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Stellingen

10.

. Gewoonlijk leiden statistici vanuit cen model en een optimaliteitscriterium de optimale techniek

af. In technieken die niet op die manier tot stand gekomen zijn, wordt het inzicht vergroot door
te zoeken naar een bijbehorend optimaal model.
Dit proefschrift.

. Een benadering van een statistische techniek is soms redelijker dan de statistische techniek zelf,

Besag, J. (1986). On the statistical analysis of dirty pictures (with discussion). J. R. Statist.
Soc. B 48: 259-302.
Dit proefschrift.

. Hoofdcomponentenanalyse en correspondentie-analyse verschillen in metriek. Achter dit ver-

schil gaat een verschil in model schuil.
Dit proefschrift.

. Partiéle kleinste-kwadratenregressie en Procrustes-analyse benadrukken respectievelijk de va-

riabelen en de objecten in één singuliere-waardenontbinding van de matrix van covarianties
tussen de variabelen in de ene configuratie van objecten en die in de andere.
Aagtveit, A, H. & Martens, H. (1986). ANOVA interactions interpreted by Partial Least
Squares regression. Biometrics 42: 829-844.
Sibson, R. (1978). Studies in the robustness of multidimensional scaling: procrustes sta-
tistics. J. R. Statist. Soc. B 40: 234-238,

. Expertsystemen kunnen een kader bieden voor groei van kennis over levensgemeenschappen.

. Net als variantie is de diversiteit van cen levensgemeenschap cen eigenschap van de tweede orde

en dus moeilijker te schatten dan dichtheden van aparte soorten.

. Het promotiereglement van de Landbouwuniversiteit sluit met de eis dat stellingen vatbaar

mocten zijn voor bestrijding wiskundige stellingen uit.

. Modelbouwers zijn optimisten, statistici pessimisten.

. ,,Was sind das fiir Zeiten, wo

Ein gespréch iiber Biume fast ein Verbrechen ist
Weil es ein Schweigen Uber so viele Untaten einschliesst.”

Brecht’s dichtregels zijn ook van toepassing op wetenschappelijke kontakten met Zuidafrika-
nen.
Brecht, B. (1973). An die Nachgeborenen (1938). In: Svendborger Gedichte, Suhrkamp.

Sport is betaalde arbeid of het afreageren daarvan.

Cajo J. F. ter Braak
»Unimodal models to relate species to environment™
Wageningen, 16 november 1987
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Samenvatting

Bij de theoretische onderbouwing van natuurbeheer en milieu-effect-rapportage moeten de gevolgen
worden getaxeerd van milieu-ingrepen op levensgemeenschappen. Kennis over de relatie tussen milieuva-
riabelen en het voorkomen van soorten is daarbij onontbeerlijk. Ecologen proberen die relaties te achter-
halen door op verschillende monsterplekken soorten te inventariseren (op aan/ afwezigheid of abundantie)
en tevens huns inziens relevante milieuvariabelen te meten. Het onderzoek, dat tot dit proefschrift heeft
geleid, richtte zich op het ontrafelen van de vereiste veronderstellingen van statistische methoden, die vaak
door ecologen worden toegepast en op het ontwikkelen van een nieuwe techniek.

Vanuit klassiek statistisch oogpunt zijn soortgegevens moeilijk te verwerken:

- er zijn veel soorten bij betrokken (10-500);

- heel wat soorten komen maar op weinig plekken voor, dus de gegevens zitten vol nullen;

- verbanden tussen soorten en milicuvariabelen zijn vaak niet rechtlijnig, maar ééntoppig: ecen plant
bijvoorbeeld groeit bij voorkeur onder ¢en voor dic soort optimale vochtconditie en wordt zowel op
drogere als ap nattere monsterplekken minder aangetroffen. Een wiskundig model voor een eentoppig
verband is het Gaussische responsiemodel.

Klassicke methoden als lineaire regressie, hoofdcomponentenanalyse en canonische correlatie-analyse
kunnen niet zinnig worden gebruikt, omdat ze van rechtlijnige verbanden uitgaan. Eén van de methoden,
waar ecologen wel mee werken, is correspondentie-analyse. Het inzicht in het achterliggende responsie-
model hiervan liet tot voor kort te wensen over. Via correspondentie-analyse wordt een ordening in soorten
en monsterplekken aangebracht (ordinatie) om de structuur in de gegevens te laten zien. De ordening wordt
vervolgens aan de milieuvariabelen gekoppeld. Het is eent indirecte methode om relaties op te sporen, ofwel
een methode voor indirecte gradiénten-analyse,

Correspondentie-analyse werd omstrecks 1935 ontwikkeld, maar staat bij ecologen pas in de belang-
stelling sinds 1973, Toen leidde M. O. Hill de technick opnicuw af als het herhaald toepassen van gewogen
middelen - een methode waar ecologen al sinds 1930 mee vertrouwd zijn. Gewogen middelen heeft het
voordeel van de cenvoud bij toepassing op ecologische gegevens. Deze techniek kan voor twee verschillende
doelstellingen worden gebruikt, Ten eerste kan het optimum van ¢en soort voor ¢cen milicuvariabele ermee
geschat worden. Ten tweede kan bij bekende optima de waarde van een milieuvariabele op een monsterplek
worden geschat (calibratie) aan de hand van de soortensamenstelling (dit is ook de methode die Ellenberg
aanbeveelt voor gebruik van zijn milieu-indicatiegetallen).

