers in }"Iilustraling a
gradualistic origin of species. Work 1 have done on a species of bentl:uc
{oraminifers, and described in Chapter 8, indicates that a gradual size
increase in the diameter of the megalospheric proloculus occurs. This
observation is akin to, but not exactly equatable with, Ozawa’s (1975)
conclusion for fusulinids.

Allopatric speciation

As well discussed by Mayr (1963) and White (1978). for example, an
alternative model to sympatric speciation and phyletic gradualism can be
hased on the ethology and distribution of living species and the interplay
between the organism and the environment in which it lived. Naturally,
the two theories are not diametrically opposed ta each other and hoth
processes seem (o occur in nature (Mayr, 1963, pp. 414, 415).

Current thought on the subject tends to postulate two variants of
allopatric speciation. One of these results from i:mlmiun: clht.rm_mml,
ecological or geographical: this is the kind usually considered in_an
analysis of speciation (Mayr, 1963: 1969, p. 194), The second Inlml is
more recent and can be modelled in terms of the French mathematicmn,
René Thom's, so-called theory of entustrophes, Wright's (1968) concept of
thie selection landscape, and quantuim evolution (Surpsen LU53)
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The customary concept of allopatric speciation (¢f. Eldredge and
Gould, 1972) is that new species arise when a small sub-population of a
species becomes locally isolated at the periphery of its geographical range
{(Mayr, 1963, p. 392), thus forming a so-called *peripheral isolate”. A
peripheral isolate develops into a new species if isolating mechanisms
evolve which block the renewal of gene flow should the new form come
into contact with the parent species. This model requires that the new
species does not originate in the same geographical location as the parent
species, although there is nothing to stop the two co-existing, even
competing, if the derived form should invade the area of distribution of
the parent species. Eldredge and Gould (1972) suggest that such an event
would show up in the fossil record as one species suddenly being replaced
by a related one with or without a short period of co-existence, but
without the presence of individuals showing transitional morphologies.

The possibility of the remains of individuals deriving from the process of
splitting by isolation ever being found is small and so this aspect of the
so-called theory of splitting by punctuated equilibria will probably remain
conjectural for a long time.

Selection works towards maintaining @n equilibrium between the popu-
lation and its environment and it is therefore to be expected that the
morphological features that distinguish the descendant species from its
ancestor appear just before or after genetic isolation. Such differences are
thought to become accentuated if the two species subsequently co-exist,
This phenomenon has been termed character displacement (cf. Pielou,
1974, p. 332). A consequence of this trait, a variety of polymorphism, is
that where the species do not oceur together, their diagnostic morphologi-
gl characters may become less unlike.

After having become established in its environment, the morphology of
i descendant species will tend to become stabilized.

The model of allopatric speciation by “‘punctuated equilibria™, as
presented by Eldredge and Gould (1972), depends on the following
tequirements: (1) new species arise by the splitting of lineages; (2) the
new species develop rapidly: (3) a small sub-population of the ancestral
population gives rise to the new species; (4) the new species ariginates in
i very small part of the total geographical extent of the ancestral form;
(5) in any local section in which the ancestral species occurs, the fossil
fecord for the origin of the descendant should consist of a sharp mor-
phological break between the two taxa. This break reflects the arrival of
the new species into the main area of distribution of the ancestor,

Breaks in evolutionary continuily are nol uncommonly observed in the
strntigrnphical column and these may often be due to geological causes,
for example, hintuses in the rock suecession, There may, however, be
iy exmmplios ol allopairie events masguerading B8 non-successions.
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Geneticists tell us that the reason why reproductive isolation does not
arise in every local population may be sought within the framework of the
concept of homeostatic syslems. Such systems are well buffered to resist
change and to maintain stability despite disturbances. The importance of
peripheral isolates lies in their small size and the usually divergent
environment, outside of the normal range of the parent species, which
they inhabit. It is in this izolated habitat that selective forces are strong
enough and the number of individuals sufficiently reduced to produce the
necessary genetic pressure that overcomes homeostasis.

The usual model of allopatric speciation requires some kind of physical
isolation to exist. For land animals, it is not difficult to envisage geog-
raphical barriers providing the necessary block to gene flow. There are
also other kinds of isolation such as ethological characteristics, ecological
differentiation, etc. Mayr (1963) gives numerous examples. In the rela-
tively homogeneous marine environment inhabited by ostracods and
foraminifers, it is less easy to find convincing evidence of such isolation.
This is not to say that physical isolation cannot occur at the micro-
environmental level; as an example, we can take the largely different
environments lived in by endobionts and epibionts, although these have
an interface.

Even the most eager proponents of allopatric speciation do not go so
far as to deny the occurrence of sympatric speciation, although detailed
documentation is scarce. The time-correlated shift in size of the pro-
loculus of the verbeekinoid foraminifer Lepidolina multiseplaia seems 10
be an example of “phyletic gradualism™. This is a well-documented study
(Ozawa, 1975) in which the size change can be related to a change in the
habitat from shallow-water carbonates to clastics deposited in deeper
waters. Ozawa (1975) concluded that the gradual drift in the ecological
conditions in which this stock lived was sufficient 10 supply the selection
pressure required for the genetic change. A similar case will be analysed
in a later chapter.

Selection landscape

This concept is actually due to Wright (196&) but it has been most closely
associated with the name of Simpson (1953), who has used it in the
practical analysis of horses. Wright developed the theory in 1932 (ol
Wright, 1968). The terrain of possible structural variation is conceived of
as a landscape of hills and dales. The extent and direction of variation in i
population can be represented by outliming an arca and o shape on the
field. The direction of positive selection is uphill, that ol negative selec
tion, downhill. Selective Torces vhuse the population o mave levilve )
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along the surface to the nearest hill, or adaptive peak, until a local
maximum on the landscape has been reached. Each population is consi-
dered to evolve in each environment on an adaptive surface determined
by ecological conditions. These ideas are inherent in the so-called fold-
catastrophic model of allopatric speciation.

In the selection landscape concept of Wright and Simpson, the model
takes account of all individuals in the sub-population of interest. This is
clearly not an easy construction to handle mathematically and the treat-
ment of the subject presented by Dodson (1976) and Dodson and Hallam
(1977) employs the mean phenotype instead. The sub-population is
assumed to be in equilibriom with the environment it inhabits, except at
thresholds, so that the point representing the phenotype will be located at
a peak, except where the peak is annihilated by a saddle.

A topological theorem due to Thom (1969) for certain general kinds of
discontinuous processes has shown itself to be useful for describing some
hiological and geological phenomena in which sudden jumps occur. The
elassical calculus is applicable to processes showing regular changes but it
i unable to provide an easy description of systems having sudden
divcontinuities, such as those occurring at the transition between states in
magmas from the liquid phase to the gas phase, the failure of sedimentary
rocks under the gradual build-up of stress, cell division, and allopatric
speciation under environmental pressure and in the absence of geographi-
vl barriers,

The theory is most directly applicable to systems whose mathematical
description may be couched in terms of the Aristotelean relationship of
velocity being proportional to friction. The palaeontological significance
of the model is examined by Dodson and Hallam (1977).

Thom’s theorem states that allowing for certain exceptions of no
gomsequence in practical connections, it is always possible to effect a
smooth, reversible change of coordinates in such a way that, in the
pelghbourhood of a given point, the system shows one of seven kinds of
hehaviour; these are the seven clementary catastrophes. Here the word
Uentastrophe” is meant 1o imply sudden change.

The first and simplest of these categories, the “fold catastrophe”, is the

wie of potential significance in biological studies involving speciation.

The behaviour of the system is governed by an “energy function”,

which miy be denoted . The system is envisaged as tending rapidly to a
seady state, that is to a state of equilibrium. The energy function of the
ol entastrophe is

Eo=dxax (1)

where v denotes some morphologieal charaeter, normally a single variable
At aleo o msltvarinte transformed vaciable, The fitness function Vi, x)
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can replace E in (1), In this function, the environment is represented by
u, and the phenotype by x, as hefore.

In Fig. 1. it will be seen that for 1 <0, V{u, x) has a local maximum (or
unidimensional peak) and a local minimum (or unidimensional saddle).
These cancel out each other at u=0, It is likewise obvious from this
figure that V(u, x) has no critical points for u>0. The point u=10
corresponds to an environmental threshold, that is, a point at which the
ecological forces operating on the organism trigger off a sudden structural
change.

Speciation taking place by such a jump is sometimes referred to as
“quantum evolution™. The actual quantal phase is therefore very sudden
and it is unlikely that the remains of organisms that took part in this
phase will be found (cf. Mayr, 1969). After having crossed the threshold,
the new species will begin to adjust to the prevailing environmental
conditions.

The set of critical points of V, the set of points (u, x) for which
aVjax =1, is yielded by all points which lie on the parabola in Fig. 2.
Here, the lower part of the parabola corresponds to local maxima of V
while the upper, dotted part corresponds to the local minima.

On approaching the threshold, there should be a parabolic morphologi-
cal trend (t* denotes the threshold time and p* the mean phenotype at

that time} p—p* = K(t*—1)?

where K is a constant. [t is this expression that gives rise to the claim that
a sub-population approaching a fold-catastrophic threshold follows a

l'] ¥ rn

p=0 a3z v>0

Fig. 1 The effect of varying the environmental parameter u on the function
Vi, x)=1x"+ux. The catastrophic element in the depicted sequence of events
can be demonstrated by the behaviour of the “bubble of air™ shown in the two
lefi-hand figures of the set, For w=0, it is held trupped but wow 0, the ap
disintegrates and the bubble rises rapidly 10 the surfoce. This homely analopy
illustrates the “eatastrophic™ or sudden chinge ar o0 relagion 16 1he stability
pertaining for u = (.
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Flg, x) hos ~
kxcal minimao N

1,

Vi, x) hos
lacal maxima

a—
Fig. 2 The “catnstrophe curve™ is represented by the parabola aV/aX =x*+u =
i), A point (1, x) on the solid part of the parabola maximizes V{w, x)=ix"+ ux
loenlly, while @ point on the dotted part minimizes Vi, x¥ locally, The point =1
In o threshold,

"sguare-rool law™. It may be difficolt to fit a parabola to a set of points
thint may be few in number, an outcome of the fact that the catastrophic
event is supposed to occur rapidly and so there will be little chance of
:,';hlal'nim.r, satisfactory samples, even under the most favourable of condi-
i,

Phenotypic substitution

Maynmi and Owzawa {1975) have considered morphological changes in
Aerins of penetic variability and selection pressure in the population. The
weeurrence of morphological breaks in a sequence is thought by these
Mithors to be able to arise through phenotypic substitution. Overlapping
al two phena can be explained by the fold-catastrophic medel of allopat-
Pl specintion: some cases can also be interpreted within the framework of
Wie model of phenotypic substitution. Hayami (1973) has examined this
Apiention using Hib frequencies in the peleeypod Cryptopecten vesiculosus; a

npnnese Neogene species, Drawing out the conclusions presented by this
el one would then surmise that o continuous morphological shift
gt 1o be expected where nntural selection acts on a continuously
Virying popalation,




21 BIOSTRATIGRAPHY

As you will see in one of the examples later on (Chapter 5), some
ostracods lend support to this model, particularly in connection with
variation in polymorphic characters. When animals showing polymorph-
ism, apart from sexual dimorphism, are analysed in a quantitative bios-
tratigraphical study, the model of phenotypic substitution should be kept
in mind. Ostracods come under this heading for they often show
polymorphism in discontinuously varying ornamental characters linked to
continuously varying size variables (Reyment and Van Valen, 1969).

To complete this discussion, a few notes on the concept of sympatric
speciation are in place. By this model, one species transmutes gradually
into another, its successor, by the gradual accumulation of penetically
different properties, Thus, over a certain period of time. a closely sampled
sequence of the lineage would display infinitesimally slight differences in
characters, these differences being less and less marked, the smaller the
distance between samples. Hallam (1978) has reviewed possible examples
of sympatric evolution.

Morphometrics of sequences of fossils

The main theme of this book is to show how series in time of oscillations
in morphometrical variables of fossil species can be utilized practically in
quantified biostratigraphy. We have just briefly considered models of
speciation, although speciation will seldom be a factor of importance in
biological well logging. It is nonetheless necessary to have a reasonably
clear concept of what happens in an evolving fossil population with
respect to changes in the morphology of the organisms forming it
Clearly, the usual model of allopatric speciation would be accompanied
by random fluctuations over the range of the species. The fold
catastrophic model would not be expected to display the same kind ol
random variation in morphology and there would be a parabolic short-
term trend just prior to the speciation event. In sympatric speciation,
there would be a long-term trend in the morphological variation. In all
cases, ecological effects would bring about shorter or longer periods of
trending in morphological variation.

My opinion at the outset of the work leading to the writing of this book
was that morphological changes were random, apart from the effects of
the emvironment. There seem to be many cases of this in the material |
have studied. However, the species 1 have analysed in closest detuil,
Afrobolivinag afra, docs show trending in some of s charaeters,
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Morphometrical variables vsed for logging boreholes

The interpretation of the biological aspects of the statistical logging or
horchole sequences of fossils by using the variations they display from
sumpling level to sampling level can often be conveniently made in terms
il an allopatric model. at least, over short time imtervals. In almost all
nnalyses, the question of interpreting a speciation event will not arise,
MNevertheless, an attempt should always be made in relatively well-
documented sequences to identily trends if they occur,

Palacogenetics is an insufficiently explored area and we are still much
in the dark when it comes to interpreting speciation processes in the fossil
record and documented studies are very rare. Gould’s (1969) work on the
evolution of the landsnail Poecilozonites bermudensis is a good example of
Wllopatric speciation. Less well-documented is Reyment’s (1975} analysis
ol the evolutionary relationship between the Late Turonian (Cretaceous)
nmmonite genera Subprionocyelus and Reesidites in which an allopatric
mudel was thought to be the best, though not only, way of interpreting
the duta. In this study, it is important to note that there is no question of
i gradient being involved; the essential evolutionary event is reflected in a
teversal of loadings in canonical vectors, a subtle quantitative difference.

Allopatric speciation theory as applied to biostratigraphical analysis is
ilinmetrically opposed to the approaches of Brinkmann (1929) and Shaw
{1964), An interesting, and lengthy, account of phylogeny and ontogeny
o be found in Gould (1977).

Subspecies in palaeontology

AL how been noted by biologists on many occasions (cf. Mayr, 1969, p.
A7), the application of the concept of subspecies to fossil taxa is not
:.llﬂlmumm]y confused. Species that contain two or more subspecies (an
Mibitrary taxonomic unit) are said o be polytypic. The frequency of
ilyiypic species varies from group to group and they are most common
Where species tend 1o form geographical isolates. Mayr (1969, p. 41)
lalines o subspecies as an aggregate of phenotypically similar populations
Which inhabit geographical subdivisions of the range of a species and
et tnsonomically from other populations of the species. Conse-
wenily, the report of one or more subspecies of the one species from a
Mngle locality indicates o misunderstanding of what constitutes a sub-
Apwelos, In palaeontologicnl connections, it is likewise a wrong use of this
Smonommie concept iF n number of subspecies are recorded from the same
il e place
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Ecological factors

We have just considered models of speciation in relation to the expres-
sion of variatiomal patterns over time, These theories recognize the
importance of ecological factors in contributing to the development of
populations and isolated sub-populations. Again, this is a field which has
not been given nearly enough attention by zoologists and palasontolog-
ists, in spite of the scemingly enormous literature on the subject. There
has been an impressive amount of work on the general aspects of the
subject but little on such questions as the relationships between micro-
organisms and their immediate environment. Many of these questions are
so specific to a particular organism that it is not possible to extrapolate,
for example, from what we know about the effects of temperature on
mice 1o the reaction of marine ostracods to temperature,

I have here summarized some of the more comprehensive literature of
interest to the micropalacontologist but 1 make no claims for its com-
pleteness nor, indeed, for its general validity. In spite of our advances in
the study of palaeoecology and the good work being done on the ecology
of ostracods and foraminifers with special attention given to features of
palaeontological interest, we are no more than at the outset of a task, vast
in its scope, bountiful in its ultimate rewards.

For making biologically based logs of borehole sequences, it seems to
me to be more useful to use benthic organisms. Although the stratigraphi-
cal appeal of planktonic organisms may suggest (0 the would-be user of
logging techniques that such groups ought to possess useful properties,
this s not actually so, as they are very difficult to relate to environmental
factors recorded in the sediment in which they occur. I know that studies
of Pleistocene climatological events have been greatly aided by quantita-
tive analyses of planktonic foraminifers, but there we are dealing with a
different scale of values and, moreover, the sediments normally sampled
are deep-sea sediments which may be expected to reflect something of the
conditions under which the foraminifers lived (cf. Imbrie and Kipp.
1971),

According to marine ecologists, ecological factors of major importance
for marine benthic organisms are (cf. Kinne, 1970}

. salinity;

. temperature;

. sediment, including the interstitial environment,
interaction with ether organisms, including predation;
. trace elements,

L.h:h.l.p.ll\.iln—-

BIOLOGICAL FOUNDATIONS 23

There are doubtless other factors of importance but their effects are not
well understond. Sull others are of doubtful palacoecological significance
nnd determinability. A valuable source of information on numerous
wspects of marine ecology is the text by Moore (1958). Not all mor-
phological characters will be equally susceptible to environmental effects
nnd the multivariate statistical analysis will need careful study in order
that the ecologically stable characters and those that are reactive to the
environment can be recognized.

Ecophenotypic variation

Papulations of a single species oceurring in different habitats in the same
tegion are often visibly different. Such variants are sometimes referred to
ly ecologists as micro-subspecies or ecological races where a genetic
huckground is suspected. Alternatively, they may be interpreted as non-
penetic ecophenotypes, this type being particularly common in plastic
Wpecies, such as some molluscs,

Feophenotypic variation is common among euryhaline ostracods, and a
pise is discussed in the next section.

Mayr (1969, p. 415) has reviewed the importance of habitat charac-
leristics. Species living in a relatively uniform and stable environment are
wlected primarily for stability and adaptation to this environment. This is
ulten o reasonable classification for many organisms inhabiting a normal
Imrine environment (such an environment can be considered ecologically
buflered). Species inhabiting an unstable environment will be strongly
nelected for genetic flexibility which, in turn, will be less the greater the
phenotypie flexibility. An example of the latter case seems to be rep-
tusented by the Morocean Cretaceous ostracods discussed in Chapter 5.

Salinity

AR an introduction to the topic of ecological factors, we shall consider size
Wi shape shifts, due to salinity diflerences, in the length of carapace of
t'hi Hving species of ostracods, Loxoconcha impressa, observed on material
ipled from the River Tamar in southern England by Barker (1963)
el restidied by Reyment (19710, Barker's material demonstrates that
f.hnru I dlear pssociniion between both of the variables salinity and
Alistanee from the mauth of the river, on the one hand, and length of the
SRR o the other. The resolts show than length of the carapace s
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positively correlated with salinity such that the longest shells occur, on the
average, near the mouth of the river. Incidentally, this contrasts with the
findings of Keen (1971, p. 534) that size and salinity are not correlated in
material of Hemicyprideis montosa (Jones and Sherbon) studied by him.

The changes in length of the carapace also affect the shape as this
change is usually relatively greater than that for height. Barker (1963)
also studied Jurassic material of Fabanella in the same connection and
concluded that his sequence showed evidence of salimity-dependent size
changes.

Kilenyi (1969, 1971) found salinity to be an important ecological factor
in his study of the ostracods of the Thames estuary. Kinne (1971) pointed
out that salinity tolerance is sometimes tied to genetic tolerance and that
evolutionary conservatism may go hand-in-hand with this relationship.
He also noted (Kinne, 1971, p. 975) that there may be definite structural
responses to salinity, Firstly, size can be inhibited by both sub- and
supranormal salinities. This reduction in terminal body size is sometimes
referred to as “‘pauperization”, a condition well known to micropalaeon-
tologists.

External structures are also subject to salinity-controlled variations; for
example, the degree of calcification of the hard parts, meristic characters
and the shape of the body. In some brackish water crustaceans, the
number of spines may increase as salinity decreases. This is a feature of
potential importance in ostracods.

As an example of the relationship between the shape of the body of a
crustacean and salinity we can consider the brine shrimp, Artemia salina.
The canonical variate analysis of shape variation in the first and second
canonical variate means for 14 samples of this branchiopod in relation to
salinities of 35%. and 140%. is illustrated in Fig. 3. This analysis, based on
various publications by Gilchrist, was presented in detail in Reymen!
{1966b). It will be seen that there is both a geographical (thence geneti-
cal) and ecological trend in this data. The pronounced effects of salinity
on shape variation are apparent along the second canonical axis icl.
Chapter 3).

Temperature

It is generally conceded by marine ecologists that temperature is the mos
important single ecological variable (Moore, 1958, p. 17), Just as in the
case of salinity, some animals (for example, Ostrea) have an optimum
temperature; above or below which prowth decreases. Kinne (1970}
observed that temperature 15 well known o allect the growth rdes of
small marine invertebrates, Another well=koown observation s that many
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i San Ciego (1.2)

T 40 Utah {3 4)

Lo Polme (5)
frzau (6]
Cagllarl (7)

First canonical variate

Fig. 3 Example of the relutionship between the shape of the boady of the brine
shrimp Ariemia saling and salinity. Redrawn from Reyment {1966). The salinities
wie marked in the confidence circles (35%., respectively, 140%s). The first canoni-
oil variate reflects geographical variation in morphology, the second canonical
viirinte indicates shape variation. The numbers in brackets after the localities
Ientify the samples.

nrgunisms attain a larger terminal size in colder seas than in warmer
wiiters, a result of the foregoing (this may be confounded by the attain-
ment of sexual maturity as in planktonic foraminifers). This also applies
{ir the sizes reached in vertically temperature-differentiated waters, Kinne
{1970 also recorded that autumn and winter generations of some pro-
fiszonns have shorter spines than summer generations. Moore (1938, p.
1) pointed out that there are many exceptions to the correlation of
Intger terminal size and colder water. The same writer (Moore, 1958, p.
122) drew attention to the Fact that salinity tolerance of some marine
Wfganisms can vary from place o place.

£ o larper scale, it 15 well to remember that a greater deal of the
mnterinl studied by micropalacontologists derives from sediments of
fieni-shore origin, It is therefore important to bear in mind the effects of
fenne rainy seasons and the salinity fluctuations caused by rain in
wirien, bays and shallow epicontinental seas and connected temperature
untions, Moore (1958, pp. 44, 405) noted the multiplicative effect of
perature and salinity together; a lower salinity may be tolerated by
species of crustuceans where the temperature is higher than normal.
guestion of interaction of two or more ecological factors on an
ism has not been investigated to any extent, but it is a field worthy
mieh research,
Another property of the temperature variable concerns the availability
W oxyien, ss the relationship between the solubility of a gas and
Aesnperiture i o critenl one. Salinity has @ much less important effect on
WES I sen wilter, I wedl kneowwn thit organismes vary in their ability 1o
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survive in oxypen-depleted environments (Moore, 1958, p. 84). Reyment
and Briannstrom (1962) and Reyment and Hallberg (1967) have analysed
the effects of oxygen depletion on a species of fresh-water ostracods.
Schopf and Dutton (1976) took up several matters of interest in their
study of variation in a species of bryozoans, They noted (Schopf and
Dutton, 1976, p. 257) that the pene [requency at a given locality is
significantly correlated with temperature at that locality at the warmest
time of the year. In the same paper, they récorded that the length of the
avicularium changes systematically with temperature or, possibly, with
geographical location in some manner or other. They observed, however,
that the cline in the length of the avicularium could mainly reflect genetic
differentiation and ic not ecophenetic. Malmgren and Kennett (1978)
have confirmed that the size of the test of Globigering bulloides is
correlated with variations in temperature such that lesser mean diameters
develop during warmer episodes. They suggest that this relationship can
be used as a quantitative palaeoclimatological indicator for the Quater-

nary.

Properties of the sediment

Intuitively, the properties of the sediment inhabited by benthic organisms
can be expected to be of decisive importance in determining the variabil-
ity of these organisms, Again, we are faced with a troublesome lack of
detailed information on the subject for animals of micropalasontological
interest. Kilenyi (1969, 1971) has reported on aspects of the relationships
between estuarine ostracods of the Thames and some properties of the
substrate. He found fluid mud to be a prohibitive environment as also was
black mud. There is a dearth of ostracods in grain sizes ranging from (.25
to 0.5 mm, although foraminifers are often abundant. Moore (1958)
underlined the importance of the interstitial environment and the prop-
erties of the sediment (see also Reyment, 1969), Fine sediment may be
rich in organic matter, thus favouring detritus-feeders, but also eventually
leading to a low value of the redox potential. The interstitial water of fine,
organic-rich sediments is less readily renewed and more rapidly depleted
in oxygen, than other sedimentary types. Hallberg (1973) has made a
detailed study of these questions, although with particular emphasis on
the microbiological implications.

Pirson {1977} devoted a large part of his book on log interpretation to
demonstrating how physical logs (“Schlumberger logs™) can be used fol
extracting information on the palacocnvironmment from sediments,

As furoas 1 oam aware, the most detadled study ol the relationships
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between sedimentary texture and ostracods has been done by Williams
(1969, p. 326). He studied “shell sand™ in particular and found that many
ostracods are able to find abundant living space in the interstices of this
sediment. One of the problems he brought to light was whether ostracods
tequire a continuous system of interstitial spaces to be able to utilize the
kystem or whethier they are able to bustle their way from place to place,
loreing local barriers. The evolutionary significance of the interstitial
environment has been reviewed by Gould (1977, p. 334).

Other factors

I shall only make brief mention of a few other factors of interest in the
present connection. Firsily, there is depth, undoubtedly of exceptional
Mgnificance, as amply shown by modern studies on living foraminifers and
istracods. For recent accounts of such research 1 can do no better than
tefer you to the pages of the journal Micropaleontology and to the
ublicutions deriving from the international meetings of the ostracodolog-
i (for example, Meale, 1969; Oertli, 1971; Swain, 1975).

As regards the role of trace elements, this is a further example of an
e needing much research. It is of importance to micropalacontologists
i microelements are one of the few environmental components on which
“We are able to obtain reasonably consistent and accurate measurements,
Mouore (1958, p. 93) presented such evidence as he could muster for
howing that copper, vanadium and beryllium are important components
for some organisms. To this we can add zinc for foraminifers. Valentine
1973, p. 214) summarized observations on the relationships between
Mugnesium and temperature and between strontium, temperature and
linity. More examples can be culled from articles dispersed throughout
b pages of the journal Geochimica et Cosmochimica Acta. A con-
e attack on the problem is still outstanding. An example of how the
Aelntionship between the chemical properties of the host sediment and the
Whundanee of organisms in a borehole sequence can be used for making a
I given o one of the case histories of this text.

Internctions belween organisms are an important component of living
lmystems, For the most part, palacoccological studies are unable to

rﬂu b prips with this vital factor with the exception of one kind of
Aternetlon—lfortunately, the most important of them as regards the effect
AW W on population densities. This s the case of predation of one
Apevlen on another. A careful study of ostracod samples can usually yield
aeeiiate nformation on naticid and muricid predation, particular if the

ok e done with the mid of the scanning electron microscope (SEM),
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Sessile organisms are often adversely affected by crowding, a factor that
may be significant for foraminifers. The pre-washing examination of cores
might be a way of obtaining diagnostic information in this respect. The
pH of the original environment was almost certainly not a firstline factor,
as has been indicated by chemical oceanographers, who have proved the
strong buffering effect of aluminosilicates (Sillen, 1963).

Although not an ecological factor, but rather palacoecological, Kilenyi
(1969) and Reyment (1960) have pointed out the importance of post-
mortem transport of microfossils. Again, with the aid of the SEM, a
careful watch should be kept on micropalaeontological material being
used for logging work for evidence of transport and re-working, Statistical
methods are useful for disclosing unnatural relationships between
juveniles and adults such as could result from re-working.

There is no reason to expect that a cohort of related species must react
in the same phenotypical manner to changes in some environmental
component. Work on Eurgpean terrestrial snails and their genetic reac-
tions to climatic factors has shown that a rise in temperature will cause
some species of a genus in an area to become larger, on the average,
while others may become smaller under the same conditions, and still
others may remain unaffected (see p. 33). The phenotype of an organism
is necessarily @ result of the interaction of a genotype with the environ-
ment, {This can be highly species dependent.) This fact is widely exploited
in animal husbandry in experiments devised (o test the relative influence
of genotypic and environmental factors on domestic animals. In agricul-
tural research, a commonly employed technique is to make replicated
plantings that reduce environmental perturbances.

Experimental studies in palaeoecology

To illustrate this section, 1 shall consider a study by Reyment and
Briinnstrom (1962) on the reaction of the freshwater ostracod species
Cypridopsis vidua to environmental stresses. This is a common species in
the northern hemisphere. For ostracods, it is possible to gain valuable
empirical information from laboratory studies of clones of parthenogene-
tic species, such as the one considered here. For such experiments o be

successful and to have paliececological signilicance, the enviromment musl
be rigidly controlled and measured, Among the many results of interest
yielded by the study of Cypridopsis vidua may be mentioned  those
concerning variations in size amd shape, 1owas found that Toe the

convironmenis marked by severe oxypen deficieney and by odn excess of
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calcium earbonate, there were measurable, though small, differences in
the volume of the carapace. The positive allometric relationships between
length and height and breadth of the carapace could be shown to be
influenced by the environment.

It has often been demonstrated for the plant kingdom that different
“races” of a species of plants readily arise from a clone, individuals of
which have been subjected to different environmental conditions. Thus,
plants with a uniform heredity can look very different when grown in
different environments. The range of phenotypes deriving from the in-
terplay between a given genotype and a set of environments constitutes
the “norm™ or “range of reaction” of that genotype. The resulis for
{'ypridopsis are probably analogous to those for the plants. Some os-
trncods give a more spectacular reaction than the species referred 10 here
in that they may develop strong ornamental variations in answer to
variations in some ecological component, often salinity.

Can the palacoenvironment be measured physically?

I have suggested recently (Reyment, 1978b) that the self potential, SP,
ind  normal  resistivity logs of physical borehole logging methods
("Schlumberger logs™) can be uwsed as an indirect quantification of the
fomsil sedimentary environment {(see p. 158). This conclusion was arrived at
without knowledge of the results based on very extensive practical experi-
wice of Pirson (1977), Pirson {op. cit), in his textbook on well-logging
methods, has developed the palacoenvironmental use of physical logs in
W dmteresting and well-documented manner.

Fle wlso shows that the redox potential is an important component of
e sell-potential curve. Unfortunately, redox logs do not seem to be run
wery often in most exploratory work and the self-potential curve is the
fearest one can come to o reasonably exact measure of the reduction and
uxldution properties of the sediment. In the examples presented in the
present book, the resistivity curve is mostly used. It closely agrees with

Hhe 5P curve in the material concerned.

Pleson (1977, po 12} demonstrates how regressive and transgressive
Noiuences can, under Gvourable circumstances, be charted by the SP log,

Ahewe environments being characterized in part by particular sets of

Pduetion und oxidation potentials. My experience tends to show that as
]{H‘lu in the sediment remains reasonably homopeneous, the electrical logs
iy b upelul polasoccalogicnl indicators, When heterogeneities occur,
Bowever, thewe logs do pot seem 1o be relatable o environmental

it honm
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The SP log has proved to be a suitable tool for mapping the environ-
ment of sedimentation as it expresses the geophysicochemical differences
in sediments laid down in different environments. As noted, the more
direct measure is the redox log but it is not generally available. Under
certain conditions, the SP curve acts as a subdued redox potential curve.
[ts role as an ecological measure derives from its reaction to the proper-
ties of various minerals, thence the sedimentational environment,

If Es denotes the diffusional potential of porous formations and Eh the
redox potential within formations, the self potential SP can be written as
a simple additive relationship (Pirson, 1977, p. 18)

SP=Es+Eh

This indicates that the sell potential “contains™ the redox potential but
that the correspondence between the two will be influenced by the
magnitude of Es. In a homogeneous rock sequence, Es will vary but
slightly and the correspondence between SP and Fh will tend to be
uncomplicated.

Sedimentational characteristics, such as cyclicity, can be recognized by
curve shapes taken by SP. short normal, induction and conductivity
curves. The palacoecological applicability of such properties remains to
be fully exploited.

Reliability of ecological observations on
borehole samples

Some of the discussions presented in this book (as well as “in the
literature™} presuppose, often tacitly, that chemical and other observa-
tions made on borehole cores may be interpreted in 4 manner such that
the analytical data reflect more or less exactly the environmental condi-
tions that prevailed at the time at which the fossils enclosed within the
sediment were living animals. This can be a dangerous assumption to
make and before one is tempted to use i, there should be a careful
appraisal of the material involved.

Firstly, there is the question of bioturbation and the effect that burrow-
ing organisms have on the primary bedding of sediments, a point which
has been well brought out by Schafer (1962). Recent sediment cores often
show a transition from bedded sediment at depth to bioturbated, non-
bedded sediment towards the top of the core. Under the microscope, the
uppermost layers of sediment can be seen o consist lnrgely ol faecal
pellets, detritus of various kinds, tracks, e, but the further down the
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core one comes, the less pronounced are the visual effects of the re-
working activities of organisms. My observations are based on conditions
pertaining in near-shore cores I have taken in the Niger Delta and off the
Ivory Coast.

Secondly, there is the question of early diagenetic subsurface chemical
reactions, which may cause radical changes in the geochemical properties
of fossil sediments, Some interesting aspects of this problem can be
obtained from an analysis of data published by Gadel and Mongin (1973).
These workers studied a sedimentary core sample taken from the
Mediterranean continental shelfl of France. They actually interpreted the
changes as being due to a gradual increase in salimity of the Mediterra-
nean since the Late Pleistocene, an interpretation that could be supported
by the faunal composition of the sediments. Similar changes can, how-
ever, take place in sediments as a result of chemical reactions, unrelated
to strong fluctuations in salinity, Gadel and Mongin (1973) made 23
ubservations along the core on the elements Cl, Mg, Ca, Na, K, Fe** and
Mn, listing their determinations in that order. Depth displays highly
slgnificant negative correlations with all elements except manganese and
ferrous iron. There are strong positive correlations between the elements
Mg, Cl, Na and K. The first three eigenvalues and eigenvectors of the
gorrelation matrix for all variables are listed in Table Il The first
elgenvector may be interpreted as a “depth vector”, in which the negative
relationship of five of the variables with depth is brought out, which is the
most pronounced feature of the analysis. Ferrous iron dominates the

TABLE Il
Eigenvalues and eigenvectors for the French sedimentary
core

FHigenvalues as 1 2 3
percentages of trace 75.3 11.6 8.6
Eigenvectors

Variubles 1 2 3
Dyepth 0.38 0.24 0.22
Cl —-0.40 —0.03 —0.06
My —0.40 —0.07 -0.13
C'n ~().35 —0.01 0.48
Na -£.39 0.00 —0.13
K 0,38 —0.19 —-(.33
I 0,15 0.93 —{3.29
M 031 0.21 (170
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sf:mnd eigenvector. The plot of the first two sets of transformed observa-
tions (not shown) brings out clearly the depth control of the elements,
while the plot of the second and third sets of transformed observations
shows that the uppermost samples form a distinet cluster (samples from
surface to 5 m), The samples from between 5 m and 19 m are distributed
without any obvious pattern to their locations.

What can we conclude from this short analysis? It is clear that the
chemical properties of the uppermost samples differ from those of the
early samples. There is. however, no gradient, at least, as far as can be
identified by the rather uncomplicated method used here. This would
tend to belie the suggestion that the differentiation is due to an ecological
trend and perhaps support the contention that the differences in chemical
pt:}penies might possibly be ascribable to early diagenetic changes in the
sediment.

I have presented this example as a warning that one should keep such
possibilities well in mind when interpreting quantitative analyses on
borehole logs. In order to give the problem posed here full treatment, it
would, however, be necessary to carry out a large-scale statistical analvsis
in which the various patterns of variation were tracked down in the hu_:-pe
that genuine ecochemical properties of the sediment could be separated
from those due to post-depositional chemical reactions.

Palaeogenetics and borehole sequences

Introductory comments

We are now in a position to begin an examination of the possibilities of
using fluctuations in the morphology of shells as a means of creating
horehole logs, biologs, as it were. It should be noted that although the
discussion in this book is couched in terms of borehole sequences, the
remarks and conclusions apply equally as well to natural outcrop sequ-
ences where the time relationships are well understood.

In any sequence of fossil organisms, some of the changes in form
witnessed will be environmentally determined and some will he peneti-
cally controlled. There can be no clear interface between the two and all
changes will, in some manner or other, ultimately have their origins in the
genetic constitution of the organism. These are complivated factors and
we shall discuss some of them in detail soon.

For the purposes ol making first-order models, of s olten convement o
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think in terms of splitting the morphological variability into morphologi-
cal chronoclines, operating side by side, one representing changes in size
due to ecological factors, the other being due to morphelogical manifest-
ations of random genetic variation. This might seem to be a very artificial
and mechanical approach to the question, but it is one that practical
experience has shown to function well in many types of palacontological
problems as a good working hypothesis. Until recently, genetical work
had not seemed to find any use for the eigen-analysis of variation in
plants and animals. However, Brussard (1975) has successfully applied
what is essentially a palacontological technique to the study of shell
polymorphism in European land snails and Leamy (1977) investigated
phenotypic correlations in mice by principal components analysis. This
latter study is of immediate palacogenetical interest as he compared and
contrasted the results obtained by eigen-analysis with those found from
the usual methods of identifying sources of variation in genetical experi-
ments by the analysis of variance. He found that the phenotypic correl-
ation is influenced by both genetic and environmental sources of variation,
a8 postulated in the palacogenetical first-order model (see Chapter 4).
('ook and O Donald (1971, p. 93) have reported significant results of a
similar nature for Cepaca. Cervantes et al. (1978) obtained similar results
10 those of Leamy (1977), using principal components analysis on maize.

Interpreting vertical oscillations

We have already concerned ourselves with the role of allopatric specia-
tlon in the formation of species and in the vertical variation of mor-
phological characters. The allopatric model seems to provide a means of
gapressing the variability we observe in some micropalaeontological sam-
ples below the species level. We need also to take a further look at the
more clissical palacontological view of gradual evolutionary change,
particulutly from the aspect of vertical variations in discrete characters.
An noted eirlier, a well-documented study of this topic is that of Hayami
(1973 on evolution in the Neogene to Recent pelecypod, Cryptopecten
vesiculosis. Tn this study, 17 samples of fossil and living individuals of the
species were analysed. It was found that in each sample, most quantitative
gharieters, including the number of radial ribs, are normally distributed.
Two diserete phena were found in the late Pleistocene to Recent material.
Higne being readily distinguishable by their separate ornamental patterns.
Phise two variants were designated as phenotypes R and Q by Hayami:
e oldest miaterial was found 1o helong entirely to phenotype O, the
yomngest to phenotype R We have, therefore, hefore us what appears Lo
be o clowr umidirectional shift in o morphological trai,
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Viewing the variation over time as genetic, non-sexual and discontinu-
ous, the trend in the morphology of the character under study is inter-
pretable in terms of the change in the relative abundance of the
phenotypes. The relative increase in the abundance of phenotype R is
considered to be a significant trend in the evolutionary history of the
pectinid. The shift in frequencies in this feature could be shown to be
correlated with a shift in the overall size of the shell such that the
dimensions of the shell display a tendency to decrease, seemingly inde-
pendently of the environment. Hayami (1273) thinks that this shift is due
to natural selection. The trend in frequencies towards an increasing
abundance of phenotype R could be taken as indicating the higher
adaptive value of this phenotype over phenotype Q. Havami inferred
phenotype R to have the genotypes AA and Aa while phenotype O
represents the genotype aa,

Taking the adaptive value of AA arbitrarily as one and presuming
complete dominance selection against as, and the adaptive value of aa as
1—s, where s is the coefficient of natural selection, Hayami investigated
the effects of shifts in frequencies. Using a late Pleistocene sample and a
Recent sample of the pelecypod, the frequencies of the two phenotypes
were calculated by means of the vsual formula

_ sq(l—gq)*
1-s(l—q) @

Here, g denotes the frequency of the gene A and s was obtained from
eqns (3) and (4) below
Z,— Iy

5=f {3?

with I, time, estimated by some suitable means (Havami used radiometric
dates), The required value of z is obtained from the equation
z=In (i)+L (4)
l-gq/ l—gq
The order of doing the caleulations is that one begins by finding a value of
z, for the upper time-point and a value of z; for the lower time-point by
means of eqn (4). An assumption has to be made here, namely that & is
constant. One then works back through egns (3) and (2) o produce un
estimate of Ag.
Hayami's example was in terms of o geologicially short period of tdme,
estimated by him 1o be about 70000 years, He concluded that the
unidirectional shift in frequencies of e penotypes was doe 1o the
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accumulation of a mutant gene by natural selection acting differentially
on the genotype.

In micropalaeontological work, the study of variations of the kind
expressed in Cryptapecten is of great significance for ostracods. Ostracods
are prone to show various kinds of polymorphisms and we shall discuss
some examples of these in the next section,

Polymorphism in ostracods

Reyment (1963, 1966) described many examples of discrete variation in
Paleocene ostracods from Western Nigeria. Some of these are simple.
with only one shell character being visibily affected. Others are more
complicated with two or more ornamental characters simultancously
involved, These examples seem to be genuine cases of pleiotropism in
ostracods (see section on pleiotropism in Sinnott et al., 1958).

In two of the cases studied, both involving Paleocene species of the
buntoniid subgenus Protobuntonia, there seems to have been a tendency
for # mutation to occur which cavused the appearance of a posterior spine
during advanced ontogeny. In both of the species of this subgenus, @
unidircctional shift in the frequencies of the phenotypes took place which
led to the early loss of the spimose variant. possibly by selection acting
differentially on the genotype, as in the Crypropecten example. Using
formulae (2). (3) and (4), and some approximations, a change of gene
frequency of Ag=1.05%10"" was obtained, a high value, and much
higher than for Cryptopecten. The Protobuntonia come from a borehole,
nnd the problem of allowing for geographical variation does not arise (a
weakness of the Crypropecten material).

The sume borehole alko vielded material of Buntonia sensu sirictu, a
vontenporiry of the Protobuntonia. The posterior spinosity is not lost in
this genus and the evolutionary significnce of the loss of the posterior
spine in Peotobuntonia is not obvious,

Reyment and Van Valen (1969) studied polymorphism in Nigerian
Fownll und living ostracods, They found, as for Hayami's Cryptopecten, that
Wl palymorphisms seem to have equal frequencies in the two sexes. In the
Maleacone species Legaminocythereis lagaghirohoénsis Apostolescu there
I polymorphism for o pleiotropic character. Individuals with irregular
Iteral orpament (manifested largely as breached reticulations) have a
hrondly rounded posterior, while those with a regularly ornamented
Internl suifoce have o muocronate, of very sharply rounded to bluntly
Pt posterior,

A dongterm Ductuation i the frequency of o phenotype (mainly
wntked By o posterior spine) was found Tor the buntonid ostracod
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Buntonia (Quasibuntonia} livida Apostolescu. In this species, there
seems to have been a tendency for the spinose phenotype to become
relatively less common; as (o be expected, the frequencies show stochastic
fluctuations superimposed on the main trend.

Polymorphism in the lateral ormament seems to be of common occurr-
ence in many groups of ostracods, In addition to the two genera discussed
above, such ornamental varations oceur in Nigerian Paleocene and
Eocene Ruggieria and Cytherella. Among the more usual pairs of var-
iants, the following pairs are worth mentioning: pitted—unpitted, reticu-
lated regularly-irregularly reticulated, smooth—reticulated. A comparative
study on a living Nigerian Buntonia not only disclosed the existence of
polymorphisms analogows to those found among the Paleocene os-
tracods, but also much more complex variational patterns in the anterior
denticulation (Revment and Van Valen, 1969).

When it comes to obtaining guidance from the recent literature on the
significance of polymorphisms, it is hard to avoid a feeling of disappoint-
ment, a5 the subject has not been given the attention one would like o
see for marine organisms, The most useful work is being done on the land
snail Cepaea, and it is quite possible that some of the results obtained for
this gastropod may be applicable to micropalacontological situations,

Ford (1964, p. 150) has summarized earlier work on Cepaea. The five
colour bands showing polymorphism seem to be analogous to the antero-
marginal spines of ostracods. Even the earlier publications record the
opinion that the types of banding developed are correlated with environ-
mental factors. Frequencies are also greatly affected by the predation of
birds. Bantock and Price {1975) thought variations in temperature could
be important in influencing the frequencies of morphs. Jones und Parkin
{1977) noted the connection between the shell polymorphism of Cepaca
vindahonensis and geographical location in a mountainous terrain. They
related this to climatic variation, hence temperature fluctuations. This
takes us back to an earlier part of this chapter in which evidence was
summarized that points to temperature being perhaps the most important
single ecological factor.

Clarke and Murray (1971) did not find frequencies in shell-colour
morphs in 4 Polynesian land snail to be bound to any of i large number
of environmental factors. It should perhaps be noted that their data were
not analysed by statistical methods relevant to the material, Cook el
O'Donald (1971) observed significant size dilferences o oceur belween
the morphs in one colony of Irish Cepaea. Ouite small differences m
mean breadth were thought o lead to appreciable variation i the
[‘Lt]'ﬁilﬂilfﬂ' Ty survivie.
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The influences operating upon the phenotype through the developmen-
tal system are complex. Rendel (1967) put forward a method of studying
the problem which allows one to measure the resultant and observe
changes in it without having to concern oneself with more than the
phenotype. He defined his concept of Make by recognizing as an entity
the resultant of an incompletely known complex of influences, genetic and
environmental, contributing to the formation of a phenotype.

Discrete variations, such as are displayed by ostracods with respect to
marginal spines, may be conveniently analysed in terms of Rendel's
concept, provided that good ontogenetic series are available,

Demic variation

There are several so-called rules deriving from the early days of biogeog-
raphical work of zoologists. I mention these here as they sometimes oceur
in palaeobiogeographical discussions involving shifts in size. Clines may
involve adaptive changes. Bergmann’s rule states that in warm-blooded
animals, the body size increases with decrease in average temperature.
Allen’s rule states that exposed portions of the body of a warm-blooded
animal decrease in size with decrease of average temperature (cf. Moody,
1964).

A deme is defined as the smallest unit of population. Groups of
genctically similar individuals bearing an intimate temporal and spatial
relationship to each other form a deme. Each deme is isolated to some
extent but there is gene-flow between demes. A well-known example of
demic variation showing correlation with the environment is provided by
the Pacific herring, Clupea pullasi, demes of which differ in the number of
vertebrae and the number of fin-rays along a “character cline” from north
I south along the North American coast. This variation appears to be
vorrelited with temperature. Demic variation can be a source of con-
lounding in an evolutionary study as geographical variations may cloud
the picture.

Lewontin (1974, p. 24Y4) reports on several such examples. This book
in 0 mine of useful information on the genetical concepts underlying
viriabiality and there is also an interesting set of observations on Cepaea
il s polymorphisms (op. cit., pp. 234-235), The same author has also
edited an important symposium volume (Lewontin, 1968) on populition
blology and evolution which forms a useful starting point for further study
ol guestions of significanee Tor the analysis of sequences of fossils. The
uritele by Rendel on p. 47 of that book is particularly stimulating,
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Spectral analysis of fossil data

In the foregoing pages. several statistical and biological ideas have been
put before you which, when viewed as a whole, provide a reasonably
broad basis for the development of the main methods used in this book
for charting and exploiting vertical fluctuations in the morphology of
sequences of fossil species. One of the central concepts for the analysis of
meristic characters, i.e. developmental thresholds, is due to Rendel
{1967). Another important concept is that of the spectral decomposition
of variability by means of eigen-analysis (¢f. Chapter 3). This is to be
understood as an approximation of only the first order. Nevertheless, the
work of geneticists has of late shown that the principal components
solution used by zoologists and palacontologists does appear to fit in with
the theory (Brussard, 1973; Leamy, 1977). Statistically, there are still
many aspects of this method requiring elucidation; some of these were
considered by Joreskog et al. (1976).

A general model for the partiion of morphological variance in p

variables may be expressed as a vector equation, to wit,

¥=t+u+e (53
where x is an observational vector containing p components, {18 a vector
representing size variation of the phenotype resulting from the main
interaction between the phenotype and the environment, u is the sup-
posed variation in size of the elements of x ascribable to the genotype
alone and only secondarily under the influence of ecological factors and ¢
is the residual variation due to non-biological causes, such as errors in
measurement, incorrect taxonomic identifications of some specimens,
inaccuracies in the model, deformation of specimens and the like.

As already noted, a useful, though approximate, way of approaching
the problem is offered by the method or principal components, as was
originally suggested by Jolicoeur and Mosimann (196()). Joreskog et al
(1976) have considered at length guestions surrounding this model and it
is sugpested that yvou might like to read this discussion (op. cit., Chapters 3
and 4) if you are uncertain about the details of the method and how it is
distinguished from similar statistical procedures.

Example of the spectral decomposition of variation

The best way to introduce the ides of the breakdown of variation is by
simple example. Mote that this is mol o sell-contained study wnd the
resulis presented o Table TH are not o be given Diereaching sigmbicance

i
'Y
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TABLE III
Eigenvalues and eigenvectors for Cytherella

ITTA. Matrix of sums-of-squares and cross-products
(covariance matrix multiplied by 17 degrees of freedom)
for three measures on the carapace.

Length Height  Breadth
Length 0.0114 0.0089 0.0110
Height 0.0183 0.0119
Breadth 0.0146

ITIIB. Eigenvalues and eigenvectors of the covariance

matrix
Percentage of Eigenvector
Eigenvalue variance length  height breadth
1 0.0021368 22.00 0.49 0.64 0.60
2 0.0003679 14.12 055 -0.76 0.36
3 0.0001011 3.88 0.68 0.15 -0.72

M.B. The calculations were made on the raw data,

The method of multivariate statistical analysis used in the present
connection is briefly noted in Chapter 3. Jareskog et al (1976) have
tlevoted an entire book to the subject of the multivariate analysis of single
wumples, with particular emphasis on applications in the earth sciences.
We shall consider the analysis of a trivariate covariance matrix for the
viriables length, height and breadth of the carapace of a Paleocene
wstrneod, Cytherella  svlvesterbradleyi Reyment from western Niperia
(Cgun State). The essential calenlations are listed in Table [I1. No
transtormations have been applied to the data.

The first cigenvalue accounts for a very large portion of the total
virinnee in the material, as much as 82%, The second eigenvalue
nmounts to 14.12%, while the third eigenvalue only comes to 3.688% of
the total varianee (Table 11I). All the elements of the first eigenvector are
positive (Table 1) and they are roughly in the proportion of 5:6:6,
Indivating almost equal participation of all three variables. The conclusion
ane might be led w here is that the variation in the three variables
Pesbdes muostly in Muctoations in the sive of the carapace or, more
spocitically, in s volume, Thos if a carapace were to increase in length by
Wi ot of AL mm, there would be, on the average, a simultaneous
Ierenne in the dimensions of height and breadih of about 0,012 mm.
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Let us now examine the second eigenvector (Table IT1). This is approxi-
mately composed of elements in the proportion of 6.: —8 : 4, the height of
the carapace being negatively loaded in relation to length and breadth.
This second kind of “bipolar” association is often interpreted as an
indicator of shape variation in which some elements grow larger as others
prow smaller at the same time. The reason for this can be demonstrated
here by seeing what would happen if the length variable were to be
increased by 0.01 mm. This would lead to an increase of 0.007 mm in the
breadth and a decrease of (0.013mm in height. This kind of shape
variation differs from that inherent in the first eigenvector where there is
also a shape component in that when the carapace grows larger, all
variables participate in the increment, but there will be a progressively
more important distortion owing 1o the greater increases for height and
breadth in relation to the length. For the second eigenvalue, a convincing
case may be made for the interpretation that some 14% of the total
variability resides in individuals that are somewhat longer and more
inflated than the majority but which are, at the same time, more depre-
ssed. This could be a manifestation of sexual dimorphism in the carapace.
The variability residing in the three original variables has been par-
litioned into a spectrum of new variables, each a composite of the three
carapace dimensions. The concept just illustrated derives originally, in
part at least, from the zoologist Teissier, but the main elaboration of the
coneept i due to Jolicoeur (1963). Jolicoeur’s interpretation is intuitively
attractive and it seems to be supported by the recent work of geneticists.
By using the logarithms of the original observations, Jolicoeur (1963)
tried to interpret the first eigenvector as a generalized equation of
allometry, Hopkins (1966) capitalized on this idea by putting forward a
plausible Tactor-analyvtical model, whereby the first vector of factor load-
ings of the covariance matrix of logarithmically transformed variables was
suggested as forming generalized cocfficients of allometry.

Muosimann (19700 has attempted to approach the size-shape problem
by means of ratios (Penrose ratios). Although these results are of consid-
erable theoretical interest, the approximation given by the original
Jolicocur-Mosimann (1960) method is sufficient Tor our present needs,
Baokstein (1978) has given the subject a monographic treatment,

3

Outline of Some Multivariate
Statistical Methods

In this chapter, I give short introductions to some of the methods used in
the subsequent text. This is not a full coverage of the subject nor does it
pretend to tell you how to do the analyses. To learn this, if you do not
already have the knowledge, 1 refer you to standard textbooks in the
field. Other methods will be described as they appear in the text. For
exnmple, questions of redundancy and stability in multivariate work and
the special problem of growth invariance, which s an outgrowth of
cinonical variate analysis and generalized distances and is best put before
you i connexion with an actual example. The multivariate statistical
methods of most use in the present connection are those concerned with
the simultancous analysis of several samples.

The basic mairices

Pl et mmcreia s the mateis formed by N observations (measures of N
spectmenn) on the povaribles, These are the N observational vectors of
the simple, b thin text, the methods are discussed with respect W the

Al
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observational vector, x. Each row of X represents a specimen on which p
characteristics have been measured.

r

X213 Xaz X2,

X= P
XNt XNz "0 X

The mean vector, denoted here as &, is the p-variate vector of means of X
Thus, if one sums each column of the data matrix and divides the vector
of sums by N, the mean vector results,

The covariance matrix is the p % p symmetric matrix of variances and
covariances with the elements

$11 812 S1p
S = 831 S22 Sz,
Spl Spz .. Spp

The correlation matrix is defined as the correlations between the p
variables, with each element constructed from S by calculating

3y
=T
{5y = 5)
1 r Fip
r=|"™ 1 S
rpl Tp2 " 1

In this very brief presentation of the most common fundamental matrices
used here, | have used the notation normally reserved for samples. It has
become accepted practice in statistics to employ the Greek letters corres-
ponding to the Roman letters used for sample statistics for denoting the
counterparts in the statistical population. In a practical text, such as the
present one, discussion mostly centres around the sample quantities and
there is seldom need to introduce the population statistics into a particu-
lar analysis,

In univanate statistical analysis, the variability of o varinee is reflecied
by the range of the observations in the sample and it is measured by the
vartance. The sample mean and the sample varianee estimate the populin-
tion quantities; the larger the sample, the nearer one comes Lo beng able
tovestimate the troe population vilues by those obinined from the simple
There s, therelore, o certhin support for wanting fooise e simples i
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¢(X1 ,Xz)
1

*q

Fig, 4 The bivariate normal distribution. This gives a highly idealized view of
the situation for in most cases, the surface will appear more like a maturely
dissected voleanic cone.

palacobiotogical study. Repeated sampling from a normally distributed
population will vield a set of means and variances that cluster around the
theoretical values and which themselves are normally distributed.,

Passing from one dimension to two or more dimensions brings in the
added factor of the covariation between the variables. For two variables.
the points plotted for a sample of bivariate normally distributed variables
full within an ellipse, as T have illustrated schematically in Fig. 4. The
preatest concentration of points lies in the middle of the ellipse from
which they thin out towards its edge, For more than two variables, the
shope of the field containing the poinis is ellipsoidal. For more than three
mensions, one speaks of an hyperellipsoid of scatter.

The scatter ellipsoid

I ordder to determine the statistical properties of an ellipsoid of scatter. i
b wutlicient o begin by computing the principal axes of it by some
s method for cipgenvalues and eipenvectors. The statistical method
fo coreyinge out these operations s known as principal components
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analysis, a procedure not solely reserved for multivariate normally distri-
buted data, although in this book, the assumption of multivariate normal-
ity will always be made. For an account of the concept of principal
components, the reader is referred to Joreskog et al. (1976, Chapters 3
and 4). Briefly, and in terms of the sample quantities, the procedure of
principal components may be described as follows.

Consider a p-dimensional observational vector x=(x;, Xz ..., %)
multivariate normally distributed. The covariance matrix of a sample of N
such vectors is S. The eigenvalues of S are d,, d,. ..., d, and associated
with them are the normalized eigenvectors fy. fi, ..., f,. The principal
components are defined as the linear combinations of these vectors with
the x’s. Thus, for eigenvector f,, we should have the relationship

¥ = fin Xy +faxat ... +ffpx17 (6)
We note that
ﬂﬂ =1 if i=j
ffi=0 if i

This is the property of orthogonality for the eigenvectors and it also
expresses the fact that these vectors are normalized so that their sums of
sguares will be one.

The total variation in the material is expressed as the sum of the
eigenvalues which is the same as the sum of the original variances. An
introductory account of the background of principal components analysis
is given by Marriott (1974).

Special morphometrical significance may be attached to the elements of
the eigenvectors of principal components analysis (Jolicoeur and
Mosimann, 1960; Blackith and Reyment, 1971). Mosimann (1970) has
investigated the limitations of this approach and suggested a more general
solution.

Two or more scatter ellipsoids

A very useful method for studying the properties of several multivariate
samples is that known as canonical variate analysis, biological applicitions
of which are given in Blackith and Reyment (197 1) and a data-analytic
presentation by Gnanadesikan (1977) as “discriminant coordinates™. In o
wary, this method can be regurded as a generalization of principal compo
nents, whereby the considerations applying for one ellipsod of seatter are
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generalized to several ellipsoids. In fact, canonical variate analysis can be
interpreted as a two-stage principal component analysis.