In hoofdstuk 2 wordt het schatten van optima met gewogen middelen vergeleken met de resultaten van
niet-lineaire regressie op basis van het Gaussische responsicmodel. Onder bepaalde voorwaarden blijken
deze twee methoden precies overeen te komen. In andere gevallen schat men door gewogen middelen het
optimum onzuiver en verdient nict-lineaire regressie de voorkeur. Bovendien kunnen met nict-lincaire
regressie responsiemodellen met meer dan é&n milieuvariabele worden aangepast. In hoofdstuk 3 wordt
het schatten van de waarde van een milieuvariabele via gewogen middelen afgezet tegen calibratic op basis
van het Gaussische responsiemodel. Ook hier blijken de technicken soms equivalent te zijn, Hoofdstuk
4 gaat in op correspondentie-analyse. Er wordt aangetoond, dat correspondentie-analyse onder bepaalde
voorwaarden een benadering geeft van ordinatie op basis van het Gaussische responsiemodel, wat qua
rekentechnick veel ingewikkelder is.

Indirecte methoden voor het opsporen van relaties hebben een belangrijk nadeel. Een aantal milieuva-
riabelen kan de soortensamenstelling zo sterk beinvloeden, dat het effect van andere interessante milieu-
variabelen niet meer te achterhalen is. Alleen directe methoden als mict-lincaire regressic ondervangen dit
probleem, maar niet-lineaire regressie met veel soorten en milicuvariabelen is zeer bewerkelijk. In hoofd-
stuk $ wordt een veel eenvoudiger directe methode voorgesteld, canonische correspondentie-analyse. In
hoofdstuk 6 blijkt canonische correspondentie-analyse een multivariate vitbreiding van gewogen middelen
te zijn. De resultaten kunnen grafisch weergegeven worden. In hoofdstuk 7 wordt een uitbreiding met
covariabelen besproken, wat leidt tot partiéle canonische correspondentie-analyse. Er wordt tevens op
gewezen dat Gaussische modellen en canonische correspondentie-analyse kunnen worden toegepast op
afhankelijkheidstabellen,

Hoofdstuk 8§ beschrijft onderzoek om ecologische amplitudes van planten ten opzichte van de vocht-
schaal van Ellenberg te bepalen op basis van alleen soortgegevens. Hoe consequent de vochtindicatie-
getallen zijn is ook onderzocht. Hoofdstuk 9 tenslotte geeft een overzicht van gradiénten-analyse, Er is
een computerprogramma ontwikkeld, CANQCO, waarmee het merendeel van de behandelde technieken
kan worden uitgevoerd.
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Voorweord

Dit proefschrift is voortgekomen uit mijn werkzaamheden als consulterend
gtatisticus voor het Rijksinstituut voor Natuurbeheer (RIN). Herman van Dam
en Paul Opdam waren daar de eersten die mij advies vroegen over ordinatie en
cluster-analyse. Via het WAFLO~project en de SWNBL-studies brachten Rien
Reijnen, Jaap Wiertz, Niek Gremmen, Geert van Wirdum en Douwe van Dam me in
contact met milieu-indicatie-getallen van hogere planten. Hun vragen en op-
merkingen, en ook die van Hans van Biezen, hebben me bijzonder gelInspireerd.
Later vormde ook het EKQO~project van Piet Verdonschot een stimulans., De
directies van het RIN, het vocormalige IWIS-TNO en het ITI~TNO ben ik zeer
erkentelijk voor de ruimte en vrijheid die ik heb gekregen om dit onderzoek
vorm te geven. Ik wil hiervoor met name danken de heren J.C.A. Zaat {IWIS-
TNO) en ir. A.A.M. Jansen (Groep Landbouwwiskunde} en dr. A.J. Wiggers, dr.
R.A. Prins, dr. A./B.J. Sepers en dr. C.H. Gast (allen van het RIN).