In another way, canonical variate analysis can be looked at as being a
generalization of the concept of the generalized statistical distance, to
which it reduces for two samples, insofar as the canonical root in this case
is proportional to the generalized distance and the associated canonical
vector is the linear discriminant function.

It is conveni¢nt at this juncture to mention briefly the generalized
distance, introduced in 1932 by P. C. Mahanalobis, This was one of the
first multivariate taxonomicil methods developed and one which has been
used in a wide variety of problems.

For two populations, one considers the pooled sample covariance
matrix § and the sample mean vectors ¥, and £, The generalized
statistical distance 15 defined as

D= {(-’E1 | fz)ls_ l(fl - fz)}uz (7)

Sometimes it will be found that the component covariance matrices of §
are not homogeneous, i.e. they could not have been sampled from the
sume statistical population. This is not a serious defect for modest
differences but it may transpire that the divergencies are so great that
some spectal technique will need to be utilized which takes into account
heterogeneity in covariance matrices in producing a generalized statistical
distance.

There may be a wide variety of reasons for heterogeneity in covariance
matrices and it is recommended that you give the problem careful thought
il you encounter it in your research (see Reyment, 196%a; Blackith and
Reyment. 1971). The most common cause for serious heterogeneity
derives from outliers in one or both of the samples {see p. 11). These
may, however, be biologically caused, an example of which is diflerences in
the covariance matrices of carapace measurements on ostracods arising
from sexual dimorphism. Reyment (1969b) analysed several examples of
this kind of heteropeneity in variances and covariances.

The coefficients of the linear discriminant function of R. A. Fisher are
abtainable as a half-way step in the computation of the quadratic form in

wiyn (7). If the vector of linear discriminant function coefficients be
denoted as 1, the computation is simply
t=5""UE—%) (8)

whiere &, & and 8§ have the same meaning as before,

Sometimes  guadratie diseriminant functions are  used where  the
vy inee matrices are preatly different, However, as Marmott (1974, p.
AU rlghtly observes, this ds often an unnecessiry step, annd there are other
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ways around the problem (references in Blackith and Revment, 1971), A
disadvantage of quadratic discriminants is that they do not yield interpret-
able coefficients (the elements of vector ¢ in egn (8)) in the same way as
the linear analogue and the use of this method is mainly justifiable in
identification studies,

I shall now take up the question of discriminant functions when there
are more than two samples. We have now to consider k samples drawn
from k multivariate normal populations, the covariance matrices of which
are §;. 8. ..., 5, statistically equal, and with sample mean vectors
ii. f—z...-. . .-f*_.

One does not normally use these matrices directly in the usual suite of
computations but rather the sum of the matrices of sums of squares and
cross products for each sample (from which the corresponding covariance
matrices can be obtained by simple division with N, —1, i=1..... k)
This matrix, known as the within-groups matrix of sums of squares and
cross products, will be designated W. Also required is the matrix B of
sums of squares and cross-products of deviations of the means, or
between-groups matrix of sums of squares and cross-products.

The required canonical variates are found by solving the equation

(B—gW)c=10 {9)

Details of the solution can be obtained from Gnanadesikan (1977) and
Marriott (1974). The canonical toots g are yielded by the determinantal
equition

|B—gW]=0 (10)

Canonical variates is a well-known and well-proven procedure, for which
tests of significance are available, and it has enjoyed justifiable popularity
in taxonomic work ever since s introduction by Bartlett some 40 yvears
ago. It is basically a method for the graphical display of the relative
locations of the sample wvectors for the canonical variates, thence
Gnanadesikan’s term discriminant coordinates.

Although canonical variates is a well-known multivariate statistical
method, it is not always successful in obtaining biologically meaningful
results in a taxonomical study as regards the interpretability of the
coefficients of the canonical vectors. The reason for this may hie with the

instability often found in the canonical vectors which, in its tum, s
connected with redundant or near-redundant directions of varition, This
problem has recenily been studied by Camphell (anpublished  thesis,
Imperial College, London (9791 Owing 1o the importance of the subject,
and the fact thot i s not et available i texthooks, the summnry

presented o Camphell and Beyment (1R s reproduced below . (The
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canonical roots and the actual ordination are, however, little affected by
instability in the coefficients of the cancnical vectars.)

Canonical variate analysis of living and fossil organisms on which
morphological characters have been measured can sometimes be greatly
distorted through overweighting by redundant directions of variation,
Instability in the canonical vectors (those of W 'B) is often associated
with the smallest eigenvalues, particularly if these do not greatly differ
from zero.

Instead of working with the within-groups matrix W on ny, degrees of
freedom, it is preferable to standardize it to corréelational form—i.e., a
correlation matrix is made out of it. The between-groups matrix B is
scaled similarly. Thus,

W*=§""W5" (11)

where S is a diagonal matrix whose elements are the square roots of the
diagonal elements of W. Consequently,

B*=8"'B§™! (12}

The eigenvalues e and eigenvectors i, of W* are then computed. With
the diagonal matrix E formed from the eigenvalues ¢ and UV made up of
the corresponding eigenvectors, W* = UEU".

The eigenvectors are conveniently scaled by the square root of the
corresponding eigenvalue (which produces sphericity). In order to estab-
lish the extent of eventual instability in elements of the eigenvectors of
W 'B, a suitable approach is to proceed by means of shrunken es-
timators, using a ridge-type technique (see Marquardt and Snee, 1975).

Skrunken estimators are formed by adding shrinkage constants k, to
the cigenvalue ¢ before scaling the efgenvectors. Wrting K=
ding(k,. ..., k). where p is the number of variables, define

*=THELK =0 .

The between-groups matrix in the space of the within-groups principal
pomponents is then required. This is computed as

t‘:'.-I'Iiu i -L.l_- U:{rl-- -"-u:'B* :*kl---" by d {‘13}

anil set feequal o the ith diagonal element term of G. The ith diagonal
element Ji, is simply the between-groups sum of squares for the ith

principal component, The eigenvalues r of Gy, o, are the usual canoni-
vil roots, while the eigenvectors a '’ are the standardized canonical vectors
fir the principal components. The usual canonical vectors ¢ are given by
(L L
C [ I:‘:"l_ il
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Generalized shrunken estimators follow directly from the eigenvectors a* of
G, i, using c'=Uf  _ ,a". Marked instability in the canonical
vectors is associated with small ¢, and small diagonal elements of G in
(13).

In identifying instability in canonical coefficients, a simple rule to use is
to examine the contribution of h, to the total group separation trace

"
(W™'B), which is just trace (G, g or Y h. In situations where p is

i=1
very small in relation to [¥ ), or the corresponding ratio of canonical
roots from the usual and shrunken estimator analyses is small, then little
loss of discriminatory power will be incurred by excluding the smallest
eigenvalue and ifs eigenvector.

The stability analysis also points out those variables that are contribut-
ing little or nothing to the discrimination and these can be eliminated. It
transpires that very marked improvements in the interpretability can be
achieved by Campbell’s method of analysis. This will be demonstrated
later on in an example (p. 108).

Relationships between sets of variables

Oine of the methods | have found useful in preparing variational diagrams
for organisms interacting with environmental factors is that of canonical
correlation analysis, This has its main value in borehole analysis in
allowing a set of morpho-variables to be correlated with a set of environ-
mental variables. It is a well-known procedure and I shall not list the
steps here in detail. Explicit accounts are provided by Cooley and
Lohnes (1971) and Reyment (197 1), the latter paper containing a geolog-
ical example.

Geometrical relationships between scatter ellipsoids

The relationships between some of the statistical methods briefly e
viewed in this chapter are illustrated in Fig. 5. Firstly, we shall tike o look
at the geometrical interpretation of principal components. Consider the
ellipse denoted E,. The length of the first principal axis ol this ellipse Al
is proportional 1o the square root of the lisst eigenvalue of the bivariate
dispersion of variables x and v, The orientaton ol the line Al s given by
its dhirection cosines. These correspond o the elements ol the fiesd
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Fig 5 Diagram illustrating the relationships between some ol the mullivariate
sttistical methods reviewed in this chapter. The figure is interpreted on p. 49.

cigenvector of S, the covariance matrix for a set of observations on
variables x and y. The second principal axis of E;, which is the line CD,is
likewise interpretable as corresponding to the second eigenvalue and
eigenvector of covariance matrix S, Obviously, AB and CD are or-
thogonal (at right angles 1o each other).

On ellipse E,, the original axes XX' and YY" are shown relative to the
transformed axes AB and CD in order to demonstrate that the “eigen-
operation” produces a rotation of the axes of reference of the data points
encompassed by E, to new axes, the principal axes of this ellipse. In
stitistical terms. this rotation involves a transformation from an original
st of correlated variables to a new set of uncorrelated variables in the
new frame of reference. ‘The relationship between the regression lines to
the two variables, b, and b, and the principal axes is also illustrated on
wllipye 1.

Thie three ellipses . B, and Ey are parallel to each other and of equal
wige. This indicites that the covarinnee matrices for each of the samples
pepreseited by these ellipses are equal. The lines M PN and MN give &
proportionite representation of ihe penerilized distances between 1he
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centroids (the means) of the three ellipses. If MP=PN=MN =0, then all
three ellipses will coincide and they will have the same centroid. This is
the basic problem of the multivariate analysis of variance, which, in the
one-way model, tests whether the centroids coincide or not. Ellipse E,
displays the distributions of the principal component variables along the
principal axes EF and GH.

One of the aims of canonical variate analysis is to determine the
positions of the centroids, relative to each other. and to display the
transformed observational vectors, the canonical variates, on a set of
two-dimensional plots, corresponding to the various combinations of the
canonical vectors. Additionally, the coefficients of the canonical vectors
may be interpreted in biological problems, lor example, as indicators of
various kinds of variability in morphology. Not all workers are decided on
this point. Most canonical variate analyses are made using the covariances
and variances directly. A good case can be made, however, for standar-
dizing the covariance matrices to the corresponding correlation matrices.
The steps for doing this are supplied on p. 47.

The parallel and equal ellipses E, and E,, with centroids M and N, are
separated by a distance MN. This distance is proportional to the
generalized statistical distance between centroids M and N, The tangent
to the ellipse E, at the point of intersection with MN gives the separating
line of discriminant analysis (more generally, this will be a hyperplane).
The discriminant function is usually taken as the normal or perpendicular
ling to this.

Specimens deriving from population Ilg, represented by ellipse E,,
should be identified correctly by the linear diseriminant function and vice
versa for individuals from population [lg,. In practice, there is often some
degree of overlap and individuals that really belong to one population
may be incorrectly assigned to the other. One speaks of the probahility ol
misidentification and the efficiency of the discriminator. The principal
reason for difficulties in identification lies with overlapping distributions,
That is, the distributions of the two populations of interest are nol
completely separated [rom each other. Some idea of how serious this s
likely to be can be obtained by testing the significance of the generulized
distance by a method known as the Hotelling 77, This statistic differs
from D? by a constant obtainable directly from the respective sample
sizes. If the T%-value i highly significant, then there is a good chanee thil
the empirical distributions, and even the theoretival, are clearly separated
from each other.

The ellipses E; and E, ditfer from cach other not only i shape but also
in orientation and their st and second principal axes are nol rallel
Thus, the culeuloton of the generalized distipee and associnted  Hineni

SOME MULTIVARIATE STATISTICAL METHODS 51

discriminant function will need special methods if the heterogeneity is
significantly great,

Consider now the ellipses E,, Es, E. representing populations having
homogeneous covariance matrices. There are three regions of identifica-
tion for each of the populations Ig , g, and [g , which are denoted as
Ry, Re, and Ry, in Fig. 5. One may construct linear discriminant
lunctions between all three ellipses for identifying individuals from any of
the populations.

If there is no interest in studying the shapes of the sample scatter
ellipsoids, a useful simplification of canonical variate analysis can be made

by working with concentration hyperspheres.




4
Making a Biolog

In this chapter, we shall concern ourselves with the practical details of
making a biclog from sequentially sampled fossils. Usually, the samples
will come from boreholes, but there is nothing 1o preclude the use of
good outcrop material. There is also no reason why macrofossils cannot
be used in the latter case as long as they are autochthonous. The content
of Chapters 2 and 3 provides the necessary basis for the development of
this chapter, but certain additional questions are also considered. An
important subject is that of the breakdown of variation in samples by the
methad of principal components and how the results are to be inter-
preted. The application of the same multivariate statistical method 1o
morphological measurements on foraminifers may disclose components of
the life cycle. There is also the problem posed by the need for adjusting
for differences due 1o age-ranges in samples, thence sizes of individuals,
This involves the concept of growth-invariant multivariate analysis and it
is clearly of importance in the case of the biolog, Another question taken
up concerns instability in canonical variate analysis und the influence this
may have on the interpretation of a multivarinie morphometric anelysis
Somewhat more complicated from the purely practeal aspect s the
union of observations on the vaciability of benthie orgamisms (alter
tively, frequencies of benthic orgunisms) and chemieal components of the

o ¥
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palaco environment. The multivariate method known as canonical corre-
lation analysis is a suitable procedure for treating such data. The practical
difficulty is that it may be uncertain whether the organisms involved are in
il

It is naturally very important to be able to correlate between logs from
neighbouring boreholes. This topic is considered in the light of a new
method for “slotting”” borehole observations. Generally, a biolog is most
likely to yield superior results in cases where the same few foszil species
are found throughout a thick series of lithologically undifferentiated
shales. We shall begin by looking at a simple multivariate way of logging
on fossil data.

Biolog using a sequence of multivariate means

The simplest kind of biolog is one made by plotiing fluctuations in
univariate means of a bioseries from sampling level to sampling level in a
borehole. This is a rather well-known way of producing a variational
gurve, although only occasional use seems to have been made of it. The
ideas involved are most easily presented in terms of variation in ostracods
s this group does not suffer from ape-size differences to the same extent
s do, for example, foraminifers.

For the purposes of a hiostratigraphical logging procedure, a workable
first level of approximation is that we assume that major changes in the
imensions of the ostracod carapace (adults only considered) are mainly
due to environmental factors, Support for this assumption is available
Irom work reviewed in Chapter 2.

As a consequence of this working hypothesis, the plots of means of the
siime character measured on several species, and sampled at different
AMlratigraphical levels in the same borehole, can be expected to show the
wnme general pattern of oscillations over time. That is, the plot will
dlsplay the same overall trend of right and left swings, although the
Wmplitudes will not be very informative, unless consolidated by proper
Whatistical controls. A set of variational curves for a number of species
Which shows harmony in the pattern of oscillatory swings suggests that all
ol these species have reacted similarly to the environment,
T'he essential point here is not that the patterns of the oscillations are

nr replicas of each other, although this condition does occur. Tt is that
m divections mken by the successive oscillations agree. The reason for
Uhis is Biological and not statistical. Some organisms react more strongly
morphologically than others even closely relmed ones) o certam en-
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vironmenial factors (for example, salinity and temperature) and this may
lead to amplitudes of markedly different size. Cytherellid ostracods are
less reactive than trachyleberidids, which is evidenced by the biologs
shown in Fig. 24,

On the other hand, randomly trending chronological sequences are
possibly interpretable as unsiressed stochastic variation of genetic origin,
largely uncorrelated with changes in the environment, Real environments
are uncertawin and highly stochastic (May, 1973, p. 109). The input
components vary randomly and equilibrium is the average around which
the biological system fluctuates. Experimental studies are needed to
elucidate this problem. The genetical basis of evolutionary oscillations
with respect to gene arrangements has been considered by Dobzhansky
{1971). Studying a species of Drosophila, he found some changes 1o be
regularly cyclic, following the march of the seasons, and he thought the
morphological Auctuations could result from the effects of natural selec-
tion.

Biologs from two Nigerian boreholes

I have chosen to illustrate this section with data from two well-studied
boreholes in Western Nigeria (Gbekebo | and Araromi 1), drilled in Ogun
State by the Shell-B.P. Petroleum Development Company of Nigeria
Limited. Most of the ostracods occurring in these boreholes are cytherids.
the length dimension of which is particularly susceptible to sex-linked
variation. For this reason, the analysis recounted here was made on the
height dimension, which is less sensitive to sexual dimorphism.

An intuitively satisfying way of studying fluctuations in means is by
graphing them against depth (thence time} in the borehole from which the
samples were obtained. The reliability of the analysis can be greatly
improved by drawing in the confidence intervals for these means, Where
thought necessary, tests of significance between critical means can be
made and this is often enlightening, particularly where there is some
doubt about the reality of right to left, or left to right, swings.

The variations in the means for the ostracods from Araromi are shown
in Fig. 6. along with the confidence intervals of the means, Even a cursory

glance at the figure shows that there is close agreement in the patierns of
variation. To be sure, there are several missing values, but this kiod of
situation is common for much borchole dota, The dnsertion of the

confidence intervals for the means is o valuable necessory as it shows how
much reliance ean be put on the patterns, Do the case of Fig. 6,00 will be
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Plg, 6 Wariations in the means of seven species of Nigerian ostracods of Late
{‘retaceous 10 Early Paleocene age from the Araromi borehole, The lengths of the
burs represent the 95% confidence intervals of the means for the height of the
Wirnpace. Redrawn from Reyment (1970, Fig. 1),

woen that few of the confidence intervals are broad enough to upset the
peneral picture,

For levels 1 to 4 the variational trend is the same for the species coded
s A und C. Levels 10 to 15 have the same morphological directions for
the species coded as E and F. Levels 15 to 16 show the same trend for
species A, E and G and levels 14 to 17 are analogous for species A and
B

A not unreasonable interpretation of these results would be that all of
Ihe carapaces reacted in harmony to one or more environmental factors
uver the period of time represented and that all the series in time formed
Wy the variation in the mean of carapace height can be expected to be
:Fd.]lnly correlated.

Principal component logs

We ahnll now apply the concepts developed earlier in the application of

Prliscipnl component analysis to the preparation of biologs. As a first
Whproximation, the first principal component means will be interpreted as
folating 1o variation in size due to ecological influences (see p. 39),
This time, the Nigerian borehole Gbekebo | was used as a source of
With. The elgenvalues and eigenvectors for the three variables length,
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height and breadth of carapace. were computed for the separate
covariance matrices of seven species of Paleogene ostracods. The first two
transformed principal component means i(see eqn (14) below) were
plotted against depth of sample, as shown in Fig. 7. The equations are

Vi= bi%,+bii, +biis

(14
2= %, + Bi%,+ b2, )

where the means are denoted as %, b' is the first eigenvector of the
covariance (or correlation) matrix and b” is the second eigenvector of this
matrix. In eqn (14}, it is the elements of these trivariate vectors that are
given,

The principal components mean values are found by substituting the
original mean vectors for each species into the first and second equations
formed by the first and second principal components, as indicated in eqn
(14).

The upper half of Fig. 7 is particularly informative. There is close
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Fig. 7 Plot of the transformed observitions for the lirst two principal component
means for seven species of Paleocene ostracods from 13 levels in the horchole
Ghbhekecho 1. Redrawn from Reyment (1970, Fip. ) st transtormed menns

e = secorkd transformed meiins.
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agreement in the directions taken by the oscillations in y, for the set of
species considered. Comparison of the directions for the plots of ¥, shows
less pronounced concordance.

For levels 10 to 12, the oscillations of the first principal component
means agree in sign. For levels 6 and 7, three of the four directions agree.
The second principal component means show some agreement in the
direction of oscillations, but this is markedly less than for the first
component means.

I Practical applications of spectral analysis

One may refer to this kind of partition of variability in a multivariate
sample as spectral analysis of variation, by an incomplete analogy with
the breakdown of light into its component wavelengths.

The value associated with using a principal components log in bios-
{ratigraphical work is clear from the point of view that the transformed
means of principal components represent a multivariate synthesis, or
gondensation, of all the variables into a single, new variable, providing
thut there is a significant correlation structure. This is an obvious im-
provement over a set of univariate means for logging purposes.

The first suite of principal component means may be interpreted as
representing the reaction of the organisms, on the average, 0 the “gross
peological effect”, in the terminology of Reyment (1970).

I'o summarize the foregoing, we note that as a first-order approxima-
Mon, it is possible 1o use the first transformed variable of principal
womponents, based on either the covariance or correlation matrix, for
gharting the simultaneous reactions of a set of morphovariables to the
totnl contingent of factors of the environment

Example of the graphical use of principal
component analysis

Phin example illustrates how principal component analysis may be used
for the identification of morphological variants associated with the phases
Wl the foraminiferal life cyele. It is included to show some of the
gapahilities of principal components in displaying morphological varia-

Ao,

An i been demonstented by Nyholm (19621, the morphology and
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composition of the test of some benthic foraminifers may differ markedly,
according 1o the stage of the life cycle at which the test was constructed.
Principal component analysis offers a means of identifyving some of the
morphological categories of the life cycle in fossil material.

An example of the graphical display of principal components results for
the Migerian Paleocene foraminifer Afroboliving africana (Graham, de
Klasz, Rérat) is illustrated in Fig. 5. This figure shows ellipses constructed
around the plots of 350 transformed scores for the first two axes of
principal components for six measures on the shell (four size dimensions,
proloculus diameter and aperture diameter). The ellipses were fitted to
the points identified as belonging to the three phases by inspection of the
material, the plots having been made without a priori decisions on the

Eg2

Microspheric lasts

Second principal component

£1
First princlipal componant

Fig. 8 Prncipal component analysis of morphs in the life cyele of the Paleocene
foraminifer Afroboliving africana from the Akinde borchole e Western
MNigeria. E; snd E; denote the Arst and second principal componenis, Al
Reyment (1966c¢). The partly covercd white ellipse represcnin me palospheric test
Microspheric tests are concentrated i o subgroup, Losostomons] lests {all
mepalospheres) proup o oo ellipee which s shghtly displiced with yespuecl (o
il mepalosphicres,
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morphologies. The results suggest that the material contains at least three
stages in the life cycle of this species of Afrobolivina (Reyment, 1966¢).
The existence of a loxostomoid phase seems to be a feature of the genus,
as Afrobolivina afra may also produce a loxostomoid variant.

The foregoing example gives us food for thought. If a method based on
the interpretation of fluctuations in means is to he of any real use, these
means must be free of the kinds of effects just found to occur in
Afrobolivina. Tdeally, an organism should be fairly stable in its variational
pattern, a prerequisite seldom met by foraminifers, which tend to be
highly variable in many respects. Nyholm's (1962) Cibicides is certainly
un extreme case with its numerous shell variants, but there would seem 1o
be ample evidence for analogous variability in other foraminifers. There is
ulso the question of compositional differences in the tests of the phases.

The vexed problem of growth- and size-confounded data will be given
special consideration shortly, but before taking up this vital subject, there
is & practical point about principal component analysis I need to bring

up.

Principal components can recover information

11 is natural to ask whether the method of principal components really can
recover information hidden in a set of multivariate measurements of some
Kind or other. This is a very important question, as the spectral method of
Annlysis depends largely on the ability of principal component analysis to
reduce the dimensionality of a problem.

An experiment was made using generated data for three dimensions to
Illustrate the concept of recoverability, the results of which are depicted
In Fig. 9. Three hypothetical environments were constructed so as to
Wiffer from each other so slightly that bivariate plots of the raw observa-
tlons do not show obvious clustering. These plots produce diffuse,
Jomogeneous fields, The data were then subjected to a standard principal
gomponent analysis of the covariance matrix, after having been made into
W single sample, and the scores of the transformed observations plotted.
‘An is shown by the specimen plot given in Fig. 9, the recovery of the
Anput information is complete, with each of the environmental categories
fulling into one of the three widely separated clusters. Fuller details are
Jiven in Reyment (1966b),

I nature, things seldom work out as impressively as in this constructed
axnmple, but the object of the experiment, namely, to illustrate the power
ol the principal components technigue, s here well achieved.
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Fig. 9 Diagram illustrating how a principal component analysis plot fully recov-
ers all input information in a set of generated trivariate data. After Reyment
{1966b). o, first hypothetical environment: o, second hypothetical environment,
¢, third hypothetical environment. | and I1 denote the first and secomd axes of
principal components,

Growth invariant biolog

We have just seen how a sample of the tests of a species of foraminifers
can differ greatly from morphological homogeneity, a circumstance that
can adversely influence the comparison of means.

With ostracods, with their discontinuous growth stages, it s usually
possible to identify adult carapaces correctly and one can therefore be
certain of applying statistical analyses and tests to material homogencous
with respect to stage of growth, Organisms lacking a terminal growih
stage, such as molluscs, corals, foraminifers, confront us with rathes
special problems.

If we have a sample composed of individuals at different stages il
growth, any attempt at comparing their means must fall short of what s
required by the statistical prerequisites of such a test, The mean com
puted for such a sample will obviously be a function of the composition of
the mixture of growth stages and genetically and ecolopically controlled size
differences of organisms making up the sumple. Only where we haodl two
samples with exactly the same mixture of prowth stapes could we expeo
to obtain compatible means. The iden of circumyenting this ditficulty Tor
multiviriate studies by applying o transformation for achieving prowih
invarinnee derives from Burnaby (1966), Gower (1976) has mmde the
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concept more general and Reyment and Banfield {1976) applied Gower’s
treatment of the problem to the analysis of planktonic foraminifers.

The mathematical problem can be summarized in the following man-
ner. It is desired to find canonical variates among several populations
confounded by growth and size effects, which can be represented as
gradients,

With k size-difference components and p variables, the effects to be
eliminated may be represented by a pxk matrix K, the rth column of
which consists of elements proportionate to the direction cosines of the
rth component. The idempotent symmetric matrix

O=I1-K(K'K)'K' (15}

projects every sample value onto a space orthogonial to K where they are
[ree from the growth and size effects reflected in K. When there are v
populations, all with the same K. canonical variates, [, can be obtained by
solving the equation

QIG'G-AW)Ql =10 (16)

where G is the vxp matrix of sample means and W is the pooled
within-populations dispersion matrix (N.B. here, G'G replaces the
hetween-populations  dispersion matrix of classical canonical variate
anulysis). For simplicity, sample sizes are here taken to be equal.

The estimation of K can be difficult. Gower (1976) has considered
weveral ways of doing this, both by internal as well as external estimation.
In pulacontology, internal estimation by principal components can often
provide a satisfactory solution and biological evidence in support of this is
now beginning to appear (see Chapter 2). For many foraminifers (biserial,
iriserial and quadriserial forms in particular), most of the size variation
gesides in the length variable of the test and the first principal component
Uoey really extract most of the variation due to differences in growth and
slze. The matrix K can thus be estimated by the first k eigenveciors of W,
the caleulations being made on the logarithmically transformed observa-
tons. (N, for k =1, differences additional to size variations are in-

luded.)

The solution of eqn (16) requires the computation of a generalized
lverse for QWO, 1o wit,

('=0QOW0) O (17
The required solution is then
(OG- A =0 (18)
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The squares of the generalized distances between the means of groups i
and j when projected onto the Q-space are given by

D*=(g—g)Clg—g) (19)

Thus, by using GCG', it is possible to obtain the coordinates of the group
means in the (J-space by the method of principal coordinates (Gower,
1966; Joreskog et al., 1976).

Equation (15), can be written as

O=1-M

where M=K(K'K) 'K'. A p-variate vector y is projected by M onto the
space spanned by K, and Q projects it onto a space orthogonal to K.
Thus y can be resolved into components My, confounded with growth-
and size-factors and components Qy free from these factors. The
Mahanalobis’ generalized D” can correspondingly be subdivided into two
parts, D3, and D3, related by the equation D*= D+ D5,

A casual reading of Burnaby's paper may suggest that [D* has been
resolved into the orthogonal components D3, and D, but this is not so
(see Burnaby, 1966). The additivity merely reflects the definition of Dy,
which is interpreted as the distance lost through working only in the
(O-space (Gower, 1976).

The relationships between the partitioned peneralized distance can be
seen in the photograph of a model based on one of Burnaby's diagrams
(Burnaby, 1966, Fig. 2) and shown here as Fig. 10. The M-space is

L GITerELREEs

e 8
"

Fig. 10 Photograph of a model for showing the relutionships between it
titioned generalized distances in connection with the concept of growth i
variance. Basced on Tig, 2 in Burnaby {( 1906),
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the square to the right, pierced by the white line, the Q-space. The
black and grey lines rising from the plane of the x, and x, axes are two
directions of individual growth, parallel to subspace M. The black line on
the surface of space M corresponds to D3, and the black portion of space
Q corresponds to D%, These two are together equivalent to the distance
between the growth vectors, which corresponds to D?. (Here, corres-
ponds implies proportionality only.) The reference points for the two
individuals involved are taken where the line proportional to D* cuts the
two growth directions,

It was mentioned earlier on in this section that the coordinates for
making the plots can be obtained by the method of principal coordinates.
If matrix P contains the eigenvectors of GCG'=T, with L denoting the
corresponding eigenvalues, then T is a v> v matrix, P is vxp, and L is a
diagonal p x p matrix. Scaling the vectors so that P'P = L ensures that the
rows of P are the coordinates of points referred to principal axes and
PP’ = I. The squared distances between the ith and jth points are {Grower,
1976)

ti + b — 24
The plot of the first coordinate against stratigraphical position forms a
“hiolog™,

Gower (1976) has also considered external methods of estimating the
growth vectors. In the analysis of living organisms, this is often likely to
provide an excellent alternative. An external method of estimation of
growth vectors is one that utilizes some character which is correlated with
the variables of interest and which gives an estimatation of the age of
ench specimen. For example, the degree of wear on the teeth of rodents.

Even in the case of living animals it can be difficult to find a suitable
foncomitant variable. Delany and Healy (1964), in their study of the
long-tailed field mouse, used one concomitant variable, a measure of
tooth-wear, thought to be a good indicator of age. Estimating K by the
first k ecigenvectors of W may be associated with the difficulty that the
principal components so obtained are affected by the scales of measure-
ment of the different variables. This difficulty disappears when all scales
are the same or if normalized variates are used. Jolicoeur (1963) pointed
aut that in biological problems, the logarithms of the variables are usually
relnted linearly, and that taking logarithms is one way in which the
principal components can be made scale-free,

Internal estimation by principal components is intuitively reasonable

rovided the growth effects are the major source of variation within each
population, In this cose, the elliptical cloud of points representing within-

population samples would be spread out around an elongated major axis,
the digection of the first principal component,
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Growth invariance and a planktonic foraminifer

As an example of the use of the method of growth invariance, T submit
the dut,a_ tor Subbatina pseudobulloides (Plummer) analysed by Reyment
and Banfield (1976) and extracted from Malmgren (1974). The material
comes Fr-:-rn the Danian of southern Sweden (Scania) from a borehole
drilled m_-::unnectiun with the appraisal of limestone deposits. Six charac-
ters for size and shape were measured on each specimen by Malmgren:
these are illustrated in Fig. 11. ‘

The growth-invariant analysis showed that a size effect could be re-
mmra‘d from S. pseudobulloides by the first eigenvector of the logarithmic
covariance rrnatrix. The effects of extracting one eigenvector (the first) and
I!'lren two eigenvectors on the values of the generalized distances for the
six horehole levels considered are illustrated in Table TV. As noted
above, the greatest reduction is brought about for k=1 and for some of
the distances, this is very substantial.
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TABLE IV
Squared generalized distances for Subbotina pseudobulloides for
k=0,1,2

fi
(]

0.0000

2.8677 0.0000

1.9539 4.4016 0.0000

1.5322 0.8623 3.6189 0.0000

0.7524 2.9727 0.8738 1.9316 0.0000

1.3623 2.6748 3.1345 0.7847 2.2441 0.0000

f}
—

0.0000

2.8647 0.0000

0.7654 3.0867 0.0000

1.3496 0.7246 1.3157 0.0000

0.2759 2.4150 0.7146 0.6821 0.0000

1.0088 2.3848 0.2947 0.7563 0.5923 0.0000

I
]

0.0000

2.8430 0.0000

0.7495 3.0120 0.0000

1.3096 0.6042 1.3101 0.0000

0.2202 2.2688 0.7021 0.6807 0.0000

0.9927 2.3103 0.2947 0.7515 0.5801 0.0000

UM ARWNFE X SAUAWNE & kb Nes

The canonical variates without the extraction of size differences (k=0)
and for one eigenvector of principal components extracted (k=1) are
listed in Table V. As only to be expected from the values of the
peneralized distances, the effects are quite strong when the size-variation i1s
oxtrncted. The coordinates of the means for the first canonical variate
with the three combinations for k=0, 1 and 2 were plotted against
relative stratigraphical position (Fig, 11). This forms, in effect, a biolog
{note, that the ordering of the samples in time is 1-6-5-4-3-2). The
¢hinge in the shape of the biolog caused by the extraction of size-
dillerences is readily apparent.

Reyment and Banhield (1976) compared  the results obtained for
Subboting psendobullindes (Plummer) with those found for Globoconusa
daubjergensis (Brinniman) from the same sampling levels. They found
that the plots of the first canonical means for both species (k=1) gave
goncordant patterns, This is an interesting result and it could reflect
pigrvement in the reaction of the two species to some environmental
fenture, possibly of o palacoclimtological pature
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Canonical variate analyses of Subbotina pseudobulloides
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On interpreting biologs

A caution concerning the use of the biolog is now in order. Borehole
samples are taken at separated intervals in a borehole and the points
making up the log are therefore discrete, not continuous. The latter
impression can inadvertently be conveyed through the practice of joining
together plots deriving from borehole samples (usually raw frequencies).
It is particularly in situations where the discontinuous biolog is being
compared with continuous logs of the kind well known to petroleum
geologists that confusion can occur, as the geologist will most likely look
for agreements between the biological and physical logs in the uncharted
areas between the sampling points and only find straight lines. Elemen-
tary as this point may seem to you, I have found it to be a common cause
of misunderstanding in relating the biological information to the physical
and one which can confuse log-analysts confronted for the first time with
hiological data.

In the light of current developments in what is sometimes known s
“pattern analysis”, statisticians may look for absolute agreements in the
biologs, rather than the significant feature of agreement in the directions
tnken by the oscillations. This is, however, to misunderstand the nature ol
the variations.

Belore leaving this subject for the moment, T wish to point out tha
Flessa and Bray (1977) propose using the second eigenvalue of a hivariate
morphomelric analysis as a measure of size-independent variation, They
s the logarithmically transformed variables in their correlation milrs
{op. cit. p. 352), They plot the eigenvalues apainst stratigraphical location
i produce a kind of log. This procedure seems valid in principle, but only
T two variables.

Biolog using stabilized canonical variates

I Chopter 3. 1 wok up the subject of stability in canonical vectors in
phnomical variate analysis (p. 460, How will the log-analyst know when to
firlect this approach? No hard and Tast rule can be given and 1 can only
iller o few practical suggestions

At the outsetr of o logging project, 1 make o point of checking the
vitlnblen measured on the species selected Tor constructing the log for
todundaney, This can e most enstly done, from the aspect o canonical
vinthten wombysds, by e of Campbell's method Tor stodying the stabil
Wy of the coeflelonts of the eamomdeal diserimdnmms, 1 the checking s
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done early enough, it can result in a considerable saving of time as
redundant variables need not be measured. Note, however, that this
analysis of redundancy is limited in its validity and it is not good policy to
extrapolate from one particular problem to seemingly analogous ones.
This means that each project should be initiated by a full appraisal of as
many variables as scems reasonable for a given situation. A worked
example of this kind of a biolog is given in Chapter 8.

Relating the organisms to the palaeo-environment

Mention has already been made of the possibility of introducing expres-
sions of some ecological factors more directly into quantitative biostrati-
graphical analysis. The readiest way of doing this is by canonical correli-
tion analysis (see p. 48). For biological and sedimentological applications
of this multivariate statistical method see Blackith and Reyment (1971)
and Reyment (1972, 1975).

Briefly, this multivariate method seeks out hinear combinations of two
sets of variates such that the ordinary correlation coefficients between the
two new transformed (univariate) variates is a maximum, It finds thus
successive maximum interset correlations in order of size. One of these
sets may contain observations on frequencies of a number of species, or,
observations on morphological variables (as means) and the other set may
comprise ecological vanables. The magnitudes of the standardized coefhi-
cients for the variables of each pair of canonical vectors tends fo indicate
the important variables in a particular correlation.

The observations on the variables of each of the two sets can be
reduced to a series of bivariate relationships whereby each of the new
canonical variables represents a linear combination of the respective
multivariate sets. The scatter diagram of the canonical correlational
scores provides a useful graphical means of illustrating the interplay
between certain factors of the palaeoenvironment and abundances ol
diagnostic organisms. The plot of the two sets of transformed canonical
correlation scores against stratigraphical location may be used 1o produce
a pair of logs which relate variations in the environmental factors cons
dered to the frequencies of the organisms.

As is often the case in multivariate applications o geological dats, 4
word of warning must be sounded. A basic premise of canomenl correla
tion analysis is that the data are homogencous, wheally from i multivarinle
normal population and with two sub-sets of variables. A basic symmetry
in the underlying distributions s desirable, otherwise the influence ol
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m. 13 Plot of canomical correlation “scores” {actually transformed partitioned

rvittlomal vectors) for an ccological study of Recent ostracods from the Niger

i, Redenwn from Reyment (1975). The letter-number combinations refer to

e cts Teom shallower 1w deeper water. Thus Al 1o AS are five progressively
ileper snmpling stntions along transect A,

Sitypleal” abservations on the correlation coefficients may be large.
|_.Hlﬂl'l! 12 illstrates the type of result thar can be obtained using
:-'ﬂﬂ!]l‘“t‘lll correlation analysis of environmental factors (here, pH, Eh,
Bt ongine matter of the sediment, CaCO, distanee of the sampling site
o the shore, 1P, and S) on the one hand, against ostraced frequencies




H BIOSTRATIGRAPHY

on the other. Figure 12 is the graph of the predictor {envuonmen!alj
variables against response (ostracod frequencies) variables for sampling
sites in the Niger Delta. The samples lying in the dotted field are rich in
ostracods while those lying outside this field, and particularly the samples
in the lower half of the graph, tend to be poor in ostracods, or to lack
them. In the light of the remarks made in the foregoing section, the data

analysed here are homogeneous in all respects.

Comparing patterns of logs

An important use of biologs lies in employing them for mrmlalin‘g
between adjacent borehole sequences. An example of this concept is
shown in Fig. 13. Here, the arrows mark sampling levels in boreholes A
and B and the crosses denote plots of values of some kind or other
obtained from the morphometric analysis of a fossil organism.
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Borehole A Beorahale B
= sampling levels
Fig. 13 Schematic representation ol the coneept ol corrchiting, between
boreholes A and B by using fluctuntions in the means ol @ speaies acanrimg,
hath horeholes. The Muetuitions nre plotted as Sdeviations™ fron the prmd mean
The arrows depote sampling levels i the horeholes, (he  dotfed Tines the

correlations,

MAKING A BIOLOG 71
A possible drawhack

There is one possibly serious drawback to the preparation of biologs, and
to the comparison of adjacent patterns of variation, and it is of a practical
nature. Micropalacontological samples are not always delivered to the
laboratory in a form enabling them to be connected direcily to a point in
the rock sequence penetrated by the drill. Often, bagged composite
samples are used, not to speak of mud samples and the like. Bagged
samples have the disadvantage that one must work with mixed matenal.
The situation for bagged core pieces can be slightly improved by confining
the analysis to the fossils obtained in one suitably sized piece of core
rather than washing the entire contents of the bag. The material can be
treated as a random sample selected from a certain interval in the rock
sequence.

Methods of comparison of logs

Borehole logs form oscillatory curves with, usually, well-defined peaks
nnd troughs occurring in some parts of the sequence, The biolog seldom
vontains the spikes so typical of some physical logs of rock sequences.
Spikes of exceptionally wide amplitude are not infrequently associated
with features of the “noise™ category and thus deviate from the main
peological picture reflected in the log. Nonetheless, in the case of biologs,
some important palaeocecological event may be the cavse of a marked
spike.

Once a sequence of variations has been established for a suite of
samples, one will be interested in comparing this log with others obtained
from neighbouring boreholes. The comparison can normally be enhanced
by the recognition of “datum” lines. There may, however, be complica-
Hons of various kinds, such as differences in the rate of sedimentation in
the two places, a non-sequence, or redeposition of allochthonous sedi-
ments, with the result that episodes may be condensed in the one
sedquence and expanded in the other.

(ross-correlation

The well-known correlation coefficient was adapted many years ago for

s o the analysis of serial data, In this version, it is known as the serial

poreelntion coetlicient. This correlation coeflicient is sometimes useful in
vomparibive work but, for the most part, the cross-correlation coefficient
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is more to the point. For cross-correlating between series in time (ie.
borchole sequences, borehole logs) the samples must be taken at the
same intervals apart and it must be assumed that the rates ol sediment-
ation in both sequences were the same. It is also necessary that the
sequences compared be free of stratigraphical breaks. In biologging
studies, the cross-correlation technigue is mainly of use for checking the
general agreement in different kinds of logs from the same borehole.

The method for calculating cross-correlation coefficients is essenuially
the same as that for finding the ordinary correlation coefficient. The
so-called “match positions”” denote the sites at which observations have
been made in the two time series. Davis (1973) gives a useful present-
ation of the technique applied to geological data.

Slotting of stratigraphic sequences

It is standard procedure in petroleum exploration to measure properties
of the bedrock pierced by a borehole by means of physical methods, such
as neutron logging, gamma radiation logging, the electrical self potential
(SP), the electrical resistivity of the bedrock, redox logs, and sonic logs.
Physical logging of boreholes has as one of its aims, the facilitation of
correlations between boreholes.

For introducing the concepts of the following sections, 1 present the
basic notation and concepts of the slotting of sequences at this point. An
observational point in a borehole will be referred 10 as an “object”. That
is, each depth at which observations have been made in the borehole will
be called an object.

In the univariate case, an object will be a single measurement (a
gamma-log reading, for example), but more generally., each object will be
described by a set of measurements, all of them referring to the same
depth in the borehole.

Physical logs are taken continuously, whereas hiclogs are made from
samples taken at discrete intervals, For the purpose of statistical analyses,
convenient sampling points are selected for physical logs and this is
therefore a justifiable means of putting them on a par with the biolog,

The slotting approach (Gordon, 1973; Gordon and Reyment, 1979}
assumes that all relevant distances between each pair of objects may be
summarized by a single measure of pairwise dissimilarity. The dissimilar-
ity between the jth object in the first sequence, A, and the kth olyject in
the second sequence, B, will be denoted by diA, B, ). This dissimilarity
will be influenced by the differences in the measurements (@ pammi
ray, self potential, sonic, ete:) recorded for the two objects
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Let {x;{A). x;, (B)) denote the values taken by the ith variable at A, By
respectively (i=1,....p:j=1,....m: k=1,...,n). Thus, for example,
i =1 could refer to readings of the intensity of gamma radiation, i =2 to
readings of the short normal resistivity log, and i = 3 to computed values
of the biolog.

Then,

d{Ay Bi)= i wif(jx;(A)—x. (B ) (200
i=] :
where w, denotes the weight to be given to the ith variable and
f(lx,(A)—xy(B)|) is some monotonic-increasing (= invariably increasing)
function of the absolute value of the difference of measurements of x,(A)
and x.(B). The [w(i=1,..., p)] could be used

1. to standardize each variable so that the readings were all in terms of
standard deviations from the mean, or,

2. to give extra weight to variables which experience had indicated to
the geologist to be more relevant for purposes of slotting, or,

3. to allow for some combination of (1) and (2).

The second criterion is often of interest as one log might be much more
diagnostic than others in the same sequence, under a particular set of
conditions, and it might, therefore, be thought a good idea to weight its
contribution to the slotting,

The monotonic function { could take many forms, yielding measures of
dissimilarity of varying degrees of relevance. For borehole slotting, Gor-
don and Reyment (1979) have found the absolute difference measure
given by f(z)=z to be very useful.

Gordon (1973, p. 198) has described some propertics of measures o
dissimilarity. The calculation of the m*n matrix of dissimilarities be-
tween the objects in the two sequences can be made quickly. Once the
initial computation has been done, the slotting procedure operates on the
mitrix of dissimilarities, This means that the amount of work needed to
gonsider simultaneously a number of diflerent kinds of logs when compar-
Ing two wells is little more than what is required for comparing a single
log from one well with the same type of log from the other well.

The mensure of discordance 8(S,, §,) between sequences S, and S, is
defined as the sum (over all objects in each sequence) of the dis-
slmilarities between an object and the two objects in the other sequence
which bracker i

I order o pecmit comparison of o sequence with severnl othes
Reguences, 1 s olten convenient 1o stindardize thiv meosure of discog
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dance. Thus, if
n—1

m—1
(8. 8= Y d(A, A, )+ ) d(Bi. Buiy) (21)
=1 L=l
then a standardized measure of discordance is

a8, 5.)— plS,. 8:)
w5, 85)

lHS,, Szj= {2?—'}

I should mention that this method will always produce a slotting of the
sequences, no matter how slight the resemblance between them. The
value assumed by the measure of discordance (eqn 21) will give some
indication of the degree of similarity of the sequences. Lower values
would suggest better agreements, but it is difficult to formulate realistic
null models leading to tractable tests of statistical hypotheses. In practical
applications, the user of the method will therefore be concerned with
exercising his judgement regarding the significance to be attached to the
value of the measure of discordance. Generally, a basis for this can be
arrived at when the slotting behaviour of a particular type of material has
become known as the result of several trials.

Finding reference points in boreholes

Comparisons between boreholes can be greatly improved if marker levels
can be located and tied to each other. For the best application of the
slotting technique, markers provide an extremely valuable aid. 1 have
already noted this in the foregoing. Unfortunately, in the kinds of
situations in which one would be interested in making use of a biolog for
correlational purposes, lithological markers will seldom be available (i.e.
monotonous shale sequences). In fact, where lithological markers are
present in a sequence, the use of the resistivity log for representing,
environmental fluctuations may be invalidated.

Palacontological markers are sometimes available but, usually, they
tend to be insufficiently concentrated in monotonous, unbroken sedimen-
tary sequences to be useful in the detailed kind of work under considern-
tion. This is not to say that good marker fossils do not occur, nor does it
imply that they are never found in the type of sedimentiry sequenee
envisaged here.
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Predation in borehole logging

A type of ecological event that may be of great use derives from episodes
of heavy predation, such as those caused by drilling gastropods. Os-
tracods, juvenile pelecypods and juvenile gastropods of the Late Cretace-
ous and Cenozoic not infrequently display the marks of predation caused
by drills of the families Naticidae and Muricidae. Borehole samples
sometimes contain eloguent testimony of the activities of, particularly,
naticids and such evidence can be useful as a means of establishing a
marker level.

As an aside, we may note that in reconstructing the conditions of
deposition of a sediment, information on gastropod predation is often
valuable, for example, with respect to the ecological factor of bathymetry,
Although it is possible to rear the living naticid Lunatia nitida in the
laboratory without much difficulty, this species only occurs in nature
helow a depth of 25 m, as shown by observations in the North Sea.

Another point of palacoccological applicability relates to the niches
inhabited by naticids and muricids. Naticids dwell within the sediment
and attack their prey by burrowing to it from beneath, if it is an epibiont,
and towards it, if it is an endobiont, Muricid drills are epibiontic forms
und move over the surface of the sediment towards their prey. A
sediment containing pre-dated shells drilled solely by naticids offers a
pource of information for deducing the nature of the environment inha-
bited by these organisms. Thus, shells drilled by naticids belong to
endobionts, while those drilled by muricids belong to epibionts.

Drills will attack pelecypods, gastropods, even of their own kind,
cirripedes and ostracods, the last being most often selected by juveniles.
On odd oceasions, even foraminifers may be drilled, although such events
would seem to be the outcome of an ethological error made by newly
hatched individuals.

Drills do not attack all shelled organisms, nor even all genera of a
particular family. They tend to be highly selective in what they choose
(Moore, 1958; Reyment, 1966a). In the Niger Delta, it seems that species
ol Ostrea are the most sought-after prey, thereafter species of Ceras-
toderma (despite the strength of the lateral ornament). Ostracods are not
high on the list of desired prey, but they are preferred to many species of
pelecypods and gastropods, both juveniles and adults.

An analysis of ostracod predation by naticids in the Araromi and
Libekebo boreholes of Western Nigeria (Reyment, 1963a) showed tha
Mpecies of Brachycythere are the most frequently drilled forms and tha
Individunly of species with unornamented lateral surfaces tend to be more
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Lower line = predator frequencies
Upper ling = pray freguencles

Horehole levels

Fig. 14 Reconstruction of a predator {(naticid gastropods)-prey i_l’)‘E!TSi[‘DdSI:IL r_ei::-
tiomship for the Nigerian Paleocene. After Reyment (1966b). The frequencies of

predators are illustrated at ten times those of the prev.

commonly attacked than costate ones. Almost all of the predation is due
to naticids.

Naticids and muricids drill quite different kinds of holes (Reyment,
1966a) Those made by naticids are roughly conical and they are usually
countersunk. Those drilled by muricids are smaller and they are parallel-
sided without being countersunk. Both kinds of holes bear scratch-marks
from the radula, but these are usually more frequent around naticid holes.
A predation profile for the Nigerian borehole Araromi I is shown in Fig.
14.

The predation profiles for various levels in a borehole should be
established with respect to the following criteria:

1. the species selected for attack—ostracods, juvenile pelecypods, or
gastropods; N N
2. the type of hole drilled—whether made by a naticid or a muricid.

Preliminary sorting of data

It is often difficult to know exactly where to start an analysis of biological
borehole data. A useful point at which to commence can be yielded by
some kind of ordinating procedure which looks for heterogeneilics in o
suite of observations. This is a type of problem which hus lomg been ol
interest to quantitative biologists. A uselul approach has been found 1o be

l
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by the use of some kind of OQ-mode factor analysis (cf. Chapter 3
Joreskog et al, 1976). In such an analysis, a matrix of similarity coeffi-
cients or associations is penerally used in the stead of the correlation
matrix of R-mode analysis. Gower's (1966) method of principal coordi-
nates analysis gives useful results. A basic property of this multivariate
statistical method is that it represents graphically ‘‘distances™ between the
individuals of a sample. Principal coordinates analysis has the added
advantage over the majority of other Q-mode analytical procedures that
it permits the user the option of uniting continuous, discontinuous and
qualitative variables in the same analysis. For Euclidean distances, princi-
pal coordinates is equivalent to principal components.

A sustained multivariate trend in a set of borehole observations will
show up clearly in a principal coordinates analysis. If the analysis be
repeated for several species from the same set of samples, time-related
patterns may be discovered. The eigenvectors of principal coordinates are
not interpretable in the same manner as those of principal components. It
is, however, possible to see how efficient a coordinates analysis is by
inspecting the eigenvalues. If these fall off very slowly, this indicates that
there is much random variation in the material, which is usually an
undesirable feature. Biological examples of principal coordinates analysis
are featured in Blackith and Reyment (1971).

As an example of the application of principal coordinates to borehole
samples, 1 have illusirated the graphical display for mean vectors for the
Paleocene ostracod species Cytherella sylvesterbradleyi from the Nigerian
horeholes Araromi I and Gbekebo I, Here, Gower's similarity coefficient
wis used. There are 20 samples consisting of mean vectors (length, height
and breadth of carapace) from the penultimate and adult growth stages of
the species. If there had not been any chronological differentiation in the
pecies over time, the plots for the penultimate growth stage {growth
wtage 7) should form a close cluster, likewise for the adults (growth stage
H). As shown by Fig. 15, there are distinct clusters, but these are
glongated and, moreover, not ordered according to location in the
boreholes. This implies that we are dealing with markedly variable
sequences, A further interesting result of the coordinates plot is that the
muterial for Gbekebo segregates above that for Araromi (there is one
exception only),

Canonical variates in biostratigraphy

Canondenl variate analysis offers an excellent means of displaying a
woguence of varintions (oo Tossil species in that it can be used to produce
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Fig. 15. Ciraphical display of a principal coordinates analysis of Cytherella from
the Migerian Paleocene, from the boreholes at Araromi and Ghekebo. The
pumbers (e.g. 452, 351) refer to borehole depths in metres,

informative graphical illustrations of the chronological relationships. It
allows us to ascertain whether the fluctuations in a sequence of means are
significantly different. Finally, it permits a useful representation of varia-
tional patterns for comparisons with newly acquired data sets.

Bearing in mind the results of Campbell (1979, unpublished thesis), the
standard means of doing canonical variate analysis may not be the best
way of studying data of the above-mentioned type and it will probably be
found necessary to make a thorough search for redundancy in the
material.

As an example of the application of canonical variate analysis in o
biostratigraphical connection, I have taken some data on the ostracod
species Cytherella sylvesterbradleyi Reyment from the boreholes al
Araromi and Ghekebo in western Nigerin, The matenal s Paleocene i
age. There are ten samples from five levels in ench of the boreholes on
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which the variables length, height and breadth of carapace were meas-
ured. All samples accord with multivariate normality and the covariance
matrices used in the calculations are statistically homogeneous. Araromi
spans 16 m and Gbekebo 73 m. There is a size effect in the first canonical
vector.

The first two eigenvalues for the ten samples are highly significant and,
expectedly, the multivariate analysis of variance for the differences in
mean vectors is also significant, thus confirming the strong differentiation
in the samples. The plot of the transformed mean vectors for the first and
second canonical variates (Fig. 16) does not display unidirectional trend
and it may be concluded that the observed differences in multivariate
means are due to strong fluctuations in the nature of the environment (cf.
Malmgren and Kennett, 1978). This is especially noticeable for sample
AR 351.
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Series in time of scatter ellipsoids

The scatter ellipsoid was discussed in Chapter 3 (p. 48). Figures 17 and
18 illustrate variation in the length (Fig. 18) and orientation (Figs 17, 18)
of the first ellipsoid axis for trivariate scatter ellipsoids (length, height and
breadih of carapace) for two species of Nigerian Paleocene ostracods
from the Araromi and Ghekebo boreholes. These figures are arranged so
as to display the relative orientations of the first axes, from sampling level
to sampling level. The information on the axes was obtained by the usual
method of principal component analysis on each of the sample covariance
matrices. The angles shown in Fig. 17 were computed between the first
principal axes of the sample covariance matrices for the pairs of samples
noted below the individual figures. The second and third axes, all very
small in relation to the length of the first, are drawn in. For Ovocytheridea
pulchra, the species involved in Fig. 17, the first principal axis gives the
impression of having been rotated to varying degrees in the samples, as
indicated by the angles marked on the figures.

The situation illustrated in Fig. 18 is for the orientation and length of
the first axes, relative to a rectangular coordinate system, of samples of
Bunionia bopaensis, All samples come from consecutive levels in the
Araromi borehole. Here it will be seen that the first principal axis shows a

D Lk Tas 7y Bi* * CEY 22"
/ /

fal (b) (ol (d] &l (i
Gh 733/731 Gb733/720 GbT3ILTE0 Ar33EAsh  Ar 33EMGH T Ae 338/ TED

Fig. 17 Lengths of (he first axis of the scatter chlipsoid for Qvocytheridea pidehra
Reyment, a Nigerian Palcocene ostracod. The rotitions of this axis relutive Lo
cach other for the levels considered are naarked on the lipuee, Rediwn wlen
Reyment (1963b). The samples are from the boreholes al Arnron nnd CGibekebo,
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Fig. 18 Lengths of the first principal axes of the scatter ellipsoids for Buntonic
bopaensis, a Nigerian Paleocene ostracod species (Araromi borehole). Redrawn
from Reyment { 1963b).

higher degree of variation in orientation than found for the Ouvocytheridea
of Fig. 17. It is also very variable with respect to length which prompts
the suggestion that the environmental conditions pertaining might have
been less stable than those existing in the environment inhabited by the
Ouvocytheridea.

The foregoing cases are interesting in that they provide a demonstra-
tion of how possible minor environmental fuctuations may influence the
shape of the scatter ellipsoid, where based on morphological variables,
thence the covariance structure of the material. Although there is nc
direct practical use for such information in the preparation of a biolog, it
can be valuable for purposes of interpreting the vectors of principal
component, respectively, canonical variate analysis,
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Secular Variation in Discrete
Characters

In this chapter. we shall be studying the feasibility of using meristic shell
characters for quantitative biostratigraphical purposes. Although some
species of foraminifers display meristic vaniation, the present discussion
has been centred around ostracods.

Two case histories are taken up here. The first of these deals with a
species from the Miocene of France, the second of them concerns two
species from the Cretaceous of southern Moroceo. In neither case are
variations in discrete characters suitable for establishing guantificd
bioseries with sufficient detail to make a biolog. Large-scale trending
aecurs, however, in both, The Morocean ostracods provide an example of
how the slotting technique can be used for correlating between horeholes.

Wanation through time of such characters as the marginal spines of the
carapace of some ostracods (as well as other arthropods ), longitudinal rils
of some foraminifers, ribhing of pelecypods and pastropods may be useful
in certain situatwons for producing o graphical bosteatigraphical display
This is the Teast studied of the arens treated in s book and the cose
histories presented below pre to be seen o being i the natire of probes

L
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SECULAR VARIATION IN DISCRETE CHARACTERS B3

The French Miocene Cytheridea

Reyment er al. (1977) analysed variation in discrete characters of the
carapace of the Miocene ostracod Cytheridea acuminata caumontensis
Carbonnel with the end in view of seeing whether meristic characters are
suitable for constructing a biolog. Compared with analyses based on
continuously varying characters of the ostracod carapace, scant attention
has been paid to variation in discontinuous attributes, despite the fact that
the taxonomy of fossil ostracods is largely based on ornamental features.

The species of Cytheridea analysed here displays three kinds of orna-
mental variation:

L. variation in six anlerior spines;
2. presence or absence of a posterior spine;
3. regular or irregular lateral reticulation.