Tijdens een conferentie over statistische ecologie in 1978 te Parma kwam
ik in contact met Rob Hengeveld en Bas Xooijman. Mede van hen heb ik geleerd
hoe belangrijk unimodale modellen zijn voor de ecologie en hoe moeilijk ordi-
natie dan is. Tijdens mijn studiejaar (1979/1%30) in Newcastle upon Tyne
leerde ik Colin Prentice kennen. Hij werd mijn goeroe zonder wie ik dit on-
derzoek niet tot een goed einde had kunnen brengen. Mijn bezoek in 1980 azan
Mark Hill in Bangor heeft grote invloed gehad. K was toen, mede door het
contact met professor Corsten, zeer gecharmeerd van de elegantie van de
hoofdecomponenten—-analyse~biplot. Mark sprak zijn misprijzen uit over de toe-
passing hiervan in de ecologie, maar kon mlj niet duidelijk maken wat het
model was achter zijn "detrended correspondence analysis". In 1981, terug in
Nederland, nam ik deel aan de PAO~cursus "Niet-lineaire multivariate analyse"
te Leiden waarbij ik kennis maakte met het werk van Albert Gifl. Hoewel
"niet-lineair" veelal "monotoon" betekende, heb 1k veel aan de cursus gehad.
Het werk van Willem Heiser daarin over ontvouwing ging wel uit van unimodale
modellen., Pas later heb 1k ingezien hoe nauw mijn eigen werk aansluit bij de
hoofdstukken 6 en 8 van zijn proefschrift. Willem merkte ook de grote over-—
eenkomat, op tussen canonische correspondentiermanalyse en Abby Israéls' redun-
dantie—analyse voor nominale varlabelen. Willem en Abby, hartelijk dank voor
de vele zinnige discussies!

Een bijzonder stimulerende invloed hebben ock Onne van Tongeren, Rob
Jongman en Caspar Looman gehad. Bedankt voor de goede samenwerking tijdens en
na de PAO-cursussen "Numerieke methoden voor de verwerking van ecologische
gegevens”.

Ik dank ook mijn c¢ollega’s op het Staringgebouw voor de prettige contaer
ten, Zonder de secretari®le ondersteuning door Mary Mijiing en Joke van de
Peppel en de technische ondersteuning door Martha de Vries zou dit onderzoek
alleen maar bij een idee gebleven zijn. De mensen van de tekenafdeling en de
fotoafdeling van het ICW wil ik hartelijk danken vcoor het teken— en fotowerk
dat ze tussen de bedrijven door voor me hebben gedaan. De bibliotheek en het
rekencentrum van het Staringgebouw verleenden uitatekende service!

De afbeelding op het voorkaft van dit proefschrift is gemaakt door Eiko
Kondo met de Sumi-& schildertechniek en die van het achterkaft door Frank
Arnoldussen. Hiervoor mijn hartelijke dank.

Een proefschrift is pas een proefschrift als het onderworpen is aan het
kritische oog van een promotor. Professcor Corsten wil 1k bijzonder bedanken
voor alle aandacht die hij aan dit proefschrift heeff{ besteed.

Tenslotte wil ik ledereen bedanken die aan de totstandkoming van dit
preoefachrift heeft bijgedragen, maar niet met name is genoemd.
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Chapter 1. GENERAL INTRODUCTION
Introduction

In the last decades, many people have become aware of the human potential to
cause envirommental change both on a local scale (e.g., a temperature
inerease in a river by a power-plant) and on a global scale (e.g., acid rain,
002 increase by burning fossil fuels). To assess the impact of environmental
change on biological communities, one needs to know the relations between
environmental variables and the occurrence of species. Such knowledge is
indigpenaable also for nature management.

Ecologists attempt to acquire knowledge about specilesrenviromment
relations from data on biclogical communities and thelr environment,
Typically, several sites are selected and at each site the occurrence or
abundance of each species of a taxoncmic group is recorded and environmental
variables that ecologists believe to be important, are measured. S0 the data
conasist of two sets: data on the occcurrence or abundance of several specles
at sites and data on several environmental variables measured at the same
sites. A "site" is the basic sampling unit separated in space or time from
other sites, e.g. a quadrat, a woodlot or a light trap. The design of
ecological field studies is discussed by Greerr (1979) and Jager and Locman
{1987). The design of impact atudies in the strict sense is reviewed by
Stewart-Oaten et al (1986}.

This thesis deals with methods for the statistical analysis of
ecoclogical data on species and environmental variables. Such data have
saveral features that make them special in a statistical sense:

1. the number of species is large (10 = 500),

2. the data are either binary {(presence’/absence of a species at a site}
or, if they are quantitative, they contain many zero values for sites
at which a species is absent. Measures of abundance, like density of
animals or relative cover of plants, are highly varfable and always show
a skew distribution.

3. Relationships between species and quantitative environmental variables
are generally nonlinear. Specles abundance or probability of occurrence
is often a unimedal function of the environmental variables.

The importance of unimodal relationships between species and enviromment
has been realized since the beginning of this century. For example,
Shelford's law of tolerance (1919: in Odum, 1971) states that a species not
only requires a certain minimum amount of a resource (as in Liebig's law) but
also that species do not tolerate more than a certain maximum amount of the
resource. Hesse (1924: in Thienemann, 1950) stated a more general law: each
species thrives best at a particular optimum value of an environmental
variable and cannot survive when the value is either too low or too high. In
the introduction to a study of the relationship between some Orthoptera
species and moisture, Gause (1930: p, 307) stated that "the law of Gauss is
the basis of ecological curves", but alsc that "we must not forget that
factors exist (such as competition, for inatance) which produce changes in
different sections of the curve of distribution (Du Rietz, '21)." This
warning still holds (Austin, 1980)., In later work, Gause became more
interested in competition and developed his principle of competitive
exclusion (Gause, 1934).