Not all ostracods show such well-developed meristic variation as the
Cytheridea now considered. Many factors seem to decide the issue, and in
some cases, temperature and salinity may influence the development of
the anterior spines (see discussion in Chapter 2, p. 24). Variation in the
number of anferior spines in species of the genus Haplocytheridea, an
important element in the French Miocene, may be an example of this
Kind of variation. Such variation may be conveniently treated by methods
for analysing continuous variation,

The mode of reaction of the ostracod carapace to factors of the
gnvironment and the resultant affect of interactions on the ornament is
another area of micropalaeontology on which we have little primary
information. What we need here are well-designed experiments to test
the reaction of a wide range of marine ostracod species to measured
variations in the environment. Reyment ef al. (1977) showed that time-
relaied shifts oeccur in the frequencies of spines and in the type of
ornament. Although we shall be concerned with precise means of exploit-
ing biological variation in later sections, using continuously varying attri-
butes, much can be learned from the analysis of series in time of
discontinuous variables. The present case history may be an example of
the so-called “Luodwig effect” in which a population contains several
morphs which are adapted to particular sub-niches (Mayr, 1963, p. 415).

The living species of Buntonia studied by Reyment and Van Valen
(1969) seems 1o be analogous o Haplocytheridea with respect to the type
of variation shown by its anterior spines. As already mentioned above,
this s not the same as the variation found in the anterior spines of
Cythertdea acuminata, Buntania and Haplocytheridea could possibly have
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some lower threshold at which spine production begins, whereas
Cytheridea is more likely to have a more complicated mechanism. The
following questions were considered to be of interest in the Cytheridea
study:

1. Are the anterior spines significantly correlated with each other?

2. Are the anterior spines significantly associated with the posterior
spine?

3. Does the lateral ornament show systematic variation through time?

4. Do any or all of the meristic characters show time-related trending?

Most of the analyses of the data on the spines were made by means of
simple methods of statistical analysis (chi-squared and probits). The most
complicated procedure used is that of canonical correlation.

Results

The variation in the anterior spines of Cytheridea appears at first sight to
be polymorphic in nature, Were this so, there would be 2° phenotypes to
take into account, representing the presence or absence of each spine at
each of the six loci and the presence or absence of combinations of spines.
Although it is unlikely that the development of each spine is controlled by
independent genetical factors, it is interesting to record that some 60 of
the possible combinations were actually observed in the material investi-
gated by Reyment et al. (1977} It was assumed that there was a
“potential to produce spines”. This potential can be assumed to be
roughly normally distributed in ostracods showing the same type of
variation in antetior spines as Cytheridea acuminata. Reyment et al. (op.
cit.) thought the potential to have been controlied by multi-factors such
as polygenes. To a certain extent, this approach is in line with Rendel’s
(1967) concept of Make (see p. 37).

The association analysis, presented in Reyment ef al. (op. cit.), showed
that the development of anterior spines is closely and positively con-
nected between neighbouring loci. It was also established that the middle
spines of the anterior margin tend to be better developed than the
external ones. The average potential for making spines can be cxpressed
quantitatively as the sum of the frequencies for each spine. These sums
are listed in Table VL It was found that the spine-making potential tends
to increase gradually over the first five of the six levels sampled, only 1o
fall off strongly at the uppermost level. It was concluded that there was o
drop in spinc-making potential at the top of the sequence considered.

The plots of the shifts i frequencies for all eight characters are Clomely
sitmilar. Multiviariate analysis confiemed  the nferences based on the
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TABLE VI
Spine-making potentials for Cytheridea
acuminata caumoniensis

Stratigraphical level® Potential

3.00
3.33
323
4.46
4.64
2.19

(= W RV S

* 1-6=oldest level o youngest.

snalysis of association in that both point towards a tendency for an
increase in the strength of spinosity over time of the first five samples.

The variation in the lateral ornament was also found to show time-
related trends. The ratios of the two ornamental categories “regularly
pitted shells™ and “irregularly pitted shells” were analysed for all levels:
they display a significant shift in their relative frequencies over time. The
frequency of regularly ornamented individuals tends to increase with
lime,

It seems possible that the ornamental variation seen here may be of the
type known as “‘quasicontinuous variation” (Falconer, 19710, p. 301). In
stich organisms, the phenotypic values are discontinuous while the mode
of inheritance is continuous. The threshold connects the underlying and
continuous variation (genetic and environmental) with the visible and
discontinuous variation at the point of discontinuity.

It is convenient to analyse thresholds by the probit transformation of
the points of discontinuity (Finney, 1971: Rendel, 1967). This permits us
t express the mean phenotype in terms of ils standard deviation. The
probits for the six levels of Cytheridea are listed in Table VIL

TABLE VI1I
Proportions and probits for the lateral ornamental types

Stratigraphical Proportion of
level irregular phenotype Probit
| 0.929 6.468
p 0.647 5.377
! 0.025 5319
| AR AR 6.394
i 0121 3830

4] () HME 5 000
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Fig. 19 Plot of the canonical correlation “scores”™ (i.e. transformed partitioned
observational vectors) for eight dichotomous measures on the spinosities and
ormament of the carapace of Cytheridva acuminata from the Miocene of France.
Here, the transformed observational vectors for the six anterior spines are plotted
against the ransformed observational vectors for ormamental calepory and post-
erior spinosity, Levels 1 1o 6 are here denoted a5 A to F to avoid confusion with
the codings of the anterior spines, Redrawn from Reyment ¢f al. (1976).

It is here worth noting that the suggestion presented by the analysis of
the anterior spines to the effect that the morphology of the samples from
levels one and six is close is not upheld by the lateral ornament. As can
be seen from Table VII, the probits for levels one and six are quite
different.

Combinations of spines

The four most popular combinations of anterior spines are:

111111 ina proportion of (.186
111110 ina proportion of (0.149
000000 ina proportion of (1086
G111 11 inaproportion of 0.077

His
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These combinations dominate in the material and it may be concluded
that the strongest tendency is for all the spines to develop, closely
followed by a tendency for the development of five contiguous spines,
with the dorsalmost lacking. Less frequent is the third phenotype in which
no spines develop. The fourth most common phenotype is the reverse of
the second most common and it is here the ventralmost spine that does
not appear. The four phenotypes mentioned amount to about one half of
the total material from the six sampling levels. The most unpopular
phenotypes are those in which the two middle spines are not developed.

Total multivariate analysis

The complete analysis of all the ornamental features showed that there is
n shift in them over time for all variables. The variables were also
unalysed group-wise by means of the method of canonical correlation.
The rationale for using this kind of multivariate analysis with discrete
it s given by Goldstein and Dillon (1978). The anterior spines consti-
tute a homogenous variational entity. It was demonstrated by Reyment e
al, (1977) that the posterior spine is not correlated with the anterior
wpines and that the variations in the lateral ornament are not associated
with any of the spines:. The canonical correlations between the anterior
fpines as one set and the posterior spine with lateral ornament as the
other set were computed. The plot shown in Fig. 19 derives from this
inalysis. As 1o be expected, it reflects the discontinuous structure of the
dntn, It presents the scores for the anterior spines plotted against those
for the second set. The formula for the anterior spines (i {111 d; (=1
ir 1) is given for each of the points. There are four discrete classes
wrranged symmetrically from the stratigraphical point of view. The top-
most group contains most of the specimens of level 1, a few from levels 2,
L and 4 and one estracod from level 5, and two from level 6. The second
promp lacks specimens from level fi. Tt has a few specimens from level 1,
the majority of the sample for level 4, a few from level 3 and none from
level 5. The third group is devoid of specimens from level 1, but has
Individuals Trom all other levels, The fourth, and lowest, group of Fig. 19
lieky specimens from level 1, 4 and 6. Tt contains mainly ostracods from
level 5 and there are o few individuals from levels 2 and 3. This
Wrenkdown reflects, of course, the frequencies of the major phenotypes in
the materinl and the complex shift in their relative proportions that has
fken place during the slive of Miocene time involved,

Why wre the plots spread along lines in the remarkable manner
i lented b Fig, 190 This s doe to the fact that most ol the vanability
i what b technieally o bivariate plot Hes with the anterior spines, whereas

-
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the other ornamental categories lack the variational spread of that set.
The linear relationships for the two sets are thus selecting four dominant
morphological groopings in the material.

Conclusions

Although the analysis of these eight discrete vaniables does not lead to
the desirable situation of our being able to locate a single specimen
accurately in time, it does end up with the result that a representative
sample can be placed stratigraphically. This is a useful quantitative
hiostratigraphical result, although insofficient for logging purposes.

The samples of ostracods were not collected from a single stratigraphi-
cal sequence nor even from the sameé immediate area. This is an obvious
weak link in the interpretational chain and there is always the possibility
that borehole samples from a single well drilled through the part of the
Miocene concerned might have yielded more exact results. From the
evolutionary point of view, there is evidence of a directed meristic
morphological trend in the subspecies over most of the sequence availa-
ble. The uppermost sample deviates from this tendency. It seems unlikely
on our present knowledge that discontinuous variation of the type rep-
resented in Cvtheridea acuminata caumontensis will prove to be practi-
cally useful in logging exercises.

Correlations by Moroccan Cenomanian-Turonian ostracods

In the previous example. we considered time-correlated trends in charac-
ters of the margin of the carapace. Other properties of the ostracod shell
may show discrete variation; for example, in the character of the cen-
trodateral ornament and antero-marginal reticulations, where such occur.,

In the Moroccan material, the lateral reticulations and the ridge-
structure are dichotomous characters. Although the secular variation in
the discrete characters is not useful for biologging (on current indica-
tions), it gives a solution, in the present context, to a difficult biostratig-
raphical problem, namely, that of extrapolating a stratigraphical boundary
in a situation of incomplete palacontological coverage,

In a study of the variability shown by some species of ostracods from
the Moroccan province of Tarfaya (Reyment, 1978}, T analysed several
discontinuous carapace characters. These turned out to be uwseful for
correlating between boreholes and, also, for locating the Cenomanian (o
Turonian transition in the area.

The drilling was supervised by the Geological Survey of Moroceo in
1975 10 comnection with an evaluation progromme [or the cconomic

.
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potential of the shales of the Tarfaya Province. Some of the shales have
high contents of organic matter,

The palaeontological prablems posed by the study of the material were
considerable as the variations found in the species of Veenia (Nigeria)
and QOertliclla(?) are of the kind described by Liebau (1971, unpublished
dissertation). This type of ornamental variation embraces differences in
the lateral pattern of reticulations. Liebau (op. cit.) refers to macroreticu-
lation, which 15 defined as a system of meshes with constant location.
Macroreticulation can be replaced by microreticulation, which resulls
when one of the caleitic layers of the shell has been reduced. This leads to
the formation of meshes of varying diameter, the width of micromeshes
always being less than that for macromeshes in the same species. The
third and final phase in the reductive process is seen as the development
iof fine pitting or a smooth lateral surface.

The material

Two species are common in the Tarfaya boreholes, to wit, Oertliella(?)
tatfayaensis Reyment and Veenia (Nigeria) rotunda Reyment, The full
nnalysis (Reyment, 1978) was concerned with variations in the lateral
reticulation and also with dichotomous characters of the kind already
studicd for the French Miocene ostracod (p, 83). For present purposes we
phull be mainly concerned with the characters: (1) presence or absence of
thick-walled reticulations; (2) whether the carapace is spined or unspined;
{3) the presence or absence of a latero-ventral ridge.

The distribution of the two species of interest in the first Tarfavan
bhorehole is as set out below:

Level {(m)y  Veenia rotunda Oertliella(?) tarfayaensis
A7 e
50 hd
13K X
142 . X
147
4R

150 . .
a3
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Oertliellal?) rarfayaensis extends throughout the entire sampled interval,
For the second borehole, only O.(7?) tarfayaensis was found; it ocours at
all sampling levels, namely, 284 m, 290m, 299m, 309 m, and 328 m.
There is a gap of 88 m over which ostracods are rare or absent.

For the third borehole, both of the species occur in abundance and
have the following stratigraphical relationship to each other:

Level (m)  Veenia rotunda Oertliella(?) tarfayaensis
15 X
19 X
194 X
197 x
219 X
288 *

There is a jump of 175 m over which ostracods occur in such small
numbers as to rule out a statistical analysis.

Variational trends

The French Miocene Cytheridea could be demonstrated to display trend-
ing in some of the discrete characters studied. Analogous variations were
also observed for Veenia (Nigeria) rotunda, which are here briefly re-
viewed, Visual inspection of the material of Veenia rotunda suggests that
this species may display a unidirectional shift in the frequencies of iis
omamental characters over time (Reyment, 1978a). This would be
analogous to the shift in frequencies observed for the French Cytheridea.
The features that seem to show the above-noted shift in frequencies are
as follows:

1. the relationship between coarse pitting, fine pitting, and complete
smoothness of the lateral surface of the shell;

2. the frequencies of the two antero-marginal rows of reticulations (the
relationship being whether two rows or one row develop, or. the
antero-marginal area is smooth);

3. in cases where the antero-marginal reticulations are not developed,
the proportion between smoath and pitted zones;

4. strength of the sub-central tubercle.

The foregoing variations represent a considerable range in the phenotype
of the species, the possible ceological significanee of which s taken up
later.
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1 should mention that the morphometrical analysis of the continuous
variability in the carapace dimensions did not show obvious trending in
either species for length, height and breadth.

Slotting on Oertliella(?)

In the Moroccan example, slotting is used to “interweave” the sequences
us well as to match up variational patterns. The slotting technique (p. 72)
is here applied to frequencies observed for the dichotomous variables,
starting with Oertliella?

Lateral ornament

Using solely the frequencies for the two morphs for lateral ornament,
regularly “reticulated” and “unreticulated”, the following slotting result
wis obtained for boreholes 1 and 2.

Borehole 1 Borehole 2

47 m

284 m

290 m

299 m

305m
50m

------ Turenian-Cenomanian=»-----
transition

309 m
138 m
150m
155m

328 m

Mere, = 0.8 (¢f. p. 73). This ordering of the samples condenses levels
2M4-305 m of borchole 2 into the same time interval as occupied by
levels 47-50 m of borehole 1. The stratigraphical boundary between the
Cenomanian and Turonian was deduced from the information available
from the ammonites and planktonic foraminifers in outcrops and extrapo-
lated from boreholes,

The latero-ventral ridge

Thie lreguencies Ton the Tntero-venual cidpe (e whether or nol a sub-
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alate process is developed) yielded the following slotting result for a value
of ¢=1.07.

Borehole 1 Borehole 2
284 m
290 m
47 m
299 m
305m
50m
---Cenomanian-Turonian transition---
138 m
309m
150 m
328 m
155m

Thus, the result vielded by slotting the two boreholes on the frequencies
of the latero-ventral process is the same with respect to the allocation of
the boundary between stages as that given by the frequencies in the
lateral ornament.

Lateral ornament and lateroventral ridge

The frequencies for the latero-ventral ridge and those for the lateral
ornament were united into a single slotting trial to yield the following
ordering. Here, =099,
Here again, the Cenomanian-Turonian passage is located in the same
stratigraphical position as before.

The slotting results would seem to be a reflection of the observation
made earlier on, namely, that there is a secular trend in the frequencies of
the discrete characters.

)
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Borehole 1 Borehole 2
284 m
290 m
299 m
47 m
305m
50m
---Cenomanian—Turonian transition---
309 m
138 m
328 m
150m
155m

Slotting on Veenia

In order to slot borehole 1 with borehole 3, we need to use Veenic
rotunda. In this case, all four discontinuous characters were employed
(see p. 90). Here, for =1.15 (which compares favourably with the
results for Oertliella(?), the following slotting was obtained:

Borehole 1 Borehole3
175m
194 m
197 m
47 m
50 m
---Cenomanian-Turonian transition---
219m
138 m
150 m
155m

This slotting trial suggests that all sampled levels of the third borehole lie
within the Turonian with the exception of the deepest sample, which is
locuted in the passage beds between Cenomanian and Turonian,
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Correlating the three boreholes

There is no possibility of bringing about a three-way slotting between the
boreholes simultaneously, owing to the disparity in stratigraphical dis-
tributions of the two species. However, borehole 1 can be slotted with
borehole 2 and also with borehole 3, although boreholes 2 and 3 cannot
be compared directly as they lack mutual species at the critical levels. It
is, nevertheless, possible to extrapolate from pairwise comparisons so that
all three horeholes can be placed in the same stratigraphical context.

First, it was found that three samples of borehole 2 vsually assemble
above the topmost one of borehole L, followed by a further sample from
horehole 2, followed, in turn, by the second one of borehole 1. Four
samples of borehole 2 are located in the Turonian and two of them in the
Upper Cenomanian. Using the different ornamental characters selected
as being diagnostic for the Veenia, three of the samples from borehole 3
fall above the top two of borehole 1.

Summarizing the results yielded by the various slottings, it is possible to
establish the following correlation scheme for the three boreholes. (Note,
that the levels are not to be thought of as being correlated each to each.)
The following chart displays the order of the levels in the three boreholes
such as if they were ranged along a single line.

Borehole 1 Borehole 2 Borehole 3
284 m 175 m
290 m 194 m
299 m 197 m
47 m
305m
50m
««===--=-Cenomanian-Turonian transition-------- -
309m
138 m 219 m
323m
150m
155m
Comments on the results
As intimated earlier on, it was not possible to bring about a meaningful
correlation between the boreholes on the continuous characiers of (he

carapace alone.

-—T
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The Moroccan ostracods seem to show habitat characteristics such as
oceur in selection for phenotypic flexibility in a heterogeneous environ-
ment of the type represented by the “schistes bitumineux™ of the Tar-
fayan Upper Cretaceous. Both the Veenia and Oertliella(?) display
polymorphism with several morphs possibly adapted to particular sub-
niches (cf. Mayr, 1963, p. 415). This polymorphism seems to be related to
that of the Cytheridea example but to involve different characters.

Ecophenotypic or habitat variation (Mayr; 1963, p. 142, 1969, p. 152)
may be shown by populations of a single species living in different
habitats in the same region. Often, these variants may be non-genetic
phenotypes. Mayr (1963, p. 415} pointed out that there is little chance
that ecological polymorphism will lead to speciation in sexually reproduc-
ing diploid organisms; the genes or chromosomes responsible for the
polymorphism cannot be removed without spatial segregation of the
populations.

In the case of the Moroccan ostracods, at least, there is a possibility
that the observed drift in frequencies of characters is a reflection of
habitat variation in a varying environment. In that case, the phenotypes
would be non-genetic and the trend would lack immediate evolutionary
significance. The situation for the French Miocene species is more difficult
to assess as the time interval involved is very much greater than for the
Cenomanian-Turonian transition,
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properties of the palacoenvironment (Pirson, 1977). It seems that the
properties measured by such logs may have exerted an influence on the
morphology of some shell-secreting micro-organisms. Geochemical lac-
tors of the host sediment seem to have an influence on the relative
abundance of micro-organisms. Relationships between sedimentary
chemistry and organisms may be utilized for the production of what can
be dubbed an ecolog.

An example wsing ostracods

Introduction to the problem

Two species of Paleocene ostracods have a wide vertical distribution in
the two borcholes Gbekebo and Araromi in Western Nigeria (Ondo
State). These are Cytherella sylvesterbradlevi Reyment and Trachyleberis
teiskotensis (Apostolescu). As is typical of the microfossils of the Nigerian
Tertiary, the state of preservation of the material is excellent.

Examination of the plots of the secular variation in means of carapace
dimensions of samples from the two boreholes showed that the stretch
from 369 m to 342 m in the Araromi hole and that running from 736 m to
710 m in the Gbekebo hole, display close similarities in their patterns of
oscillation. The question arises as to whether these patterns can be used
quantitatively for stratipraphical purposes,

Logging by mean vectors

One way of treating all mean values of a set of samples simultaneously,
without the use of multivariate analysis, is by computing the length of the
mean vector for each sample, to wit, (£7+ %3+ ... +%;)'7, for p variables.
These values can be plotted in relation to the positions sampled in the
boreholes, as illustrated in Fig. 21. This is a simple way of doing the
graphical display, but it does manage to convey a reasonably good
impression of the major size trends in the material. Alternatively, the sum
of each observational vector can be taken, which also vields an overall
size measure, The advantage of such a sum is that a sample variance and
confidence intervals can be found.

The vector lengths for the characters length, height and breadth of the
carapace are listed in Table VIIL Examination of Fig. 21 shows clearly
that the directions of size variation for the two borehole sequences are
close and that o change in the direction of variation of the mein vecton
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ARAROMI GBEKEBO
Cytherelta Trachyleberis
sylvesterbradleyi teishotensis
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Fig, 21 Fluctuations in vector lengths for two species of Nigeran Palaeocene
ustrncods plotted against location in the Araromi and Ghekelbo boreholes. The
horizontal axis indicates deviations from the grand means for cach species.
The twir leli-hand plots are for Cytherella sylvesterbradleyi Reyment, the right-
hind plot for Trachyleberis teiskotensis Aposiolescu,

length of the Araromi Cytherella is mirrored in the Gbekebo Cytherella.
In order to broaden the basis for comparison, a species of ostracods of
another  penus was  selected for comparison. The trachyleberidid
Trachyleberis teiskotensis (Apostoleseu) proved to have a pattern closely
chmparable (o that displayed by the sequences for Cytherella (Fig. 21).
The initial lning-up of the 1two boreholes was done in the following

annner, Firstly, the passage from Danian 1o Paleocene was identified by

menns ol the microlauna, This passage i rather rapid i the Ghekebo
Boreliole being wentifiable over only o lew decimetres of its depth. The
Pk in the Arvaromg borehole s seemingly less abrupt, Onee the initial
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TABLE VII
Vector lengths for Cytherella and Trachyleberis from
the Nigerian boreholes

Cytherella Trachyleberis
Level® Araromi Gbekebo Gbekebo
1 0.777 0.777 0.649
2 0.798 0.824 0.707
3 0.806 0.844 0.726
4 0.858 0.853 0.780
5 0.802 0.843 0.718
6 0.870 0.867 0.739
7 0.808 0.853 0.718
8 0.828 0.858 0.728
9 0.831 0.862 0.729

4 fevel 1 denotes the oldest oecurrence

arrangement had been made, the variational patterns of the ostracods
were slid back and forth alongside each other until a good match was
obtained. For just two species, such a match could be spurious,rFm a
jarge number of species, the likelihood of an incorrect matching of
patterns becomes progressively less as the number of concordantly vary-
ing species increases.

Angles between mean veclors

A further useful subsidiary tool for logging studies is provided by the
angles between mean VECLors. You can easily calculate these angles by
means of the following cosine formula of vector analysis, namely,

cos & = Im/[(1' 1" (m 'm) 7]

where | and m are the two vectors between which the angle isf 1oy be
calculated. Practical details of doing the calculation are given in Joreskop
et al. (1976). The resulis for the present materal of Cytherella are the
following set of angles: 0, 2.60, 1.40, 1.05, 2.97, 3.67, 2.88, 3,30, 3.56. |II.
will be seen that all are very small indeed. ranging between “"".I 3.6°,
which offers support for the hypothesis that the various levels in the
horeholes appear to contain microlossils represe nting orpanismna |l1a|! 1_1w¢|
at approximately the same time and under the same ecological conditions
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Analysis by canonical variates

The entire data (length, height and breadth of carapace) for the two
sequences of Cytherella (151 and 93 specimens respectively) and the one
sequence of Trachyleberis (92 specimens) were analysed by the method of
canonical variates (cf. Blackith and Reyment, 1971 p. B8).

The plot of the transformed mean vectors for the first two canonical
variates (not scaled to unit variance), shown in Fig. 22, indicates that the
first axis discriminates firstly with respect to taxonomical identity and,
secondly, chronological order, so that time-dependent shifts in the data
show up as clustering of the intercepts along this axis. The second axis
also reflects this taxonomical trend 1o a certain extent, but it tends to
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Fig. 23 Plot of the first and third canonical variate means for the data of Fig. 22.
The lettering has the same significance as in Fig. 22,

underscore this differentiation more clearly, The individuals of Cytherella
from Ghekebo form two clusters, separated widely from each other and
with the specimens from Araromi lying in between. This suggests that the
Ghekebo Cytherella are registering the influence of some factor, possibly
ecological, that affected them during the interval of time under considera-
tion. The Araromi borehole may not have been noticeably influenced by
this incident.

The plot of the first and third canonical means, displayed in Fig. 23 also
presents the taxonomical differentiation observed above, but it does no
bring out the ecological factor. This strengthens the interpretation of the
second canonical vector as a palaeoecological indicator.

Using a simple application of discriminant functions outlined in Bluc-
kith and Reyment (1971), biologs were made for cach ol the three
sequences by substituting mean vectors in the discriminant  Tunclion
constructed between the youngest and oldest samples. The substituted
mean values for the two sequences of Cytherella as well as the
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Trachyleberis are shown in Fig. 24. The swings or directions taken by the
oscillations for all three curves are identical, although there are differ-
ences in the amplitudes. These are more violent for the Trachlyeberis
than for the Cytherella as can be demonstrated quantitatively by means of
the generalized statistical distance. For the maximum amplitudinal differ-
ence for the Cytherella, D*=2.12 and for the Trachyleberis, the corres-
ponding generalized distance is D* = 20.72. We note also that despite the
oscillatory nature of the three sequences, all three display a trend to the
right, though this is not pronounced for the Cytherella.

Remarks

The present example is a very simple case of the way in which a biolog
can be made and how it can be used to correlate between two boreholes
within the same sedimentary basin. The disturbed nature of the oscilla-
tions for the Trachyleberis supgests that this species may have reacted
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strongly to fluctuations in the environment. The same factors caused
morphological reactions in the Cytherella but these were less pronounced.
A final point needs making here. It is that the three sets of plots were
made uvsing three separate discriminant functions and so the amplitudes
cannot normally be directly compared. It would be better to use canoni-
cal variates for all samples for all species. In the present case, this did not
lead to important differences in the plots. The discriminant scores for
each plot could also be standardized. Providing there are sufficiently
pronounced environmental shifts, it is a relatively easy maiter to make a
useful biolog. If these environmental variations are not merely of local
significance, it is possible to identify their effects in borehole sequences
within a not too-restricted area and thus bring about a means of correlat-
ing between them by the biologs.

The growth-invariant biolog and foraminifers

Introduction to the problem

The previous example shows how adult ostracod carapaces can be used
for making a meamingful biolog. For ostracods, growth and size differ-
ences are shight within a certain growth stage and, as already noted,
multivariate plots do not differ markedly from those yielded by the means
alone. In the present example, we shall be concerned with a far more
difficult problem, notably, the preparation of a biolog for a species of
bolivinid foraminifers. As you will have gathered from the discussions in
Chapters 2 and 3, a major difficulty in interpreting series of morphometri-
cal oscillations, univariate or multivariate, comes from the need for being
able to identify genuine morphological changes in an organism as distinel
from random wvariation and spurious shifts in averages resulting from
varying mixtures of growth stages, and the like, in a set of samples. Thus,
means and variances will be a function of the spectrum of age distribu-
tions, the proportions of tests from phases of the life cycle for foraminif-
ers, and analogous complications, in a particular sample. One may also
have to contend with morphological manifestations of damage (o the test
during life, post-mortem damage, the cessation of growth after reproduc-
tion and, reworking. All of these factors must be taken into account in o
study of the kind reviewed here.

Thus, the statistical situation for continuously growing orgamsms such
as foraminifers is fraught with difficulty, as any piven sample will e
confounded by size differences due tooa variety of couses. A sample of o
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species of foraminifers is not statistically homogeneous in that it will be
made up of a mixture of growth stages and growth-inhibited mor-
phologies, even though it may be biologically homogeneous, in the broad
sense. The method of growth-invariant canonical variates used in the case
study treated here was introduced in Chapter 4 (p. 60). The complete
analysis of the material is given in Reyment (1978h).

The material

The data derive from 36 borehole sampling levels of the Maastrichtian
benthonic foraminifer Afrobolivina afra Reyment from the Nigerian well
Ghekebo I. The nine characters, illustrated schematically in Fig. 25 were

i3

Fip. 15 Sketeh showing the locations of the measurements made on Afroboliving
L

dfry Reyent., Var | = length of test; var 2=maximum width of test; var 8=
wilth of final chaumber; x, = height of final chamber; x. = height of second last
ahimmber; v, = diameter ol protocelus: o = width of test ot right angles (o the
plane ol v vy, widdt ol aperbure; vy o measire of ciameral overlp {Fovr 1ast

and neconed Lant chambers)
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measured on each of 778 specimens. The reason for selecting these nine
variables is that a preliminary statistical analysis showed that they have
reasonably compatible variances, apart from the length measure, and that
they give a reasonable representation of the interlocking growth patterns
in the species.

The variation in the proloculus is strongly bimodal, but owing to the
relative rarity of microspheres {often not more than 5% of a sample) this
may not show up. This topic is given detailed treatment in the example
analysed fully in Chapter 8.

The growth-invariant curve

With one growth-vector extracted by internal principal component esti-
mation (see p. 61), the first coordinate (see p. 63) was used to construct a
size-standardized chronocline for the 36 samples by plotting the values of
the coordinates against their stratigraphical positions (i.e. the sampling
sites in the borehole sequence).

The details of the steps are given on p. 62. The biolog for the material
considered here is illustrated in Fig. 26. In this figure, I have also drawn

COMPOEITE LOG BIOLOG SP RESISTIVITY
Reduced {Shert normal)
Flrst disgriminant
companent segre coordinates Onms fmim
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Fig. 26 Growth-reduced biolog, composite log, and the electrical lops Tor seli
potential and short-normal resistivity [or 30 sampling Jevels for the biolop and 27
levels for the other three logs, The resistivity lop is here represenied m a
discontinuong state, being made up of the observatons at the sampled fevels m
the borehale a1 Ghekeba, (Mote that the stope of an 8P Tog is opposite 1o that ol
the corresponding restsivity logs, |
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in the corresponding sampling points for the short normal resistivity
curve. As pointed out in Reyment (1978b), there seems to be good
agreement in the oscillations shown by the short normal observations and
the growth-reduced biolog, There is also an unmistakable similarity with
the self potential log, also drawn in in Fig. 26 (remembering that it has an
inverse gradient in relation to resistivity logs). All curves display an
overall monotonic trend (see below for analysis) in the statistical sense.
The biolog for Afrobolivina afra extends below the two physical logs, for
which observations were not made to the bottom of the borehole. It is
important to bear in mind when comparing the biolog with the physical
logs that the latter represent records of continuous observations, whereus
the biolog derives from discrete sampling points. Direct comparison by
overlay, comparing amplitudes of oscillations, ete. can, therefore not he
made, although directions of trend can be compared at points on the
physical logs that correspond with the levels at which the samples ol
sediment were taken. It is therefore not permissible to compare the
curves by looking for pattern agreements when they are placed over each
other. Such a test of apreement can only be made by examining the
correlations between analogous points on the curves, This is demon-
strated more clearly in Figs, 28 and 29, I am belabouring the question of
comparisons of logs because this is a common cause of misunderstunding.
In some cases, a smoothed continuous log can be used for a valul
comparison with a biolog, but there may be need for care, as is shown in
Chapter 8 (p. 49). Quenouille (1959, pp. 24-26) gives some useful tests of
monotonic association which are often valuable for analysing bioliogs,

Conclusions

Residual variation expressed by the growth-reduced discriminant coordi-
nites seems o be due o the response of the foraminiferal organism 1o
environmental [netors, Physical logs of the sediments encountered m a
barehole might reflect some properties of the ecological background in
which these were deposited,

Perhaps the best way of contrasting the biolog and physical logs is by
means of comparing the directions of oscillation of the logs at consecutive
simpling points, H sueh o comparison s made here for the biolog and the
whort-normnl resistivity Tog, there ds less thin o 10% divergence in
gracients af the oscillations. A further reflnement worth considering
Involves standardization of the logs, an approach given further thought in
the next chupte
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The curve denoted “composite” log in Fig. 26 was obtained from the
first principal component scores for the first growth-reduced discriminant
coordinate and the corresponding readings for the two electrical logs. It
provides a useful means of summarizing the biological and physical
information for the sediments pierced by the borehole. It is also a
multivariate condensation of the logs (amounting to more than 80% of
the total variation).

There is without doubt a lot of hard work involved in preparing a
hiolog of the kind presented in this case history, at least, if the whole task
falls to the lot of one person. In industrial laboratories, where several
persons can be assigned to a task, the effort involved is not prohibitive.

As regards the characteristics of the environment inhabited by the
individuals of Afrobolivina studied here, the palaeoecological analysis
indicates that it was almost certainly normal marine and largely
homogeneous. The sediment is a homogeneous clay-shale without sandier
or caleareous intercalations over the stretch sampled. The Late Campa-
nian through Early Maastrichtian was a time of very widespread trans-
gression in West and North Africa and the time interval involved for the
36 samples analysed here occurred at the maximum of the transgression,
the most extensive of the Cretaceous epicontinental floodings.

The seeming usefulness of the short-normal resistivity log as a kind of
general measure of long-term environmental Auctuations is limited to
sedimentary sequences in which variations in lithology do not occur. In
the treatment of the Nigerian boreholes Araromi and Gbekebo, in which
the sediments are remarkably homogeneous, the short-normal log has
proved itself to be an invaluable adjunct. Further remarks on the palaeo-
ecological interpretation of the pertinent part of the Gbhekebo barehole
are given in Reyment (1966h). The potential usefulness of the electric
borehole logs as palaecoecological indicators is discussed in Reymenl
(1978b). Chapter 8 contains an example of the effects of a sandy
intercalation on the resistivity log in relation to the biolog (p. 130).

Afroboliving afra is the dominant faunal component in almost all of the
samples considered. It is accompanied by Gabonella, Valvulineria, and
species of Veenta and Cythereis, some individuals of which show evidence
of predation.

Biolog from stabilized canonical vectors

Introduction to the problem

The importance of carryving out a proper inteoductory analysis of mul
tivariate diti wis cmphasized in the statistical section i Chapier b Soach
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an analysis should comprise

1. A full-scale graphical study of each variable (histograms) and of
pairs of variables plotted as scatter diagrams.

2. A careful appraisal of the variables selected for & particular analysis
with the end in wview of separating out such wvariables as are
redundant.

Often, the two lines of analysis will not only disclose the presence ol
multivariate outliers in the data, which can sometimes be a serious source
of instability in a multivariate analysis, but may also lead to a more
parsimonious selection of variables. It has been my observation that the
elimination of a few redundant variables can result in a greatly improved
canonical variate analysis in that the eigenvectors of W 'B will he
stable, thus leading to more reliable results.

The problem we shall consider now concerns the same set of data on
Afroboliving afra studied in the foregoing example and the same set o
variables (see Fig. 25), The present account is based on the analysis of
Campbell and Reyment {1975),

The eigenvalues and last three eigenvectors for all nine variables are
listed in Table IX. The smallest eigenvalue accounts for only 1.8% of the
variation within groups. The eigenvector corresponding to the smallest
eigenvalue (which I shall refer to as the smallest eigenvector, although
this is not a strictly logical terminology) reflects a contrast between
viriables 2 and 3, that 15 to say, between the width of the test and the
width of the last chamber. These loadings are quite large {italics in Tuble
[X) and, bearing in mind the remarks of Chapter 3 (p. 47), it may b
suspected that if the corresponding berween-groups sum of squares i
small, as is the case in the present example (see Table IX), instability i
the corresponding canonical variate coefficients may result.

The between-groups sums of squares for all principal component:
(Table 1X) shows that about 40% of the between-groups variation i
ussociated with principal component VI and 24% with principal compiao-
nent L The varation for principal component VI resulis mainly Trom
variable 7 (itudlics in Table X), with much lesser contributions Trom the
other varables,

The canonieal vartme analysis can be carried out i terms of 1he
principul components. The coeflicients for the st canonical varine
[denoted as OV T Principal Components”™ in Table X3 highlight  the
contribution Trom principal component VL The coeflicients for the
ol viribles are determined explicitly Trom the principal component
gnnonienl virite coetleicnts. Aoy nflation i these coelicients i exposed
I i e coatletents Tor thowe ortgion] varinbles wlideh conteibte 1o 1he
ehgenvecton From whieh dhe poine il compiment i decivod



TABLE IX
Eigenvalues and last three eigenvectors of the within-groups correlation matrix for all nine variables for

Afrobolivina afra; between-groups sums of squares for each principal component.
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TABLE X
Canonical variate coefficients for nine variables, including shrunken estimates

To0Ls

Var 9 Canonical

Var 7 Var8

Var 6

Var4 Var$s

Var2 Var3

Var 1

-0.11 -0.01 0.11 0.05 -0.05 079 —0.18 -0.13
-0.32 0.15 -0.15 -043 -0.10 0.39 0.04 -0.32
—-0.10 2.28

CV I° principal components  0.54
—0.64
—0.59

CV I principal components
CV I (Standardized original

099 -051 |
028 026 0.76}75"
—051

0.05

0.07
0.14
0.06

0.43 0.44
-0.40

—0.44

-0.09
-0.28
—0.31

0.82
—-0.37

0.01
0.65

variables)

CVII

-0.12 225
0.33 0.69

1.01
-0.03

0.41
—0.35

0.44
—0.53

0.05
0.57

CVI kg==c
CVII ke

0.37

0.24

0.31

0.30

= 3

= (C\ = canonical variate
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The first canonical varate accounts for 36% of the between-groups
variation, The first two canonical variates taken together account for 75%
of the variation between groups. The coeflicients for the standardized
original variables for the first two canonical variates are displayed in
Table X.

We shall now consider the effects brought about by shrinkage. The effec
of shrinking the contribution of the smallest eigenvector, and associated
eigenvalue, namely, principal component IX, is shown in Table X (here,
ky=+ denotes that principal component IX has been deleted from the
analysis). Tt will be seen that the two sets of coefficients for the original
variables and kg =% are similar, except for varables 2 and 3. There is 4
decrease in the coefficient for the second variable and a change in sign of
the coefficient for the second variable and a change in sign of the
coefficient for variable 3 in CV 1L,

Principal component VI was also eliminated, This was found to have
little effect beyond that already achieved by the suppression of the ninth
principal component. Referring back to Table IX, we see that the eigen-
value corresponding to principal component V111 is about twice that for
principal component I1X and it may be concluded that its greater contribu-
tion to the total variation within groups is above the level which usually
causes mstability,

The relatively small standardized coefficients for variables 1, 3, 6 and 9,
and the instability of particularly variable 3, suggests that an analysis of
the five variables 2, 4, 5, 7 and 8 might be worth consideration. As will be
seen from Table X1, 34% of the remaining between-groups variation is
nssociated with the smallest cigenvalue and eigenvector; hence, little or
no nstability in the coefficients can be expected. In fact, elimination of

TABLE XI
Canonical variates analysis for five variables
Ligenvalues 1 2 3 4 5

2.82 0.99 0.46 0.43 0.30

Ligenvectors Var2 Var4 Varid Var7 Var8

v -0.10 073 —0.67 0.11 —-0.08
v 082 -0.25 -043 027 0.07
Between-groups sums
al squares lor 1.05 0.34 0.67 0.11 1.12
principal components Canon-
ical
Sum=3.28 roots
v ~(1.64 0.42 0.43 095 052 225
CVIIn (.99 -0.42 =033 -0.21 046 0.63
CVIE A v {tho2 .26 (.58 094 -0.50 221

Y denites canondeal varinte
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principal compenent IV has little effect on the coeflicients. This result
supports the remark on p. 48 concerning stability and the deletion of
redundant variables,

From the aspect of redundancy and parsimony in the number of
variables utilized in the analysis, it would appear to be sufficient to
measure only the five variables: maximum breadth of the test, the heights
of the last two chambers, the maximum width of the test, and the width of
the aperture.

Making the stabilized biolog

The stabilized coefficients for all nine variables were used for producing
the biolog in the present example. The points for each sampling level
were obtained by substituting the original sample mean vectors in the first
equation of the stabilized canonical variates. The canonical means for the
first canonical variate were plotied apainst position in the borehole
Ghekebo L, as illustrated in Fig. 27. This plot also displays the corres-
ponding observations for the short-normal resistivity curve and an “oscil-
lation log™, that is, a record of right and left swings for the biolog and the
short-normal plot, A simple chi-sguared test of the hypothesis that the
oscillationary sequences are significantly different was rejected.

The biolog plotted in Fig. 27 shows a general trend to the left. The
oscillatory record of the biolog is matched closely by the short-normal
resistivity log, an observation supported by the afore-mentioned chi-
squared lest.

Testing for trend

Although the trend displayed in Fig. 27 seems to be quite clear it is uscful
to test it for significance. The existence of a time-dependent shifi in
morphometrical measures of a sequence of a fossil species is of some
consequence for the interpretation of a biolog. If significant trend can e
shown to occur in both the suite of morphometrical characters and some
physical measure of the environment inhabited by the animals, this would
provide further support for the beliel that the physical log, in the present
case, the short-normal resistivity log, reflects some dominant feature ol
the environment, possibly related to the characteristics of the sediment
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Fig. 27 The biolog formed from the first stabilized canonical variate means
lotted ugainst position in the borehiole Ghekebo 1, together with the correspond-
g villues of the short-normal resistivity curve and a log of oscillations of these
Iwo curves, The left column of the oscillation log denotes the swings to the right
or the left for the short-normal curve; the right column does the same thing for
the shrunken canonical variate means. The data consist of megalospheres and
rliurluﬁphurux. The vscillation log was arbitrarily constructed from level 933 m 1o
ovil 904 m.

A suitable, albeit large-sample, statistic for testing for trend in a
seguence of observations s

N
Y (XIN-1X)
) L
XVI12N) (23)
where the series s observed for the interval (0, X). X,,. ... Xy are the
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Fig. 28 Comparison between the biolog (canonical variate means) and the
short-normal resistivity log (ohms m” m ') for the uppermast sampling levels of
the Araromi borehole, Nigeria.

cumulative, time-ordered observations, and N is the number of observa-
tions. (Cramér, 1946; Cox and Lewis, 1966).

The value U is a standardized normal deviate. If its value exceeds 1.96,
this is an indication, at the 95% level of significance, that trend occurs in
the sequence of abservations.

Test (23) was applied to the 46 consecutive levels in Gbekebo for the
set of stabilized first canonical means, and to the 35 consecutive readings
for the short-normal resistivity log. For the electrical log, U = 1.76, which
falls short of statistical significance. For the biolog, U =2.05, which ix
statistically significant, thus suggesting a possible trend in these data.

The sample sizes are small and this can have a deleterious effect on
what is essentially a large sample test.

Another way of examining the structure of sequential data s by means
of the serial correlation coefficient. The serial coefficient of correlation
can be represented as

_Cov(Y, Y.,
BT Narly)

for the individual time-ordered observations (Y, Y., ..., Yyl

The first serial correlations computed [or both lops display an mterest
ing type of structure, the essential feature of which s that the Nll.'lhll
correlation coefficients decrease successively and evenly Trom highly

(=...,—L0,1,...) (24)
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TABLE XII
Serial correlation coefficients for the biolog and
short-normal resistivity log

Short normal readings Biolog
Lag j o; VIN - )p, [ VIN-j)p;
1 0.84 5.06" 0.72 4.96"
2 0.71 4.24° 0.60 4.13*
3 .61 3.61° 0.53 3.64°
4 0.55 3.24° 0.40 2.76"
5 0.58 332 0.35 2.35"%
6 0.52 2.97° 0.35 2.36%
7 0.48 2.70° 0.30 2.00*
8 0.43 2.37" 0.25 1.69
9 0.24 1.37 0.22 1.50
10 0.04 0.36 0.23 1.52

= significant on at least the 95% level of significance.

significant values for small lags to non-significant values for large lags
(Table XII). This pattern suggests that there is a strong dependency
between adjacent observations and that this lessens gradually the further
purt two observations are located. The sequences are thus far from being
tundom in nature and the non-significant value of U7 for the short-normal
teadings is certainly too low, probably being a reflection of the small
smple size.

The foregoing analysis is indicative of parallel oscillations in both sets
of logging data. This result leads us to the thought that the directed
viwrintion in Afrobolivina could be environmentally controlled and that
the environmental trend is measured by the physical log (see Pirson,

1977).

Morphomefric variation and resistivity logs

Two details of comparisons between hiologs and short-normal resistivity
ligs, shown in Figs 28 and 29, will now be described in order to clarify
further the discussion of the foregoing section.

Figure 28 campares the two logs for the five uppermost sampling levels
Wl the Ariromi borehole. The biolog seale is in terms of values of the
eanonicnl varinle means and (he short-normal resistivity scale s in
b me b Bath sets of values fall sharply from level 472 m to 471 m
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and then slightly less steeply from levels 471 m to 470 m. Both rise to
466 m and then less pronouncedly to 446 m.

The Gbekebo comparison shown in Fig. 29 is less straightforward than
the preceding example. From 891 m to 890 m the resistivity observations
remain unchanged while the biolog increases. Both logs then increase
sharply from 890 m to 887 m and then fall off to 885 m. Thereafter, the
two logs zig-zag identically through 884, 883, 882, 580.5 and 880 m. The
directions diverge for the step from 880 to 879 m.

In Fig. 28, the two logs can be compared by overlay and it will be seen
that they differ very little from each other. The second example cannot be
compared by overlay in a meaningful manner, although eight of the nine
steps of the two “walks™ take the same directions. This can be seen to be
due to differences in amplitude leading to a right-hand or left-hand
displacement of the logs, respectively.

879
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Fig. 29 Comparison between the biolog (values of cananical vatiate meins) ol
the short-normal resistivity curve (ohms m”m ") for 1 levels m the Gibekebo
borehole.
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Quantitative comparison of logs

Making quantitative comparisons of stratigraphical logs such as boreholc
logs is not as simple as one might think on first consideration, particularly
if there is trending with a cyelic component. The reason for this is tha
there may be sharp lateral displacements in physical logs due to causes
beyond statistical control and these generate a clumping effect and &
proliferation of atypical values. A measure of association, such as the
product-moment correlation coefficient, performs poorly in situations o
this kind.

Non-parametric statistical methods seem to offer the most suitable
means of studying borehole sequences, various forms of rank correlation
coefficients coming first to mind. Useful presentations of rank correlation
techniques are given by Bradley (1968, Chapter 5 and pp. 284-287) and
Maxwell (1967, Chapter 8). Unfortunately, these methods also tend to be
adversely affected by non-geological lateral displacements of logs,

Diichotomizing the observations can sometimes provide a help, so that
right-directed swings are coded as +, and left-directed swings as —;
although this loses information on the trending component, this informa-
tion is often inaccessible for the reason outlined above. It should be noted
that dichotomization of a log leads to a fundamental change in the
statistical properties of a sequence of observations as the value taken
cuch point in the time series depends on the value adopted by the
previous observation, Such a series forms a two-state Markov chain,

For dichotomized data, a 2% 2 contingency table can be used to test an
hypothesis of identical populations with respect to directions taken by
serially ordered Auctuations for two logs (Bradley, 1968, section 8:2), In
the case of a set of the data for Afroboliving from Gbekebo from K0
levels, there are 41 left swings and 39 right swings for the 9-variate biolog
und 38 left swings and 42 right swings for the short-normal curve. The
resulting x” is not inconsistent with both sets of observations having been
draown from the “same™ population,

Vardants of the “runs test” can be utilized for testing for randomness in
i series of dichotomized logs (Bradley, 1968, sections 11:3 and 12:2),
Muswell (1967) shows how o contingency table of naturally ordercd
ubservations can be analysed for trend,

A Turther uselul approach for studying distributions of the type of
Iterest here s given by Cox (1970), who shows how the logistic trans-
form can be applied 1o binary data 1o test o 222 contingency table for
Mgeniicnnt differences, Deline & < logl R 0N~ R4 4 where R s, say,
the number of vight-hund swings on o sequence (sampled of sige N, The
vinrhinee Tor this expression s Vo [IN S ITHN S 2 ANCR C 1IN R4 1))
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For two logs, the logistic difference A=Z,—Z, with standard error
S, =+(V,+ V,), when expressed as the ratio A/Sg, corresponds to a
standardized normal deviate, with a two-sided significance test, for testing
A =10, When Cox's test was applied to the above-mentioned data from
Gbekebo for the two logs mentioned a non-significant value of A was
obtained, as to be expected, noting that the proportion of right-directed
swings for the biolog is 0.51 and for the short-normal curve, 0.48.

For the purposes of testing agreement in patterns, interest attaches to
the agreements in directions as a single characteristic and non-agreements
as the other state. For the 9-variate biolog and the short-normal log,
agreement in directions amounts to a proportion of 0.86 of the total
number of observations, As to be expected, this leads to an overwhelm-
ingly significant chi-square test-result of association. The SF log. although
it shows more divergences (the proportion of agreements is (.74}, also
yields a highly significant chi-square for simple association.

It should perhaps be noted that x* is not useful as a measure of the
degree of association between two characteristics, although it is a good
indicator of the significance of the association. It can, however, be
transformed to a measure of association which is independent of sample
size. the so-called phi coefficient of the behavourial sciences. This is
defined as & =+(x*/N), where x* is computed between characteristics A
and B. and N is the total sample size {(Fleiss, 1973, p. 42).

In discussing non-parametric measures, mention should also be made
of the likelihood ratio test known as the “(G-test” (Sokal and Rohlf,
1969): G offers some advantages over chi-square.

The runs test, referred to above, can also be applied to the oscillation
patterns for the logs. The 80 observations for the biolog compared with
the short normal curve contain 19 runs, the corresponding suite for the
SP log being 26 runs.

In a series of N observations, of which N, denotes the number of
agreements “a’ in oscillatory directions and N the lacks of agrecment
b, the obtained a’s and b’s will occur in random order if each position
in the series had equal likelihood of being occupied by an a or b event.

For the short-normal comparison, N, =69 and No= 11, with 1% runs
A table of the total-number-of-runs test shows that the hypothesis of
randommness in the sequence is strongly rejected. For the SP log, N, =59
and N, =21, and 27 runs, the hypothesis of randomness is also rejected
(For references to tables of runs, see Bradiey, 1968, pp. 3Hh2-361.)

In summary, 1 think it will be apprecinted that the gquestion of demon
sirating agreement in patterns of ascillations for comparisons of different
types of logs may be relatively casy 10 do praphically, but rather rounda

ﬁi
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hout when it comes to analysing the actual measurements. Other pos-
sibilities are also available but the foregoing serves to present the main
ideas involved.

Foraminiferal life cycle and size differences

Nyholm (1962), for living foraminifers, and Reyment (1966c), for fossil
foraminifers, have demonstrated how morphological differences can be
expected to be linked to the phase in the foraminiferal life cycle from
which a particular test (i.e. shell) derives. As noted earlier (p. 104), it is
necessary to make a preliminary statistical analysis of a foraminiferal
species being chosen for preparing a biolog in order to obtain an opinion
on the extent to which size differences can be expected to influence the
results. The present material of Afrobolivina afra has shown iself to be
deficient in individuals belonging to the microspheric phase. The plot of
the first and third principal coordinates shown in Fig. 30 for 99 individu-
als from the four uppermost levels of the borehole Araromi I, Ondo
State. Western Nigeria, only contained eight microspheric tests {note,
that several points are superimposed in Fig. 30), which is less than 10%
of the total sample. A direct count in 35 samples from Gbekebo showed
the material to be made up of 16% of microspheric tests. I have offered
this figure as a representative example of the entire material of Af-
raboliving examined in my quantitative analysis of this species. The
situation pertaining in other samples is mostly analogous.

11 i of interest 1o note, briefly, the few points occurring in the bottom
right-hand corner of Fig. 30. These are exceptionaily short tests (cf.
Reyment, 1959) with megalospheric proloculi.

Ecolog

Introduction to the problem

We shall now consider an example in which the correlations between
fleguencies of organisms, on the one hund, and geochemical components
ul the host sediment, on the other, are used to produce what can be
tormed an ecolog, that s, o log in which chemical elements are related to
fuctuntions b the frequencies of species of interest over time. The
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Fig. 30 Plot of the first and second principal coordinates for a rcp}-csa:mmilw
sample of Afroboliving afra from the Araromi borehole. Nole the relative scarcity
of microspheric tests in relation 10 megalospheres,

example is taken from Reyment (1976). In the present connection, 1t 15
presumed that some aspects of the interstitial ecology of the paiaﬂj-
environment will be recorded in the concentrations of trace elements in
the sediment (cf. Waszowiak, 1962). Twenty-six levels in the borehole
Gbekebo [ were analysed with respect to the 14 elements 5i, Fe, Mg, Cu.
Na, K, Ti, P, Mn. V, Mo. Sr. Pb and Zn. The frequencies of the
foraminifers Afroboliving afra Reyment, Gabonella elongata de Klasy
and Meijer, and Valvulineria sp. nov. were recorded for these levels, The
ostracods, being relatively rare, were pooled together for the purposes ol
the analysis. The most common species is Ouvocytheridea nuda C iruknl'-ll.
followed by Veenia (Nigeria) nigeriensis Reyment, Veemia (Veenia)
warriensis Reyment and Brachycythere armata Reyment,

The aim of the study was to facilitate the graphical expression of G
difficult palasoecological and biostratigraphical problem, In one divee
tion, it was thought 1o be of interest to show how all variables considered
in the same connection vary over time. In another direction, interest win
concentrated on tracing the covariation i fregquencies and peochenieal
indicators,
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The material

The correlations between the geochemical variables are shown in Table
XIII, with the statistically significant values printed in italics. It will be
observed that 5i is significantly and positively correlated with Fe, Mn and
V, and negatively and significantly with Mg, Ca, Na, P and Sr. The
variable Fe is significantly positively correlated with Mn, V and Mo, and
significantly negatively correlated with Na, P and Sr, while Na is signific-
antly positively correlated with K, P and Sr. Further significant correla-
tions are as follows. Ti is positively correlated with V, Mo, Pb and Zn,
and P is positively correlated with Sr. Manganese is positively correlated
with V- and Mo. In its turn. Mo is positively correlated with Pb and Zn
and negatively with Sr.

For the frequencies of microfossils, the following significant relation-
ships between sets occur (Table XIV). There is a negative correlation
between ostracods and Zn, while Afrobolivina afra is not correlated
significantly with any of the geochemical variables. The frequencies for
the Valvulineria are correlated positively with Mn and Fe and negatively
with Ca, while Gabonella elongata is positively correlated with Fe and
Mo, and negatively with Ca and Sr.

Results of the analysis

T'he analysis considered here aims at establishing the correlations be-
tween sets, here chemical variables, on the one hand, and species fre-
Yuencies, on the other. In the present case, there are 14 chemical
viriables in one set and four species frequencies in the other

The method of eanonical correlations was only briefly noted in Chapter
A (p. 48). Some of the essential details of the computational steps will
now be presented (see Cooley and Lohnes, 1971). In the following, R,,,
Ry.. Ry and R, denote the partitioning of the correlation matrix R.

The vector variable z, contains the chemovariables and the vector
virinble z, the frequencies of the microfossils. The roots of the determi-
nantal equation for the two sets

|'i'z::.;|!"z:|'['31LJH::_-"'l;-ir|=":--'j (25)

e Ay =084, A, =0.752, A,=0.414 and A;=0.182, The first. two of
thewe roots are statistically significant as shown by a standard chi-squared
tosl. These roots are the squires of the canonical correlations, to wit,
R, = 0922 and R~ 0.867. These are the maximum correlations be-
B two linear functions ol linear combinations “orthogonal™ to previ-
s Hnenr combinntions,



TABLE XII1 _
Correlations between 14 geochemical variables. Values in italics are significant at the 5% level (only marked in lower

triangle)

Ph

Sr

Mo

Min

Fe My Ca MNa

51

—0.09

0.26
0.27
-0.13
—0.14
—0.05

—0.42
-0.52

0.34
0.59
-0.17
—0.28
—0.10

0.57
0.58
-0.28
~0.25
—0.15

0.59
0.63
-0.32
—0.37
—-0.19

—0.65
-0.29

-0.13 -0.02

-0.46
-0.30

—0.66
—0.54

—-0.43
-0.25

0.66
1.00
-0.25
—0.54
—0.30

1.00
0.66
—.43
-0.66
—0.46

Si

0.14
~0.16

0.24
-0.27
0.02
0.09

0.17
0.15
0.26
0.45
1.00

Fe

(.35
0.75
0.62

0.56
0.61

0.65
1.00
0.77
0.26
0.02
0.61
-0.37

1.60
0.65
0.49
0.15
~0.27

0.05
0.67
—0.04

0.55
0.37
0.07
1.00
-0.29
-0.37

0.49
0.77
1.00
0.45
0.09
0.55
-0.19
~0.15
—0.10

Me
Ca

0.42
0.20
0.13
0.34
0.56
—0.23

0.22
0.47
0.15
0.35
0.58
0.57
-0.11

0.17
0.03
0.48
-0.27
-0.21
-0.39

0.09
0.42
0.02
0.42
0.60
1.00
—0.39

0.00
0.41

0.16
0.16
-0.29

—0.03
1.00
0.07
0.16
0.41
0.42
0.03

-0.03

0.17
0.24
—0.29

-0.13
—0.02
—0.65

Na
K
Ti

—0.37
0.58
1.00
Q.60
-0.21

1.00
0.58
0.42
—0.27

0.02

0.37
0.16
0.00
0.09
0.17

-0.25
-0.28
0.75
—-0.14
0.05

0.56
—(0.32
—0.28
—0.17

0.63
.58
0.59
—-0.52

0.59
0.57
0.34
-0.42

P
Mn
v
Mo

0.35 0.62 0.48 1.00
—0.13 —0.05 0.22 0.47 0.15 0.35 0.58 0.57 -0.11 1.00  0.36
—0.16 0.07 -0.04 0.42 0.20 0.13 0.34 0.56 —0.23 0.36 1.00

0.27
0.14

0.26
—0.09

Sr
Pb
Zn

T'-—‘
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TABLE XIV
Inter-set correlations for geochemical variables
and frequencies of organisms. Values in italics

are significant at the 5% level

Ostra-  Afrobo- Valvuli-  Gabon-

cods livina neria ella
Si 0.0695 —0.0038 0.3317 02732
Fe 0.1358 —-0.0088 0.3844 0.3909
Mg 0.2100 0.1716 -0.0834 —0.1195
Ca —0.1499 0.2206 -0.3944 —0.4818
Na —0.2250 0.2465 -0.2430 -—0.2414
K —0.1471 0.0123 -0.0159 0.1510
Ti -0.2682 0.0907 —-0.1760 —0.0080
P —0.2041 0.0781 —-0.2015 -0.0074
Mn  —0.0833 0.1132 0.4338 0.2635
Vv —0.3266 0.2511 —-0.0458 —-0.0110
Mo 03122 0.0774 0.2691 0.4166
Sr —0.2504 0.2039 03276 —-0.4726
Pb —-0.3535 0.1019 —0.2256 0.2169
Zn —(0.4221 0.2242 0.0819 0.1605

The structure coefficients for two canonical factors for all 18 variables
are given in Table XV. These coefficients are not commonly used and you
will not find them in most texts on multivariate statistical analysis. The
main steps involved are as follows (extracted from Cooley and Lohnes,

1971). Having found the roots of eqn (25), the vector d is obtained from
the equation

{RE;-._’R:;RH 12_r2”d|i =0 {26}

with the constraint that d{R,.d, = 1. The d; are the weights for the jth
cunonical factor of z,. The corresponding weights for the jth canonical
factor of z; are obtained from the relationship

=1
_(R{{Ryyd))
s VA
Lip 1o now, these steps are the normal ones of canonical correlation. The

expansion of the method mto a “redundancy analysis” is done by finding
the varinnee extracted by the canonical variables, s|s, Ipy. where p,

denotes the number of variables in vector z, (here, this comprises the 14
themical elements) and si8,/p.. where p, denotes the number of variables
I vector 2, i the present example, this is four), We have also that
K= Ry el 85 = Wil The redundinney of set 1 in the prosence il set 2

et 1 contming the chomovirinblos, set 2 contaios the lrequencies of the
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TABLE XV
Structure coefficients for two canonical factors of the geochemical and
species-frequency data

Geochemical data Species-frequency data

Variable Factor 1 Factor 2  Variable Factor 1 Factor 2
Si 0.305 —(.215 Orstracods —0.389 —0.664
Fe 0.360 -—0.231 Afroboliving 0.122 0.141
Mg —0.257 —0.083 Valvulineria 0666 —0.740
Ca —0.381 0.244 Gabonella 0.622 —0.196
Na —(0.080 0.308
K 0.205 0.228
Ti 0.119 0.390
P 0.054 0.374
Mn 0.489 —0.205
v 0.257 0.325
Mo 0.670 0231
Sr —0.265 0.236
Pb 0.306 0.671
Zn 0.507 0.363
Factor Factor

redundancy 0.1016 0.0775 redundancy (.2116 0.197
Total Total

redundancy 0.218 redundancy 0.565

organisms) is defined as
Ry = SE-FLREJM

where the subscript x labels the canonical factor x. The reverse relation-
ship is expressed by the formula

Ry = siSERE,fP:
The first canonical factors are x,=ciz, and vy, =d z,. Likewise, the
second canonical factors are x,=c¢3z, and y,=diz..