Whittaker {1956, 1967) also stressed that species generally show
unimodal relationships with environmental variables. Gauch and Whittaker



(1972) popularized the Gausslian ocurve as an attractively simple model for
unimodal relationships, The formula of the Gaussian curve {Fig. 1) is

1
e (xgeu,)2/el
Eyik = °k e 2 1% k (1)

with y,; the abundance of species k at site i (f =1, ..., n; k =1, ..., m)

and Eyik is the expected abundance,

Xy the value of environmental variable x at site i,

Q¢ the maximum of the curve for species k,

uy the optimum of species k, i.e. the value of x for which the maximum
is attained,

t.k the tolerance of species, which 1s a measure of curve breadth or
ecological amplitudge.

abundance value (y)

}-t—--l

| L

clhbe—————

environmental variable {x)

Fig. 1 The Gaussian response curve for the abundance value (y) of a specles
against an environmental variable (x). (u = optimum or mede; t =
tolerance; ¢ = maximum.)

Gauch and Chase (197U) developed an algorithm to estimate the species
parametera (o, uy, t,} by nonlinear leastmsquares regression. By doing so,
they made expEicit that the Gaussian curve of Eq. {1) represents a reaponse
function, not a probabllity distribution. The species is considered to
respond to the envirommental variable: in the terminology of regression, the
abundance of a species is the response variable and the environmental .
variable is the explanatory variable. An example of "Gaussian regression" is
given by Westman (1980).

It should be noted that a unimodal curve may appear monotonic if oniy a
limited range of the environmental variable is sampled. In such cases, the
estimates of the parameters of Eq. (1) are iilndetermined; in particular, the
optimum cannot be estimated well, and a monotonic statistical model (e.g.
fitting a atraight line) is more appropriate., Unimodal relationships become
visible when a sufficient range of the envirommental variable(s) is
considered. However, if the data are collected over a sufficient range of
enviromments for species to show unimodal (or more complex) relationships
with environmental variables, it is clearly inappropriate to analyse these
relationships by standard statistical methods that assume linear
relatjonships such as multiple linear regression (without squared terms in



the environmental variables) (Montgomery and FPeck, 1982), principal
components analysis (Jolliffe, 1986), factor analysis (Lawley and Maxwell,
1971), redundancy analysis (van den Wollenberg, 1977), canonical correlation
analysis (Gittins, 1985) and LISREL models {J@reskog and S®rbom, 1981). With
multiple regreaaion, unimodal models can be fitted by including squared terms
in the environmental varizbles in the regression equation (e.g. Alderdice,
1972; Forsythe and Loucks, 1972), but multiple regression is unattractive in
this context because the response variable (the abundance of a species) often
has a skew distribution which cannot be transformed to symmetry because of
the many zero values.

Ecologists have therefore used and adapted non-standard techniques to
analyse their data (see e.g. Greig-Smith, 1983). Most conspicuously,
ordination and cluster analysis have become very popular as reflected in the
recent text books by Green (1979), Gauch {1982), Greig=Smith (1983), Legendre
and Legendre (1983}, Pielou (1984), Kershaw and Looney (1985), Digby and
Kempton {1987) and Jongman et al (1987). These techniques are commonly used
£0 reduce the multi- species data to a few ordination axes or a few
relatively homogenous clusters. The c¢rdination axes or clusters are then
interpreted in the light of whatever is known about the species and the
environment, This interpretation arises in an informal way, if explicit
environmental data are lacking, or in a formal statistical way, if
environmental data were collected. If many environmental variables were
measured, ordination or eluster analysis are sometimes applied to the
environmental data as well and the results are compared with the ordination
or cluster analysis of the species data (see e.g. Wiens and Rotenberry, 1981;
Bates and Brown, 1981; Holder-Franklin and Wuest, 1983; Earle et al, 1986).
In this way the whole analysis becomes rather complicated. Species are
related to environment in an indirect manner, hence Whittaker's (1967) term
"indirect gradient anaiysis". Whittaker contrasted this with direct gradient
analysis, which is similar to what statisticlians call regresasion -~ i.e., the
abundance of each species is described in relation to environmental
variables.

Among the possible ordination techniques, ecologists most often use
either principal components analysis, with various forms of prior
transformation of the species data (NoymMeir et al, 1975), or reciprocal
averaging (alias correspondence analysis). Multidimensional scaling has also
received attention, mainly in comparative studies of ordination techniquea.
Principal components analysis was the earlier technique to be used In
ecology, with an application by Goodall (1954) but sinece Hill (1973)
intrcoduced reciprocal averaging to ecologiata, reciprocal averaging has
gained markedly in popularity over principal components analysis. Hill and
Gaueh (1980) later introduced detrended correspondence analysis as an
improved form of reciprocal averaging, and this method has in recent years
become possibly the most popular technique of all., This may be so partly
because an efficient computer program (DECORANA) became available (Hili,
1979), but alsoc because the new technique proved exceptionally effective for
simulated data generated with the Gaussian model (HIll and Gauch, 1980C).

In their 1980 paper, Hill and Gauch based the improvements made in
detrended correspondence analysis on a "species packing model"”, that is a
medel in which the species have Gaussian curves which equispaced optima,
equal maxima and equal tolerances (Fig. 2). But the rationale for this model
is difficult to fellow == partly because mathematics is avoided -= and the
Gaussian model appears to come out of thin air, Neither the 1980 paper, nor
Hill's other papers (Hill, 1973, 1974), explain why correspondence analysis
is suited for the analysis of data that folilow the Gaussian model. The same
is true of other rationales for correspondence analysis, most of which
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Fig. 2 Specles packing model: Gaussian logit curves of the probability (p)
that a species occurs at a slte, against environmental variable x.
The curves shown have equispaced optima, equal tolerances and equal
maximum probabjlities of occurrence (pmax = 0.5). Xg is the value of
x at a particular site.

concern categorical data (Nishisato, 1980; Gifi, 1981; Greenacre, 1984;
Tenenhaus and Young, 1985). This thesis resulted from an attempt to
understand the properties of correspondence analysis in terms of a unimodal
model since this would provide a rationale for ecologists'! use of
correspondence analysis in indireet gradient analysis. I then began to
explore methods that relate species directly to enviromment = methods 1ike
linear regression or canonical correlation analysis, but then in a form
appropriate for the analysis of unimodal relationships.

Structure of the thesis

Four main types of statistical problems are dealt with in this thesis. Each

type is specified for the Gaussian curve of Eq. (1), as follows (Table 1):

1. Regression =~ where parameters of a species are estimated from data of the
corresponding species and of the environmental variable; so
for species k, o, uy, t, are estimated from (y;,) and (x;)

i=1, «.., nj.

2. Calibration = where the value of an environmental variable at a site is
eatimated from data of species and parameters of specles; so
for site i, x; 1s estimated from (y;, ) and (ey, u., t,)
[k =1, o0, m]. Calibration is here a Lype o% multi-species
bio—assay. An example is the calibration of pH to
reconstruct past changes in pH in lakes from fossil diatoms
found in successive strata of the bottom sediment
(Battarbee, 1984). [The way in which the term ealibration is
used in this thesis is somewhat narrow; more usually, the
estimation of the species parameters from a training set 1s
included. |

3. Ordination r where the parameters of species and the values of sites are
estimated from data of the specles; so, for all sites and
species, X;, ¢, W, and t, are estimated from (yg,) [1 =1,
seny Ny k=1, ..., M.




Y, Constrained ordination = in which the values of the sites are not free
parameters as in ordination, but are constrained to be a
linear combination of envirommental variables. Here, the
parameters of specles and the coefficients of the llnear
combination are estimated from the data of the species and
the environmental variables.

Ecologists have developed much simpler methods than nonlinear regression and
calibration. For both problems they invented heuristically the method of
weighted averaging. It ia shown in this thesis that, under simplifying
circumstances, the method of weighted averaging gives efficient estimates of
the optimum (uk) of a Gauasian curve, in the regression context (Chapter 2),
and of Xy in the calibration context (Chapter 3)}. The later chapters build
further on these results. By applying the method of weighted averaging both
ways and in an iterative fashion, Hill {1973) derived "reciprocal averaging",
alias correspondence analysis. When Hill invented reciprocal averaging,
correspondence analysis was already in existence, but was seldomly applied to
ecological data. In chapter 4, correspondence analysis is shown to give an
approximate solution to ordination on the basis of the Gaussian model. In the
same way, canonical correspondence analysis is derived as an approximate
solution to constrained ordination {Chapter 5). Canonical correspondence
analysis satisfies ecologista' desire for a simple, robust method to relate
species to environmental variables, if the relationships are assumed to be
unimodal. In Chapter 6, canonical correspondence analysis 1is shown to be a
multivariate extension of weighted averaging. In Chapter 7, the case ia
considered where the environmental variables are divided in a sest of
variables~of-interest and a set of covariables, leading to partial canconiecal
correspondence analysis. It is also shown that conatrained ordination can be
seen as a form of constrained regression, Chapter 8 is a case study of a
rather special estimation problem (Table 1). The concluding chapter 9 gives a
synthesis of linear and unimodal methods to relate species to environment.

The remainder of this GENERAL INTRODUCTION gives a sketch of the context
in which the chapters of this thesis were written, This is done for each of
the main types of atatistical problems just distinguished.