The first canonical factor (Table XV) for the chemical variables com-
prises significant loadings for most of them. Only Na, Ti and P are so Loy
as to suggest a non-important correlation. The first canonical factor for
the species frequencies contains significant loadings for all frequencics
except that of Afrobolivina afra. This is expected as this species is poorly
correlated with the chemovariables. The chemical canonical variale is
positively correlated with Si, Fe, K, Mn, V. Mo, I'b and Ao, ol
negatively correlated with Mg, Ca and Sr. This canonical variate miy
represent a dipolar relationship between sediment richer in carbonates
and clastic sedimentary components. The right-hand canomeal variate is
positively correlated with the frequencies of Valveulinerta sp. nov., ol
Craborella elonpara, and negatively with ostracous,
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Ecolog from the canonical correlation

The plot of the scores obtained by substituting the partitioned mean
vectors into the first pair of linear relationships can be used to produce a
palaco-ecological log in which the Auctuations in the frequencics of the
organisms are poised against variations in the chemical components of the
host sediment. The log for the 26 levels analysed here is shown in Fig. 31.

Stratigraphicol leveal
®
T

' b e 1 1 " 1 i
-3 -2 -1 0 +1 +2 +3

Canonical correlation scors

Fig. M Beolog produced frome “scores™ Tor (he first canonical correlation
tgeonchemicnl varlubles balaneed ngninst Tossil frequencies) plotted against the
ordering of 2oownmpbes e te borehole Ghekebo T
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As to be expected from the rather high corresponding canonical correla-
tion, both curves follow the same general trends, although there are
numerous deviations in the middle and upper thirds of the plots. These
deviations are small but doubtlessly mark periods during which the
chemical influences on the organisms were over-ridden by other factors.
The lower third of the fipure might be an indication of a phase in
development during which the chemical components of the environment
played a dominant roll. Such a situation could be expected to arise during
a period of pronouncedly chemical sedimentation, such as during the
early phases in the formation of a marl.

Ecolog by principal coordinates

Using Pythagorean distances between individuals (Gower, 1966), all 18
variables were collected into a single principal coordinates analysis. The
plot of the first set of coordinates against location in the borehole,
illustrated in Fig. 32, shows the existence of trending in the points in that
the youngest samples are displaced in relation to the oldest ones. This
could indicate that there was a largely unidirectional ecological trend in
the palaeoenvironment over the time covered by the samples. A more
subtle and fascinating property of the ecolog is the fact that the youngesi
samples appear to be in a state of ecological equilibrium (levels 1-Y
inclusive), while the older samples seem to reflect conditions that de-
veloped in an ecologically perturbed system. This provokes the thought
that the ecological system could have been in the process of becoming
stabilized in some manner or other, not necessarily optimal for the
proliferation of benthic micro-organisms. In fact, the youngest samples
are particularly characterized by the predominance of Afrobaliving afra
over the other three categories.

The principal coordinates log offers a useful way for representing the
relationships between organic components of the environment and chemi-
cal factors in a single curve. For its meaningful application, the sedimen
tary sequence should be relatively homogeneous and there should not be
shifts in salinity such as occur in a deltaic sequence. A drawback is, ul
course, the time and expense occasioned by the chemical analyses,
MNonetheless, there will be many situations in which the palaco-ecalogical
aspects of the problem will be such as to justify the preparation of in
ecolog,

In the present example, T have used chemical variables Tor estallishing
the ecological relationships. Any other kind of factor of the environmen|
can, of course, be used, providing that it can be mensured

r
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Fig. 32 Principal coordinates ecolog for all variables of the 26 samples from the
Cibekebo borehole, Here the first set of coordinates is plotted against the location
of the sample in the borehole Gbekebo 1. There s 4 general trend from the
youngest to the oldest samples, apart from the strongly expressed fluctuation at
| 3 mi, which may be a reflection of sharp change in envitonmental conditions.

As noted earlier (p. 63). the methods of principal coordinates and
principal components are equivalent procedures if applied to the same
mensure of association (for example, the correlation coefficient), formed
from continuous variables. This is a consequence of the singular value
lecomposition theorem (the Eckhart—Young theorem, see Joreskog et al.,
Clhapter 2, section 12). In the principal components treatment, the points
e plotted in the space of the variables, a so-called R-technique (R being
the correlation matrix, from which the R-concept was derived). The
principil coordinates method gives a so-called Q-mode solution (Q being

the next letter in the alphabet after R) with the plot in the space of the
almervitions,

Il there wre more observations than variables, the R-technique is
cornputntionally more efficiont and, conversely, the O-method is required
I there are more varinbles than observintions.
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Note that this duality only applies to continuous variables. For a
mixture of variables (e.g. continuous and discontinuous, quantitative and
qualitative, dichotomous variables alone or in a combination), principal
coordinates, with a suitably constructed association measure, provides a
correct approach.

In the foregoing example, 1 sacrificed optimality in computational
speed for practicality in the graphical display, as the computer program
used has a very full range of plots for doing principal coordinates.

7

Correlating Between Borehole
Sequences

Introduction

The final stage in a borehole analysis is usually an attempt at using the
sets of lops established for two or more boreholes within an area for
correlating between boreholes. Not infrequently, it will be found possible
to make reasonably satisfactory comparisons by the visual comparison of
the patterns of fluctuations alone, and if this can be done successfully,
then there is no point in using compuier technigques.

As | noted in my text on quantitative palaeoecology (Reyment, 1971),
the first step in any quantitative investigation should be a graphical
unnlysis of the unprocessed observations. This will often show up strue-
tures present in the data and thus aid in the planning of the quantitative
work,

Giordon and Reyment (1979) discussed the question of comparing logs
friom ahjncent horeholes, hoth singly, as well as taken simultaneously.

B s lomg been o major interest of petrolewm companies, and satellite
srpnbzations, o develop guantitative methods for correlating between
Boreholes, using physical logps,

129
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A logical and easily accessible starting point is the statistical method of
cross-correlation. Rudman and Lankston (1973) have emploved this
technique, with good results, for data with a constant time interval
between successive measurements. For most geological data, however, a
more general approach than that of cross-correlation is required, as the
thickness of sediment involved in any particular situation cannot, invari-
ably, be translated into the time dimension. Rudman and Lankston
(1973) have given quite some thought to “stretching” one borehole
relative to the other and interpolating measurements to compensate for
differing thicknesses of sediment in the lateral distribution of formations.
This imposes a uniformity not found in nature. The procedure proposed
by Gordon (1973) automatically deals with the problem of differing
thicknesses of strata in sedimentary sequences.

In this chapter, I shall present an example of the application of the
slotting technique to a correlation problem. In addition to the presenta-
tion of the technique made on p. 72, some further theoretical questions
will be taken up in conjunction with the example.

Constrained slotting of sequences

In geological correlation of boreholes, useful stratigraphical information
is sometimes provided by the presence of marker beds of wide geographi-
cal extent, biological characteristics, peculiarities in logging curves, etc. I
is desirable that such information be incorporated into any automated
process designed for producing the most meaningful juxtaposition of the
stratigraphies of the strata drilled. Some common examples of reference
levels are:

. The persistent marker bed, such as a coal bed, a bone bed, a bed
characterized by some other geographical or lithological peculiarity.

2. "I‘he‘ case of an easily recognizable zonal element with a short range
1n fhime.

3. There may be no clear correspondence in space, but only proximity
involved, so that the two parts in adjacent boreholes are near-
neighbours, for example, a sedimentary facies. These examples may
be defined in terms of constraints.

Type 1 constraint

Where two objeets are likely to appear close together in the joint slotting
(near-nerghbours), we may relfer o the sitaation ms o type | eonstrenl, A
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an example of this kind of constraint, we can take a portion of a borehole
section in which a particular faunal assemblage is found, in relation to the
location of the same faunal assemblage in an adjacent borehole. The
segments of the two boreholes containing this faunal assemblage cannot
be expected to be exactly equivalent, but they will be near neighbours,

Type 2 constraint

The type 1 constraint cannot guarantee that two objects of interest will be
neighbours in the joint slotting, i.e., that no other object from either
sequence occurs between them in the joint slotting. A constraint requiring
two specified objects to be neighbours in the joint slotting is called a type
2 constraint. Examples of this are the persistent marker bed (a coal bed, a
limestone bed, etc.) or some analogous feature from borehole logging
techniques.

T'ype 3 constraint

A type 2 constraint implies detailed geological knowledge of the nature of
the sedimentary sequences. Often, the information available is much less
precise, For example, one might have reason to believe that in the joint
slotting, there should be some overlap between the sections containing a
suite of objects in the one horehole with an analogous suite in the other
horehole. Here, one is not insisting on complete correspondence between
the two sections, a situation which could be handled by a pair of type 2
constraints linking the tops and bottoms of the two sections. One is,
instead, stating that the precise form of the overlap is unknown, but that
it is believed that the two sections are not completely separate. This may
be termed a “type 3 constraint”. Geological examples of this kind of
constraint abound. For example, overlapping sedimentary formations and
overlapping physical log patterns, and sedimentary facies.

A set ol constraints of mixed type can be imposed on the slotting of
Iwo sequences, the only requirement being that they be mutually consis-
tent, Owing to the additive form of the statistic o(S§,, S;) (p. 73), an
ptimal slotting subject to these constraints can be found by splitting the
slotting into parts, and piecing together the optimal slotting of pairs of
Nub-sequences,

Thie discordunce of the optimal constrained slotting will in general be
pienter than the discordanee of the uneconstrained slotting, The amount
by which they differ prves an indication of how readily the constraints may
b winbinfied
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The constrained slotting method is available in a Fomtman v
program 5SioTseo. Owing to the storage requirements necessary for
tracing back the slotting route. the size of the problem which can be
analysed by this program is limited. An alternative Fortranw 1w
program, Biastor builds up and prints out the calculations sequen-
tially, thus requiring the user himself to trace back the route taken. This
greatly extends the size of the problem which can be analysed, but also
the work involved,

Example: two boreholes in the Lansing Group of
Kansas, USA

The data used here are analysed in detail in a more comprehensive study
by Gordon and Reyment (1979). I shall here restrict myself to consider-
ing only a part of the results of that study. The data employed consist of
the sonic and induction logs for two boreholes dnlled by the Skelly Oil
Company in western Kansas, namely, No. 1 Bartasovsky well and No. 5
Kisling well, both located in the Cahoj oilfield. Hereinafter, these wells
will be referred (o as Bartasovsky and Kisling.

The wells span Upper Pennsylvanian rocks included in the Lansing and
Kansas City Groups; they are located at about 1.5 km from each other.
The sequence lies below the contact between the Douglas Group and the
Lansing Group.

There are three marker limestones in the borehole sequences analysed.
here denoted, levels A, D and E. As a means of illustrating the slotting
technique, the Kansan data allows us to check the success of a “raw
slotting” by seeing how well it identified the marker levels. Moreover, the
effect of using the marker levels as type 2 constraints can also be tested
by these data.

Blocking and filtering

A certain amount of “blocking”™ may occur in the final slotting, ic,
several objects from the same sequence occur consecutively. with ni
intervening objects from the other sequence. Blockmyg occasionally poinis
to interesting differences between the sequences, such as differential
compaction, regional dip. ete. On other oceaswoms, Wockig oceurs in
parts of the sequence where there s litde varnbility in the ceadings
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Providing that this property of the method is kept in mind, coupled with
an understanding of how the data arose. there is no objection against
splitting such blocks by hand afterwards.

Filtering is often advocated as a means of improving the interpretability
of borehole logs. Gordon and Reyment (1979) investigated the effects of
filtering and found that the resulting smoothing of the curves tended to
promote blocking. Filtering is therefore of limited value in conjunction
with slotting, although it may be useful in other connections.

Blocking also occurs in parts of the sequences which differ markedly,
but such a situation can generally be distinguished by the higher values
taken by b

Standardizing and weighting of variables

I shall mention two different kinds of standardization here. First, if you
wish 1o compare two boreholes on the basis of several different kinds of
log recorded in each, it is always good policy to check the effects of
standardizing the variables. This is because logs are perforce recorded in
different units with different amounts of variability in the recorded scales.
One way of standardization is included in formula (20) on page 73. This
formulation allows us to give extra weight to variables which experience
shows to be more useful in comparative studies,

Secondly, there is the possibility that a variable may have a similar
shape in its log at two different sites, but that the scale of the curves may
differ. The mean and standard deviation of the readings in each of the
four logs of the present example are listed in Table XV1. From this Table,
you will see that there could be a case for standardization, although this is
not definite. In the full-scale investigation of Gordon and Reyment

TABLE XVI
Summary statistics for logs from the two Kansan
horcholes
Bartasovsky No. 1 Kisling No. 5
Standard Standard
fog Mean  deviation Mean deviation
Sonic 75.9 13.2 73.8 12.8
(estt
Induction 2205 127 231.2 1177

tmhos m )
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(1979), involving a third borehole, we found ample evidence for the
desirability of standardization of the second kind. The question of the
standardization of borehole logs is a very general one. A case for
standardization could, for example, be made for the examples of Chap-
ter 6.

Slotting on individual logs
Sonic log

In all cases. the slottings were made using 100 observations from each
borehole. Here, v =043, a very low value. In the raw slotting, the A
marker was not identified exactly (the true correspondences are given in
Table XVII). The result is B5—K8—B6—K9K 10 (here, and subsequently,
B = Bartasovsky and K= Kisling). The D-marker was not found exactly,
owing to the 60-foot level being caught in a block. The E-marker was
identified exactly. Standardization by the second method gave improved
results, with the D-marker now being located correctly.

Induction log

Here, = (185, which is still a low value, but higher than for the sonic
log, indicating a slightly decreased efficiency in slotting. The A-marker
was found exactly and a “close miss” for the D-marker, to wit, K&6(—
B38B59—K61. The E-level was not located exactly, due to blocking,
Standardization according to the second critérion given above improved
the D and E identifications.

TABLE XVII
Positions of tops of marker limestones in two Kansan
boreholes (in feet below the Lansing—Douglas contact)

Bartasovsky No. 1 Kisling No. 5
Limestone marker N =100 N =100
A 5 10
D 59 60
E 81 84

According to widely fccepted practice in the Mid-Western United Stnies,
limestone beds in Kansan Curbwmiferous steatigraphy are Tabelled alphaben
cally; in this Table, the wp three markers A, 1D and 18 are recorded, while
limestomes Boand C, not being considered marker levels, biave been lelt ot
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Fig. 33 The sonic and induction logs for the first 100 observational levels in the
Kansan boreholes Bartasovsky 1 and Kizling 5, The positions of the three marker
limestones (A, 13, E) of Pennsylvanian age are shown on the figure.

Both logs together

This gave an overall improved result, with = 1.57. The two sets of logs
ire illustrated in Fig. 33. The A-marker was not exactly identified, and
this is # decrease in efficiency in relation to the result achieved by the
Induction log on its own. Both the D and E levels were found exactly.
The results for the raw data must be considered fully acceptable and there
would be no need to slot on standardized values.

€ onstraints

The elfects of imposing constraints in order to force the slotting proce-
e to recognize the three marker levels had the Tollowing effects on the




136 BIOSTRATIGRAPHY

result, First, there was a tendency to increase the value of psi owing to a
slight increase in blocking.

Marker A being the most difficult one to identify for the slotting
technique, it was found beneficial to make it the only level subject to the
type-2 constraint. These slotting results were the most exact as regards an
optimal juxtaposition of the sequences.

The slotting technigque offers a means of expressing. through . a
quantitative estimate of the efficiency of a log in correlating between wells
in an exploratory investigation as well as, where marker levels are
available, a visual estimate of the success of the log in correlating between
boreholes,

I can also mention that the technigque has proved uvseful for other kinds
of curve comparisons of geological and palacontological interest, for
example, as in studying in quantitative terms, the evolutionary relation-
ships between ammonite suture lines. One obtains not only a useful
element-by-element comparison, but also & quantitative appraisal of the
goodness of fit, through the value of psi; this can be extended to apply as
a means of comparing the degree of sutural likeness in a penus and in
assessing relative likenesses in sets of species belonging to related penera.

A final word here might be of interest. The slotting technique was
originally devised in answer to a palynological problem in which it was
desired to compare frequencies of pollen species over a fairly extensive
area. | have not shown a frequency analysis here. The steps are, however,
the same and there is nothing to stop you from comparing borehole logs
based on species frequencies. This is a good method and one that should
interest micropalacontologists,

A further use of Gordon’s method

Although the main purpose of Gordon's slotting procedure is to compare
between boreholes, it may also be applied to compansons within
boreholes. As an example of a situation where such a comparison would
be well motivated, we can take the short-normal log and the biolop
produced by Campbell’s method of stabilized canonical varintes (of
Campbell and Reyment, 1978) for 34 levels in the Nigerian borchole
Gbekebo 1.

One of the more interesting results achieved by my project for utilizing
the biclogical information residing in microfossils Tor making hiologs i
that, in certain situations which turn out to be optimal Tor the aims of the
method, the electrical resistivity log may be used as an indirect measure

CORRELATING BETWEEN BOREHOLE SEQUENCES 137

of fluctuations in the palaeo-environment with respect to ecological
conditions that existed in the host sediment at the time of life of the
organisms (see p. 29). As noted previously, certain basic requirements
must be fulfilled if the biolog and concomitant physical logs are to be
employed in the way proposed in this book. The most important of these
is that the material be free from significant reworking and the sedimen-
tary sequence homogeneous (see p, 150, the sandstone heterogeneity).

In the present example, the data consist of scores on trends for the 34
abservational levels in the borehole, That is, I have not used the observa-
tions themselves but the record of the directions of the oscillations shown
by the logs.

The record of the slotting for the short-normal resistivity curve (R) and
the biolog (B) is as follows:

B1B2B3 RIR2R3 B4 R4 B5 R5 B6B7B8 R6 BY R7 B10B11BI12
RERY

B13B14B15 R10-R13 B16 R14 B17 R15R16R17 B18B19 R18R1Y
B20
R20 B21 R21 B22B26 R22 B27 R23R24R25 BI8 R26 B29
R2Z7TR2ER29

B30 R30 B31B32B33 R31 B34 R3IR33R34

This shows the close agreement in the patterns of the two logs, to which
further witnesses the very low value of  =(.027. The above slotting was
ohtained without standardization and without recourse to constraints,
From the aspect of the palacoecological interpretation of the resistivity
log in relation to the biolog, the Gbekebo material offers convincing
proof of the viability of the postulation that the former is, under specified
conditions, o measure of the palasoenvironment.

The analysis accounted for amounts to a non-parametric application of
the slotting technigue, a possibility not covered by the existing theory. It
works in the present situation probably because the two series are so
wlike,
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A Worked Example

This chapter is entirely devoted to the application of the methods
outlined in the preceding chapters to a specific problem, some aspects of
which have been touched upon in connection with the illustration of
details. Ninety-one sampling levels in the Gbekebo borehole are used in
which the abundantly occurring foraminifer Afroboliving afra has been
measured with respect to the nine characters illustrated in Fig. 25,

Megalospheric tests were selected for the calculations in the interests of
homogeneity, as the variation of the microspheric and megalospheric tests
shows important and fundamental differences. The resulting biolog agrees
well in its record of oscillations with the short-normal resistivity log,
except where heterogeneities in the lithology occur, The diameter of the
megalospheric proloculus displays, however, a completely different mode,
seemingly following a gradual evolutionary trend towards greater size
The microspheric proloculus seems to be invariant over time. The extine:
tion of Afrobolivina afra seems, possibly, to follow a pattern compatible
with a Thomian catastrophe model.

The biologs yielded by the three alternatives—gerowth-reduced canoni-
cal variates, canonical variates for raw data, and canonical variates (o
logarithmically transformed data—dilTer only in mimor details, despite the
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relatively great variation in the size composition of the samples of the
foraminifer.

For the purposes of this illustrative example, 1 shall use the stabiliza-
tion method of canonical variates analysis of Campbell (Campbell and
Reyment, 1978; Campbell, 1979, Growih-reduced canonical
variates gave approximately the same result, with one or two minor
exceplions.

The material of Afrobolivina

The material analysed consists of samples from 91 levels in the Gbekebo
borehole. The species studied is Afroboliving afra which, as already
noted, occurs in great abundance in the uppermost Cretaceous beds of
coastal Nigeria. The analysis briefly reviewed on p. 109 and presented by
Campbell and Reyment {1978) was made on 46 samples comprising
mixtures of megalospheric and microspheric tests. This introduces unde-
sirable heterogeneity into the statistical analysis and distortion in the
variances and covariances as a result of the disjunctive nature of the
distributions of the diameters of the proloculi of the two generations.

The megalospheres were selected for preparing the biolog of my
example in order to eliminate the effect noted above. In the present case,
this 15 not as great as one might expect. Some of the results from
Campbell and Reyment (1978) are noted on pp. 110 to 111. Comparison
of the correlation matrices (Table XIX, this Volume, and Campbell and
Reyment, 1978, Table 2) shows the main difference to lie with a marked
increase in the correlations of the proloculus with the other variables. The
values for the eigenvalues and cigenvectors of W*, the within-groups
correlation matrix, are only slightly affected.

The between-groups sums of squares for all principal components
(Table XX) shows 32.6% of the between-groups variation to be as-
sociated with principal component VII and 21.8% with prinapal compo-
nent I. The variation for principal component VII results from a contrast
between variable 7 and most of the other variables, Principal component
I is a typical so-called size component. This result does not differ
pronouncedly from that obtained for the mixture of megalospheres and
microspheres (see Campbell and Reyment, 1978, Table 3).

There is an element of trend in the data and, for this reason, the
nnalysis was made in two ways (cf. Campbell and Reyment, 1978, Fig: 2).
There are also differences in the covariances of the younger samples in
relation o the older. For these reasons, a first analysis comprising two
prowps, toowit, Ao older samples nnd 45 younper ones, was made. The
hecond annlyuis s Tor all 91 semples simultaneously,
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TABLE XIX
Correlation matrix computed from matrix W, and pooled standard
deviations

Uy Va2 Uy Uy s Vs [*5] Vs Vo

U, 1.000 0.638 0.685 0.495 0.518 0.245 0.475 0.168 0.230
Uy 1.000 0.830 0.633 0.661 0.509 0.540 0.264 0.341
U, 1.000 0.639 0.622 0.453 0.543 0.254 0.274
Uy 1.000 0.545 0.384 0.435 0.217 0.230
Vs 1.000 0.366 0.422 0.200 0.278
Ve 1.000 0.318 0.134 0.153
ty 1.000 0.468 0.478
g 1.000 0.332
Ty 1.000
Standard

deviations 17.870 4.849 4354 3.441 3.050 1.697 3.388 0.621 2.074

i Some minor differences i tabulated valaes are due to the computational precision level
(single- or double-) used.)

Variation in the diameter of the proloculus

As can be seen from Fig. 34, the mode of the diameter of the megalos-
pheric proloculus shows a tendency to increase with time. There are here
10 arbitrary grouping of data for all samples. It is significant that the
modes of the microspheres, displayed on the same diagram, remain
invariant. The topmost histogram in Fig. 34 is for the related species A.
africana. The modes for the microspheres of this species remains un-
changed in relation to A. afra, whereas the mode for the diameter of the
megalospheric proloculi is much less,

The shift towards greater size of the megalospheric proloculus seems to
be a pradual change (cf. Chapter 2, p. 19), of the kind usually referred 1o
as phyletic gradualism,

Steps in the analysis of 46 borehole levels

The means for the 46 samples are listed in Table XVIIL. The variables
have the same meaning as in Fig. 25 on p. 105, Table XIX contains the
pooled correlation matrix for the samples and the pooled standard
deviations. The eigenvalues and eigenvectors of the within-groups correla-
tion matrix W* for all nine variables are listed in Table XX, together with
the diagonal clements of the between-groups matrix in the within-groups
principal compaonent space (¢l p, 109),
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Fig. 34 Histograms for the diameter of microspheric and mc_galpuphcric profo-
euli for ten arbitrary groupings of 91 samples of Afroboliving afra in the Gbekebo
borehole and one sample of A, africana from the Akisinde borehole.

The standardized canonical vectors for nine variables, including shrun-
ken estimates, are listed in Table XXI. In the present case, only the ninth
principal component has been shrunken, as it is small and also related t_u
u small diggonal value of the above-mentioned between-groups matrix
{"Tuble XX). These results do not differ markedly from those obtained for
the mixture of microspheres and megalospheres (Campbell and Reyment,
1978), : :

The principal components of W* (Table XIX) show an interesting
plarification in relation to the mixed analysis in that the diameter of t_he
proloculus of megalospheres oceurs in the third component in a negative
relutionship with length, This can be verified qualitatively as short tests
olten have unusually lirge prolocali, This tendency can be seen in the
mibsed diata, Bt s elonded by other relationships,
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TABLE XX
Eigenvalues and eigenvectors for the within-groups correlation matrix W*
for all nine variables: between-groups sums of squares for each principal
component

Eigenvalues () 1 2 3 4 5 6 7 8 9
4.501 1.237 0.783 0.670 0.508 0.457 0.387 0.300 0.159

Eigenvectors

u, 035 042 042 036 036 026 034 020 0722
u, 0.16 0.14 0.17 0.17 020 0.19 —-0.37 —0.61 - 0.56
u;  0.47-001 0.10 0.01 009 —0.86 002-0.12 0.02
ue —0.01-0.05 0.04 0.11 0.06—0.10 0.00 0.67 —0.72
us —0.49 -0.03 —0.15 0.54 0.49 —0.24 —0.32 0.06 021
us  0.01-0.08 0.05 0.71 -0.69 —0.04 0.09 —0.08 -0.01
u, ~0.21 -0.24 —0.22 0.09 0.25-0.04 0.78 —0.32 —0.25
ug  0.58-048 -0.49 020 0.18 0.28 -0.13 0.10 0.09
us —0.07 -0.71 0.69 —0.26 0.09 0.06 —0.05 0.00 0.08
1 2 3 4 5 6 7 8 9
diag{G_ o} 0.87 027 035 027 032 0.09 130 025 026

The pertinent formulae are (11) and (13) on p. 47.