Table t: Types of problems studied in the chapters of this thesis and the
unknown parameters that are to be estimated, with special reference
to the parameters of the Gaussian curve (1),

site values species paras heuristic method
meters
Type of problem {x] {epiuy by} Chapter
regression known unknown welghted averaging 2
calibration unknown known welghted averaging 3
ordination unknown unknown correspondence Y
analysis
constrained linear combination unknown canonical corres~ 5,6,7
ordination of environmental pondence analysis
variables

unnamed unknown u known; weighted averaging 8

Cpr Ty unknown



Regression

Suppose a researcher wants to investigate whether diatoms are good indicators
of the acidity (pH) of lakes, with the aim to reconstruct, subsequently, pH
from fossil diatoms found in succeasive strata of the bottom sediment. A
sample of n lakes i3 selected. For each lake, some material is taken from the
upper layer of the sediment and pH is measured.

In the laboratory, a slide for use under the microscope is made from the
material sampled and the species (or taxa) that are present in the slide are
identified., For simplicity, suppose that only presence/absence of species is
recorded. The survey so results in the presences and absences of, say, m
species in the n lakes ("sites"). Let y;, = i or 0 depending on whether
species k 1s present or absent in lake i, respectively (i = 1,...,n;
k=1,...,m). For typical data, most of the apecies will have a relative
frequency in the sample bhelow 0.05, and only very few gpecies will reach

3. 3.

The first step is to describe the relationship of the probability of
occurrence (p) of each species against pH. What comes to mind is to carry out
logit regression of the data of each particular species on pH, for example by
the model

108 [T‘g'p'] = bo + b1x + bexz (2)

where p is shorthand for Eyik, x is pH and bgs by and b2 are regression
coefficientsa, a triple for each species, The quadratic term is included
because the relationship can be neon~monotonic. By deviance tests, it can be
tested whether b2 = 0, or whether b1 = b, = 0. If b, = by = 0, then the
spacies is not an indicator for pH. If b2 < 0, then the curve has an optimum;
if the maximum of the curve is small, the curve resembles the Gaussian curve
and, therefore, ia termed the Gaussian logit curve, in Chapter 2,

Logit regression is a recent development (Cox, 1970). It was not widely
available before the introduction of the generalized 1inear model (Nelder and
Wedderburn, 1972)}. Ecologists have used and developed other methods. One such
method is to divide pH in K ¢lasses, to crosstabulate the species
presence/absence and pH=classes in a 2 x K table, and to calculate a
chi-squared statistie, or an "information" statistic (Guillerm, 1971;
Kwakernaak, 1984) which is related to the G-test (a deviance test}. I will
not discuss this method further. In this thesis, I am interested in variation
along continuous variables, termed gradients by ecologists, Another simple
method is at the center of this thesis. From the time of Gause (1930) till
today (Charles, 1985), many ecologists have analysed their data by the method
of weighted averaging. In this method, the relationship of species with an
environmental variabdble is characterized by the weighted average

- ? Yikx
Sl ? (3)
y
{4y 71k
and the weighted standard deviation
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In this thesis, Egs. (3) and (4) are considered as "simple-minded" estimates
of the optimum and tolerance of the Gaussian {logit) curve, and their
statistical properties are studied. Weighted averaging is used both for
presence/absence data and for abundance data. For presence—absence data the
method reduces to the calculation of the mean and standard deviation of the
environmental variable for those sites in which the species 1s present. An
intuitive rationale is as follows. With pH as the envirommental variable, a
apecies with a particular optimum for pH will be present most frequently at
3ites with pH close to its optimum. So an intuitively reasonable estimate of
the optimum is to take the average of pH of sites in which the species is
present.

In statisties, means and standard deviations estimate the expectation
and standard deviation of probability distributions. With some imagination,
the values of x where the species is present can be considered to derive from
a distribution. The distribution concerned can be obtained by factoring its
density, £{.), by

T(species 1s present at x) = g(x) p(specles is present|x) ()

where g (%} represents the probability density function of the envirommental
variable x in the population sampled and p(.rx) is a conditional density.
Because the response, y, is binary (1/0),

plspecies is present,x) = E(y'x) (6)

which shows that p(.|x) is a response function, denoted by uk(x) for species
k in Chapter 3. The weighted average (Eq. (3)) is an unbiased estimator of
the expectation of the distribution with density f£{.). But, what is of
interest is a parameter of the response function uk(x), for example, the
centroid of uk(x), I x uk(x)dx/f uk(x)dx, or the optimum of p,(x). If g(x) is
constant (x has a uniform distribution), the centroid of uk(x colncides with
the expectation of the distributfon with densivy £(.). If y (x) is symmetric,
for example, the Gaussian logit curve, then the centroid coincides with the
optimum. So, the welighted average is an unbiased estimator of the optimum, if
¥ has a uniform distribution and the response function is symmetric.

In Chapter 2, the weighted average is compared by simulation and real
data with the estimator of the optimum obtained from logit regression. In the
simulations, the data were generated from Eq. (2}, the Gaussian logit curve.
The distribution of the environmental variable, the number of sites sampled
and the maximum probability of occurrence were varied in the simulations. For
equispaced values of X4y the weighted average and the regression estimator
for the optimum resulted in almost identical values and are therefore egqually
efficient. The results also showed that the weighted average is a reasonable
efficient estimator of the optimum, if the distribution of the envirormental
variable is uniform, or if the species has few occurrences and a small
tolerance, The simulations thus confirmed Ffor small samples what was expected
from the asymptotic theory given in Chapter 3 and Chapter 4. In large samples
in whic¢h the distribution of the envircnmental variables is not uniform,
weighted averaging may however give estimates with nonnegligible bias.

Logit regession has several advantages over weighted averaging by
allowing
- approximate statistical tests to be carried ocut,

- approximate confidence intervals for the cptimum to be constructed,
- quantitative predietions,

= other shapes of curve to be fitted, e.g. by fitting splines,

= joint analysis of the effects of several environmental varlables.



This research was a stimulus for Barendregt et al (1985) to develop their
ICHORS model. This model i3 a set of logit regression equations relating the
probability of occurrence of water plants to water chemistry variables,
Pitted to data from 800 samples from polders in the Vecht-region. The
equations are used to evaluate the possible effectas of changes in water
management for these polders (see also Barendregt et al, 1986). The equaticns
were fitted by a stepr-wise regression procedure in which the square of each
variable considered was added to the model.

However, relating species to enviromment by multiple logit regression is
not without problems. Qutliers form a seriocus problem {Looman, 1985). If
interaction effects of environmental variables are to be considered, the
number of parameters in the models becomes large. The parameters are likely
to become ill-determined. The number of parameters can be reduced by fitting
a hlerarchy of models and by deciding by statistical tests whether a simpler
model is s8till acceptable. This i3 however a rather complicated procedure,
often leading to qualitatively different models for different species
{Looman, 1985). It will depend on the context whether such a complex
procedure is worthwile. The experiences of Looman {1985) with multiple logit
regression were an important stimulus to me to search for a simpler direct
method to relate species to enviromment (Chapters 5-7).

Calibration

The example of the previous section is continued. After having described the
relationship of diatom species with pH, the researcher wants to produce
estimates of the pH in the past from fossil diatom remains. He/she takes a
core from the sediment, splits the core into thin sections and identifies
which speclies are present in each section. In addition, the sections are
dated by methods analogous to the *“Crmmethod. The only problem considered
here is how to estimate pH from the presences and absences of the species. It
is a nonlinear multivariate calibration problem. The notation used is the
same a3 In the previous section, but it should be noted that the sites now
refer to thin sections of a core and that the values {x;} are unkowns.

Nonlinear multivariate calibration has not received much attention in
the statistical literature. The approach proposed in Chapter 3 is based on
extra radmittedly unrealistic- assumptions.

1. The parameters of the response curve ¢of each of the apecies are
determined with great preclsion, so¢ that they can be considered as known
constants,

2. the responses of the species, given pH, are independent.

With these assumptions, the pH can be estimated from the presences and
absences of the apecies by the maximum ]likelihood method. Here, the
likelihood is maximized numerically.

In vegetation science, Ellenberg (1948) developed a much simpler method
to estimate the value of an environmental variable at a site from the plant
specles that grow there. The method is based on "indicator values" of species
with respect to the envirommental variable, Ellenberg (19348) did not give a
precise definition of "indicator value", but, intuitively, it is the optimum
{= the value most preferred by the species). So, the weighted average in Eq.
(2} can be considered as an estimator of the indicator value. In Ellenberg's
method, the value of an environmental variable is estimated by the weighted
average of indicator values of apecies growing at the site; in our notation,




A LRl (1)

So it is a weighted averaging method, but "the other way round" compared to
Eq. (3)}. For presencemabsence data, the method reduces to averaging of optima
of specles that are present. An intuiltive rationale is as foliows.

In a site with a particular pH, species with an optimum close to that pH wiil
be present most frequently. So, an intuitively reasonable estimate of pH is
to take the average of optima for pH of the species present. Ellenberg's
method was proposed independently by Whittaker (1948: in Gauch, 1982), Pantle
and Buck (1955) and continues to recelve interest (e.g. von Tumpling, 1966;
Durwen, 1982, Gauch, 1982, Bbcker et al, 1983, Melman et al, 1985, Sladegek,
1986).

Chapter 3 is a bold attempt to reconstruct the model that Ellenberg
(1948) may have had in mind when he proposed weighted averaging of indicator
values as a calibration method. This is done by investigating with which
model the method has attractive statistical properties, namely consistency
and efficiency. It turned out that, for presence~absence data, the Gaussian
logit curve is the only response model under which the weighted average can
achieve asymptotically an efficiency of 1 compared to the maximum 1ikelihood
estimator. Unit efficiency iIs actually achieved with a species packing model
(Fig. 2), in which the Gausaian logit curves of the species have equispaced
optima, equal maxima and equal te¢lerancea. For abundances that are
Poissonian, the Gaussian curve has this property. So chapter 3 shows that the
Gaussian logit model has a more than casual relation t¢ the method of
welghted averaging. In the context of regression, weighted averaging can also
achieve unit efficiency {(Chapter 2), but the theoretical analysis is carried
out for calibration because then only a single parameter is involved,

In the example, a simple method to infer pH from diatoms is thus to
estimate the optima from a training set by Egq. (3) and to use Eq. (7) to
produce estimates of pH for thin sections of the core. (In this approach,
averages are taken twice, so that the range of pH is shrunken. This defect
can be repaired by linear rescaling on the basis of a simple linear
regresaion of pH on ii in the training set.) Using counts of diatoms, Ter
Braak and Van Dam {in prep.) compared this methed with the maximum likelihood
method. They found that the maximum likelihood method performed only slightiy
better than weighted averaging as judged by the mean squared prediction error
in a test set.