TABLE XXI
Standardized canonical vectors for nine variables including shrunken
estimates

U, Uz i Pa Us Us . 19 iy canonical
roots f
ay 0.47 —0.18 0.10 0.12 —0.06 —0.09 —0.77 —-0.27 —0.24 —
as 070 0.28 0.08 0.13 0.48 0.08 0.29-0.08 027
¢ 0.00 -0.85 0.01 042 0.49 029 0.87 —049-0.13 2.021
cy 0.60 0.66-0.26-0.39-035 032 005 026 0.26 0.790

cho, .  0.07 —0.42 041 043 0.44 027 093 -051-0.17 1.914
¢ = 056 022 0.23-047—-0.33 0.39-0.08 037 032 0.737

The relevant formulae are given on p. 110,

The biolog for the first 36 borehole levels

The plots for the stabilized canonical variate means for the megalospheres
alone do not differ greatly from those obtained for the mixed sample of
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microspheres and megalospheres, illustrated in Fig. 27. There are, how-
ever, more agreements in oscillatory directions between megalospheres
and the resistivity log than for comparisons between that log and the
biolog formed from mixed data. In fact, 34 of 35 matches for ti!e fqrmer
pair agree in direction, whereas the figure for the latter pairing is 29
agreements out of 35, The removal of the microspheric tests from the
analysis has improved the biolog somewhat. (N.B. Observations on the
electrical properties of the sediment were only available for 36 of the 46
sampling levels.)

Steps in the analysis of upper 45 borehole levels

Table XXII contains the means for the top 45 levels from the borehole at
Gbekebo, The correlation coefficients and standard deviations for W are
given in Table XXIII and the eigenvalues and eigenvectors of that matrix
in Table XXIV. Table XXV contains the results of the canonical variate
analysis for the first two canonical vectors as well as shrunken estimates,

There are slight differences in the eigenvalues and eigenvectors of W7,
compared with the older set of samples, the most important of these
occurting in ug (Table XXIV) where variable 7 dominates, whereas it is
variable 4 that is highly loaded in Table XX. Also, in w;, variables 4 and
5 are strongly, and oppositely, loaded, while variable 7 dominates t; of
Table XX

The above-noted differences in the structure of some eigenvectors
strongly influence the elements of af and a3 (Table XXV} in relation tc
the results given in Table XXI for the lower 46 levels,

The shrunken estimators of Table 25 are little altered from the original
vector elements, such changes as occur being confined to the second
canonical vector,

Biolog for the upper 45 sampling borehole levels

The plot of the biolog for the canonical variate means, alongside 1hal short
normal resistivity log, is shown in Fig. 35. On the whole, there 15 less
close agreement here than for Fig. 27, which covers the earlier set of
observations. The main reason for this is that there is a sandy intercala-
ton between 896 and 900m. Here, the hiolog is the inverse of the
fesistivity log, However, apart from the sandy level, which doubtlessly



SEPETT Ero9t CTET'PE  TZST'EL  09%60°CT  OQET9PT  €69L9¢ 000F'S¥  6ELLOCT €T &
L6701 9TrE'E 0005°ZE  8B0OTI €Z8Y'IZ  880T'€T  90TS¥PE  6S0S'I¥ 8660901 89 ¥
00¥£°01 (/AR 00BF'8T  O09LT'€ET  Q9£5'6T  089£0T  08bF6T  OPBESE 091588 YA ) 4
£89T°6 6286'C LOLT'BT  TISBCT  9teLl'el S611°0T  +EQTH6T  8BYI'9C  LIEP' L6 v T
0006°01 EETTE 2997708 €EELPT 000961  00Z9'IT  €EIOTE  99BE'LE  €E16T0T ST 184
00T’ 6 000T'¢ 0080'6Z  OPBT'CT 089961l  O0OPI'IT  O91IT'CE  0TE08E  00P6'E6 s¢ OF
0000°01 0000°€ YIL6'8T  LO99'CT TT89'61T  LEBSOT  €68S6T  PILO9E  LSBL'SB 8¢ 6%
£L56°0 £9T6'T €E60'87  £LSP'TT 009L61  €££8°0T  99T9'8T  990T'Lt  99+6'V8 ST 8t
£95T°01 L1810t STOS8T  LR/96'TL  TI0R'6I  OSTU'IT  SLBL'OE  SLEWLE  T1E6'88 91 (Lt
00sL°6 SL86'T £959°87  GTOS'TT  00STET  T9SS0T  0006'6T  LBIT'LE 000998 91  9¢
(4543 1]" 6E6E'E 9LS6'TE  tOETSI €0EL0T  €0EPTT  TLIF'TE  BPBY6E  8LBTOL 9T ct
EEEETT L990°¢ LTel’te  00STPI L999°vZ  LOLF9T  L99E'SE  EBSTTF  0005°L6 [4 . 4%
£EESOT 009T°¢ £999°0¢  L99TET  EEILIT  L996'cT 99810t  99FO'LE  OQ0CT'SL ST et
w0901 [4147%8 TOTL'EE  SL8YST  OSLE'ST  STI®O9T TkS¥LE TPOVPOY  ECBTLOT T ©€
SZIV1T €90T’E CL8T0E  SEP8'PT  8BITTT  B8EGSET  0STOIE  €959'6tE  88I9Y'6L g1 1€
00st'1I1 L96T°E L996'TE  ISTTFT  L98S'TZT  995T'tT  00TL'EE  O0OTETY  0OT9'06 ot om
65LT'6 118 TESY'TE  E6LEPT  LIST'ET  E6LVPT  €8PT'SE  VILVTY  LTBO'GB 6C 6
o9t8e0T 808T't g£ce9ee  IELlbl Lege'er  80BL'ST  TELL'SE  TOI0VP  VBBI68 9 8L
SLEVOT 0Siee $TO0'tE  BEOSPI SLE6'TT  SL89'ET  Le¥O'LE  STOVTP  LEVOSH 91 Lc
£EEE6 EE8LT OT6'ET  LIPEFT  L999°BI LOIF61  00sT0t  OSLEOE  LIvS'SR a9
EPIL'8 £r16'T YILSPT  6TPT'ET  LSBT6T  €¥19'6T  PILS8T  TLSBPE ahmm.ma L £C
956507 1119 SLLLLE  €EEE9T  0000'HT  SSSS9T  TLTT9E  LLLT9FY 1119901 6 ¥
987601 9BEV'E PILOSE  6TPLOT  €FOY'ET  TLODPT  9BIG'LE  6TFT'OF  1LSER'HS ¥l £z
LSRTO1 LSEV'E LSBTOE  000S'PT  00ST6OT  PTILOTZ  98LT0E  HITTLE  RT6DSY 12! T
L91¥'6 L9Tt’E 0005°1E  O00SLFI LOIP'0T  0000°TT  0Q009'6Z  EEBT'BE  EEECEL [ 1c
6CPT'TT EFOrE EFIL'CE  6TYT'ST  6TPI'€T  98T6'TT  LSST'EE  LSSPTY  PILSOR LA 1
£856°8 ££80°C €EBEBT  LI6TFT  0STOLT  0000'SL  €80L°9C  €8S0°CE  0SLL69 [4! 61
6060°6 9e£9¢°¢ 0000°TE  SSPSPT  TBISTT  F9E€9'ZT 160V TE  LTLOGE  +SHOFE IT 381
0008°6 . L98Y'E 0000'EE  €EES°ST L990°TT  L9TE6'ET  998TFE  L9PTTF  O009'RL ST L1
£€85°01 LO1¥'E L999°TE  ££8SPT EBC6'0T  EEE8TT 000T'TE  €EBE'BE  CERE'SL ST 91
PSIOTT 0009°€ BESO'IE  69L6'11 1€C6'vC  19%5°€T  E£T66'FE  LOED'I+  SI9T'66 L1 €1
LIS L9T¥'E 00SL9T  EEEEFI L91¥ 61 LIT9°0T  L99T°LT  €8SP'EE  EEESTO (A S 4
68888 950t 6888°LT  98SSTT TI150T L99T'IC  688B'6T  SSST'9E TTZiveLl 6 £l
SYEvy1l 0005°t BIBT'IE  6060°CT  0000°TZ 000022  (QO00'CE  BISFZF  000EC8 | A
SLBT'TT STI8'E §T90'IE  £959°CT SLBI'CT  SLBY'ET  SIBE¥YE  SLBRT'TP  LBIE66 91 11
£ERS'6 0siee LOTP'8T  £EE8ET L99T°0T  LIPSOT  L9106T  L9T09E  E£EE6'EL T 01
EEEEOT L1990t 0000°6C  000T'ST EEEE6L  L99%°6T LOTT'6C  L99%0°8E  000T'+9 91 6
000T'6 000t 00020t 000E'€Y 000861  0090°CT  O0IR0E  00SE6E  00SL'LS 01 8
°9LY 6 TL8T°€ 9LPO’LT  9BTY'ET  0000°0Z 000002  Z9LU'ST  +2S9°9¢  SO68'LL 1T L
L9T¥'6 0520°¢ 000T'ST  0Q00S°€T  €EBSBT  LIFS8I £EBSTLT  999TFE  LIVSOL T 9
EEEE'6 SLBE'E £EB0'6T  £BS6'FT £80¢£°81 SCIr'61 L999°6T  LIPO'LE  LOTE08 e S
oose's 00Cr'E 00€0'1Z  0009°TT  €E€LL°9T  00SL'LT  L9ILET  O00TB'ST  ODDYHS L1,
08.9°6 2019 LI09°LT  LOVP'LT  9€18'8T  6TLO0T  8IISBT  LIOL'9E  68£79L 65 €
967101 £65L°E 9T66'LT  SSSCO9T  LOPL'6L  vLOVOT  BFIV6T  SFIVLE  T659°E8 e c
000¥' 11 EEER'E L990°0€  ££€5°9T  0009'61 EEE6'0C 00PPZTE  0086'6E  EEST'06 &1 I
6 8 L 9 < ¥ £ z 1 N s[ea2]

0gay3q0 woiy sapdwes g jo 108 1addn sy 10§ vifp PUMj0qOafy dLIaydsoredaw o sordures [fe 10] SUBIN]
XX HIdV.L

147

146




TABLE XXIII
Correlation  matrix computed from matrix W, and pooled standard
deviations

By vy Us Uy v vg V7 vy Uy

v 1.000 0.705 0.709 0.493 0.513 0.179 0.567 0.236 0.187
U, 1.000 0.785 0.555 0.573 0.289 0.668 (.306 0.382
Us 1.000 0.575 0.583 0.271 0.596 0.277 0.210
ty 1.000 0.628 0.236 0.424 0.228 0.213
ts 1.000 0.222 0.431 0.171 0.190
Ug 1.000 0.174 0.083 0.069
Ur 1.000 0.405 0.389
Ug 1.000 0.301

1.000

Uy
Standard
deviations 18.350  4.466 3.996 2.990 2,548 1.657 3.255 0.405 1.869

TABLE XXIV
Eigenvalues and eigenvectors for the within-groups correlation matrix W*
for all nine variables; between-groups sums of squares for each principal
component

Eigenvalues () 1 2 3 4 5 6 7 8 9
4.342 1.153 0.891 0.717 0.666 0.385 0.364 0.292 0.190

Eigenvectors
u; 038 043 041 035 035 017 037 021 0.20
w»  0.13 001 0.16 021 0.27 0.29 -0.25 —0.57 -0.61
u; 023 003 010 006 0.12-093 0.05-0.16 -0.17
u, —0.17 0.05-0.13 0.16 0.21 —-0.04 —0.10 —0.63 0.69
us 034 026 0.19-057-0.45 0.10 028 -041 0.05
ug —0.37 -0.12 -0.21 -0.18 0.37 0.02 0.76 —0.14 —0.21
u; 012 005 0.04-0.66 063 0.01 -034 0.15 0.0
ug —0.70 036 0.58 —0.08 —0.07 -0.11 —0.12 0.0 —-0.00
us  0.06 -0.77 0.60 —0.04 0.01 0.04 0.10-0.03 .17

diag{Ge.. o} 0.76 0.16 1.07 0.29 026 056 0.17 0.41 0.12

t{Gu, of=3.798

See formulae (11) and (13) on p. 47.
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TABLE XXV
Standardized canonical vectors for nine variables including shrunken
estimates

Uy b i3 Va Us i By g vy canonical
roots, f
ay 0.57 —0.09 —-0.52 —0.30 —0.58 —0.44 0.25 —0.23 0.01 —
as —0.27 0.01 —0.75 —0.08 —0.20 0.39 —-0.06 0.37 —0.16 —
cy —0.40 024 022 027 020-049 0.71-049 -0.06 1403
Cé ~0.95 042 -0.02 004 0.15 066 0.34 023 -015 1.165

o= —0.39 022 023 027 0.19-049 071 —0.49 —0.05 1.403
cxo.- —093 014 0.02 003 0.16 0.68 039 0.22-009 1.138

The steps for doing these calculations are given on p. 47.

represents a less favourable environment for A. afra, the directions
followed by the oscillations agree well (to the extent of 75% for all 45
levels).

Source of inaccuracy

As demonstrated in the beginning of this chapter (p. 143), there is a
gradual morphological shift in some characters of A. afra with time,
manifested most clearly in the diameter of the megalospheric proloculus.
There is also a glide in the covariance structure, as reflected in the
canonical vectors and the eigenvectors of W*. As is to be expected, this
seems to have an influence on the biolog. For example, the topmosi
canonical means of Fig. 35 show a positive trending tendency. However,
the plot of the entire set of observations (Fig. 36) does not show this
trend so distinctly. If only variables showing distinct sensitivity to en-
vironmental effects are included (here, variables 1, 3, 4, 5 and 9), the
trending of the topmost observations is accentuated, becoming paraboli-
cally curvilinear. The suggestion we can make here is that for the analysis
of long sequences of samples in which a “chronocline” in one or more
characters exists, it is advisable 1o prepare the biolog from subsets of the
data and to join together the curves produced, after standardization of
the canonical variate means. Alternatively, one could delete the variables
showing gradunl, directed shifis, basing then the biolog on the variables
that are free Trom phyletic changes, should such oceur.
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Spanning trec.,

It should here be mentioned that the shift in size of the diameter seems
to be largely uninfluenced by the changes in size shown by the other
variables, which I interpret as being mainly of ecological origin. It seems
as though the megalospheric proloculi could have undergone a genuine
phyletic change.

All samples analysed simultaneously

Figure 36 shows two biologs (unstabilized, raw data and stabilized canoni-
cal variates) for 81 levels in the Gbekebo borehole. The short-normal
resistivity log is also shown, A point of interest is that there is an overall
trend to the right in the biologs. This is slight admittedly but the shift is
unmistakable. The electrical log does not display a sustained trend,
although the proportion of coincident directions of oscillation is very
high, being 65 out of a total of 80 matches.

A byproduct of a biolog, suggested by its agreement in variational
directions with the resistivity and SP logs in homogeneous shale, is that in
situsations where observations on the electrical properties of the sediment
are lacking, for some reason or other, the biolog may serve as  first-level
approximation to those curves.

9
Summary of Methodology

In this chapter. I shall be concerned with mapping out a general strategy
for analysing borehole data. It will be assumed that the data will consist
of

(a) pieces of core, sampled at known levels in the borehole,
(b) a suite of physical logs of the usual “Schlumberger™ variety,

that is, gamina ray, neutron, electrical logs, sonic, ete. In particular, it is
recommended that the short normal resistivity log should figure among
these.

Preparation of the samples

There are a wide variety of techniques used in micropalacontological
luboratories for extracting microfossils from sediments, Particular atten-
tion should be paid to methods that do not damage the specimens, as
some of the forms of biologging that turn out to be useful require
necurnte olmervations on discrete characiers of the shell, such as spines.
Strong heating is seldom o good method o use if you want to make
detpiled anntomienl studien of your fossils,
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The preliminary search

The actual scientific work will start with a preliminary search of the
washed residues for those long-ranging species which occur in sufficient
numbers throughout the boreholes. This is the opposite philosophy of the
usual approach adopted in miﬂnpﬁlaﬂcntﬂlogica‘l work in which the
search is for short-ranging marker species. For the best results, in
conjunction with the physical logs, these will need to be benthic species of
foraminifers and ostracods. Planktonic species are difficult to relate to the
ecological conditions as refiected in the host sediment; thence the stress
on endobionts, in the first instance, and epibionts as a less suitable
alternative.

This phase in the analysis is probably its most brittle part, Clearly.
there is no way of knowing how rich a suite of samples is going to turn
out—some levels may prove to be satisfactory, but there may be many
large gaps in the sequence. Of course, you are not obliged to use animal
microfossils and in many situations it might be a good idea to advance on
4 broad front by using both animal and plant fossils.

As an example of the kind of result one can expect, 1 can take the
Nigerian material forming an important part of this text. Only one of the
multitude of species, the by now familiar Afrobolivina afra, has the
vertical and horizontal extensions, as well as the aumbers, to be really
suitable for the preparation of a fully developed biolog. We have alse
seen how it played an important part in the preparation of an ecolog, Al
this point, it is also 10 be recommended that a sketch map of the geology
of the area and the locations of the boreholes be prepared and kept al
hand as the various techniques are applied to the data. This might seem
obvious but it is worth repeating. Nonetheless. 1 have frequently noted
that we micropalaeontologists do not always take the geopgraphical factos
into account, The locations of the Nigerian boreholes referred to in this
book, to wit, Akisinde, Araromi and Ghekebo, are shown in Fig. 20,

The measurements

Assuming now that a suitable species, or a set of species, has been
selected, the next step in the work is to make the measurements, This
will, of necessity, involve a certain amount of puess-work in the beginning
as to which of the many possible variables are diapgnostic. My supestion
i that you take one of 1wo lnrge samples and muke o detailed mul
tivarinte onalysis of them using, for example, "aetor pridysin™ dn the
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manner expounded in Joreskog er al (1976). In this manncr, it will
usually be found possible to identify redundant variables and, as @
consequence, the continued measuring can be restricted to the variables
likely to contain the most biological information of relevance 10 the
problem at hand. Note that the term factor analysis is here used generi-
cally for a class of techniques for analysing single samples. 1f you intend
using ratios of some kind, take particular care (cf. Simpson et al., 19610,
pp. 13-19). You are most likely to run into trouble in situations where
there are very pronounced allometric differences between yariables.

Regarding the actual technique of making the measurements. 1 prefer
to use scanning electron microscope (SEM) pictures (carefully calibrated).
This is not to say that measuring under the light microscope is banned 10
the present connection. However, the SEM pictures form a permancni
record of the objects measured and if you are having trouble with what
could be an outlier, you can quickly go back to the specimen in doubt and
check your observations. Perhaps a look at Table T (p. 11) again will
refresh your memaory concerning the havoc that an outlier can wreak with
your analysis.

In a normal investigation of a borehole, the number of photographs 10
be stored may become great and it is therefore advisable to work within
the framework of a carefully constructed book-keeping system. In Up-
psala we have one sel of books for the washing of samples, preliminary
micmp:a.laemtmlng;icu'l determinations and the necessary information con-
cerning pieces of pre-washed core sampled for geochemical analysis. A
second set of notes contains the details of the SEM photography, magnifi-
cation, calibration, and any special observations on specimens requiring,
detailed structural study. preservation, evidence of reworking, ete. The
third volume contains the measurements, ordered according to depth in
the borehole. All three hooks are cross-referenced so that, for example.
the geochemical determinations belonging 1o 3 particular level, or the
photograph underlying a set of measurements can be identified withoul
trouble. Finally, a fourth set of books is kept for the statistical analyses of
the measurements.

Processing of the data

Cyver the years, 1 have built up a very comprehensive jibrary of statistical
routines, particutarly programs for carrying out special mulivariate stiis:
Leal compulations. A pood deal of (his material has been published (see,
fon cxnmple, [teyment, 1074 Binekith andd Reyment, 17y Statestes i,
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however, a rapidly evolving science and it is necessary to keep a constant
watch on the statistical literature in order to keep the program library
fully modern and, in consequence thereof, of progressively increasing
value for analyvtical work. I have therefore considered it pointless to
publish computer programs as these would have been out of date even
before the book had left the press. The journal Computers in Geolozy is a
valuable source of geologically orientated programs.

The analyst will have decided how much time and effort he wishes to
put into obtaining a biolog. In industrial connections, time may be of such
over-riding significance in a particular project that it may have been
concluded that a biolog constructed from Auctoations in means, with or
without confidence intervals, must suffice as a first measure. As | have
demonstrated in Chapter 4, quite a lot can be won from a simple study of
this extent, particularly if it be based on ostracods (probably, also, pollen-
grain dimensions).

A word on organization and personnel. There have to be at least two
persons on the job il you intend getting something done within a
reasonable time. The work can be divided so that one keeps to the SEM
photography and measuring while the other can do the statistical work
and see that geochemical analyses are done, if required. The SEM work
requires a particular kind of person, who will not balk at the thought of
five to six hours a day on the instrument and who is able to do the
maintainance necessary to keep it in fully satisfactory order. We have
found the latter requirement very important in our work as no matter
how finicky you are about cleanliness, constant running of an SEM is
attended by a deterioration in picture quality. It is good practice to clean
the column at far more regular intervals than the manual specifies.
Remember, fuzzy pictures make fuzzy measurements,

A logical first step for producing a biolog is the first transformed mean
of canonical variates for your samples. My program for canonical variates
Canren (updated and revised as of May, 1979) can take up to 6
stratigraphical levels at a time and 30 variables. Normally, I would go in
with this program if dealing with ostracods and expect it to give good
results. It has, in 1ts original version, had ten vears of international testing
{dating from Reyment and Ramdén, 1969) and it has been carefully kept
up-to-date. More often than not, you will find yourself dealing with
benthic foraminifers and then you should consider, seriously, whether size
differences (se¢ p. 67) are going to give you spurious fAuctuations in
means, More often than not, they will. In that case, you will need 10 use
more complicated tools. There are two avenues apeén now,

In my opinion, it is best to start with an appraisal of how stable the
results for the standard canonical variate analysis are. For this, the
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procedure devised by Campbell (see Campbell and Reyment, 1978} is the
most suitable method, If the estimates yielded by the standard procedure
are stable to the extent of only differing slightly from shrunken estimates,
then I should think that you can accept these and go ahead to produce
vour biolog from the setl of first canonical means; as described in the
foregoing. 1f your values turn out to be very unstable, Campbell’s method
has the built-in advantage that you can see which of the variables are
causing the trouble.

I also carry out a study of the effects of removing growth vectors from
the set of samples. Often, the biolog deriving from this analysis approxi-
mates that obtained from the shrunken estimates of canonical variates. If
you are using a foraminiferal species for making your biolog it is always
advisable to see how much of the variation you are finding is due 1o mere
size differences due to the growth stage attained by individual specimens,
This can be carried out by means of the Burnaby-Gower technique,
presented in an earlier chapter.

A further point concerning canonical variates should be mentioned.
The interpretation of plots can sometimes pose a special problem and, at
the worst, lead to misleading results. To illustrate what | mean, | have
included a figure showing the plot of the first and second canonical
variates for 12 levels in the Gbekebo borehole (Fig, 37). On first sight, it
appears that the canonical variate means of the 12,9-variate samples of
Afroboliving afra are differentiated along the first canonical variate axis
such that the first two samples lie at one extreme, then there is a cluster
of the other ten samples with the last two being displaced by the second
canonical axis, but not the first. This is generally an accurate representa-
tion of the plot; however, when it comes to interpreting relationships
within the principal cluster of the plot, lying between —0.01 and 0.04 on
axis 1 and —0.07 and 0.00 on axis 2, incorrect assumptions can easily be
made. It seems obvious that samples 5 and 8 and 4 and 6 are very close to
each other.

The affinities disclosed by drawing in the minimum spanning trec are,
however, different in many respects (Prim, 1957; Evenitt, 1978; Ross,
1969). A “wee” spanning n points in multivariate space is said to be a
minimum spanning tree if the set of straight-line segments joining pairs of
points s such that no closed loops occur, each point is connected by at
least one line and, there are paths between any pair of points. Plotting a
minimum spanning tree (or Prim network) is a very useful way of bringing
ot distortions produced by an ordinating procedure such as the reduced
dimensionul representation of mullivariate data by canonical variate
anadysis, In the present example, it will be seen that the structure of the
minimim spanoing tree i Fige 37 diseloses that samples 5 and 8 are
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really not close to each other and that groups 4 and 6 are closer to 8 and
3, respectively, than 5 and 8 are to each other; likewise for the relation-
ships between samples 4, 7, 3 and 6. Samples @ and 10 seem to lie
reasonably close together but this is also an illusion.

The Prim networks are here computed from the generalized distances
between the ten samples and the same conclusions as indicated in the
foregoing paragraph can also be arrived at from an inspection of the
table of D?. For ten samples, this is a straightforward procedure but for
the 92 samples of the entire Afroboliving material, it is quite out of the
fuestion to attempt to rationalize the distance relationships by inspection
of a table of D?. It is in such situations that the minimum spanning tree
can provide invaluable information about the relationships in a plot,
particularly plots of the kind produced in the present connection in which
interested is directed towards identifying secular variations in morpholog-
ical characters,

The rationale behind the use of the minimum spanning tree for
unravelling relationships in two-dimensional plots of multivarate data
can be understood if we consider our view of the stars on a clear night. To
us, they seem to be spread about on a two-dimensional background and it
is not possible for the observer to assess true distance relationships.
Stars that seem to lie close together often are separated by vast distances.

Comparing the biolog with the physical logs

The next step is to compare your biolog with the physical logs. The most
diagnostic one of these to start with is the short-normal resistivity log
although the SP log and redox log give good results (Pirson, 1977). This
may agree closely with the biolog. as is the case for the Nigerian
boreholes discussed in this book and, if so, it may be taken to reflec
ecological Auctuations in the environment (cf. Pirson, 1977). In the case
of the Nigerian boreholes, the reason for this is not difficult to find, as the
sediments containing the microfossils were deposited during a major
transgressional-regressional event in latest Cretaceous time, which left o
clear imprint on the sedimentary sequence. This kind of situation will nol
always have pertained and it will probably be found in many cases thal
the physical and biological logs have little in common. This s likely 1o
arise where the sedimentary sequence is heterogeneous in nature,

If, however, several of the logs show the same trends, it may be uselul
for advanced interpretational work to produce a composite log (p. 106
from the first principal component, or equivalent statistical procedure, of
the logs, This composite log may be suitable Tor presenting the quantita
tive information on the borchole as o single curve
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Frequency logging

Side by side with the morphometrical biolog, 2 frequency log, or logs, for
diagnostic long-ranging species can be made. Frequency data were used
in the example in which the ecolog was introduced in Chapter 6, :_md
Gordon and Birks (1974) discuss several case histories in detail, This is a
well-known approach and one that has been greatly popularized by
Pleistocene geologists.

Comparing boreholes

The final phase of the analysis is concerned with comparing logs of
adjacent boreholes with the end in view of correlating as cluscly_ns
possible between them. As has been shown in Chapter 7. the slotting
technique is a general procedure which can effectively compare between
boreholes on which “curves” are available. If marker beds, or the like,
oceur, information on the location of these in the boreholes can be used
to increase the effectivity of the slotting,

Slotting 1% an attempt at providing a means of automatic borehole
correlation. Not infrequently, the direct (visual) comparison of curves can
yield a perfectly satisfactory result. Slotting should be kept at hand as a
means of helping to resolve knotty situations. [t should also be mentioned
that the slotting result is not intended to provide the only possible
comparison. It is a tool, and should be understood as such; its main
usefulness lies with the possibilities it offers of obtaining an initial,
hopefully fairly accurate, juxtaposition of two or more boreholes.

When not to make biologs

The hiolog is meant to be used as a means of extricating oneself fmr.n a
troublesome situation such as can be expected to arise with a thick,
monotonous and homogeneous sequence of sediments containing a few
long-ranging fossils, none of which is a zone fossil. It cannot be recom-
mended for sedimentary sequences marked by frequent and sharp
changes in lthology and with elearly demarcated fossil associations. The
traditional methods of palacontology are perfectly adequate for like
sequences and it would be Tudicrous 1o go ahead with the work involved
i prowducing o biologioal log in sueh cases
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This piece of advice may seem magisterial, but I fear that once a
laboratory has gone to the expense of setting up the analytical procedures
necessary for producing a biolog, etc., the temptation may be overpower-
ing to treat all data in this fashion.

Adequate slotting records

Assuming that most investigations will include correlations between
boreholes, or correlations between logs of the same borehole (often a
useful approach), some attention should be given to the presentation of
adequate records. The slotting result ought to be accompanied by infor-
mation concerning the kinds of logs used, whether or not they have been
standardized before processing and, if weighting has been introduced,
what the proportions between weights are. As an illustration of how the
records can be presented, | have used the data for Fig, 24, the biologs for
Cytherella sylvesterbradleyi from analogous levels in the Paleocene por-
tions of the Araromi and Ghekebo boreholes. The material is presented
in Table XXVI. It is not usually necessary to depict the entire slotting
result, although this may be advisable if there are no marker levels, If
physical logs enter into the study, their properties should be recorded in
the same manner. The results for a slotting based on compasite logs may
be treated in the same way.

TABLE XXVI
Example of adequate slotting records for the material illustrated in
Fig. 24,

Species = Cytherella syluesterbradieyi

Araromi (=A) Gbekebo (=G)
Mean 0.739 1.399
Standard
deviation 0,364 0.474
N g 9
Slotting results
i =0.265
The slotting ordering is
L] G GGG G G G
A A AAAA AA A
Top Bottom

No constraints were used, but the readmgs were stapdigeized
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