Calibration by weighted averaging-appliedstwice is the natural end-point
of a historical development that started with Imbrie and Kipp (1971). To
regonstruct past seawsurface temperature from Foraminifera, Imbrie and Kipp
(1971) considered applying inverse regression to a training data set, i.e.
regression of temperature on the abundances of the species. But this method
was considered inappropriate as the abundances of apecies showed
multicollinearity. So, they decided to reduce the abundances of the species
to a few axes by principal components analysis and to regress temperature on
these axes (this is termed principal components regression; Jolliffe, 1986),
The resulting equation was used for reconstruction. Roux {1979} produced
better estimates of temperature, at least in the training set, by replacing
principal components analysis by correspondence analysis.

By rearranging species and sites in the data matrix in order of their scores
on the first axis of correspondence analysis, he obtained a matrix with large



abundance values near the principal "diagonal®" of the matrix and small values
elsewhere. Such matrices arise when relationships are unimodal.

Gasse and Tekala (1983) were concerned about the fact that only part of
the information on the relationship of species to x i3 retained in the first
few axes of the correspondence analysis. They suggested the following
improvement in their attempt to estimate pH from diatoms. They divided pH
into four classes and, next, applied correspondence analysis to a species-by-
class data matrix, each entry of which containas the total abundance of a
species in sites with a pH of the correaponding class. The final calibration
equation was obtained by a multiple regression of pH on the axes of the
correapondence analysis. Despite its complexity, the method is closely
related to weighted averagingrapplied-twice. Both methods are special cases
of canonical correspondence analysis (Chapter 5). The main difference is
that, in the method of Gasse and Tekaia {1983), pH is divided in clasaes
whereas pH i3 treated as a quantitative variable in weighted averaging-
applied-~twice.

Ordination

With ordination, one enters the realm of explorative data analysis., If one
has not measured any environmental variable, one can still attempt to
construct a latent variable that explaing the abundances of the apecles
ohserved at the sites by way of the Gaussian model. Ordination is then a
method to detect a simple atructure in the data, or a method to reduce the
dimensionality of the data (from m to 1 or 2).

Gauch et al (1974) ritted Gaussian curves Lo vegetation data by the
least—~squares method. However, the least~squares method is not very
attractive because abundances tend to have a very skew distribution. In a
paper that remained largely unnoticed, Kooijman (1977a) fitted Gaussian
curves by the maximum likelihood method under the assumption that the
abundances were independent Poissonian counts. Kooijman (1977a) was the first
to fit the two-~dimensional Gaussian model in which species have Gaussian
response surfaces against two latent variables. The computer programs
developed by Kooijman {1976b) were written in APL, which limited their use.
An application is described in Kooijman and Hengeveld (1979}. A recent
overview of one~dimensional Gaussian ordination, including algorithms, is
given by Ihm and van Groenewoud (1984},

Gaussian ordination has not become popular among ecologists because of
its computational complexity and its strong and explicit assumptions. Hill
(1973} developed a simpler method with the same aim: reciprocal averaging,
alias correpondence analysis, Hill (1973) is one of the many independent
inventors and reinventors of correspondence analysis {Tenenhaus and Young,
1985). Hill suggested the technigue as a natural extension of the method of
weighted averaging, known to him via Whittaker's (1956} paper. If Egs. (3)
and (7) are applied alternately to a data matrix {yik}' the values of “(uy)
and (x;) converge to the first nontrivial axis of correpondence analysis
(Hill, 1973; Chapter U4 and Chapter 9). Under simplifying conditions, this
first axis is an approximation to the latent variable of Gaussian ordination
as estimated by maximum likelihood (Chapter H4). The conditions needed are a
combination of those needed in Chapter 2 and 3 for the weighted average to be
an efficient estimator of Uy and of Xy, respectively. This results holds true
for presence/absence data and abundance data that follow the Poisson
distribution.

Independently, Ihm and van Groenewoud {198%) compared correspondence
analysis and Gaussian ordination. They defined a variant of the Gaussian

10



model that is attractive if sites vary in "aize", so that only relative
abundance values are meaningful, I shall discuss this variant in some detail
as it provides an interesting link with the analysis of contingency tables by
correspondence analysis. Their model {Equation 3.2.1 of the paper} is (with
te = t)

T (x = u,)?/t2
Eyj, = rjcee 2 L k k (8)

Compared with Eq. (2), ry is an extra parameter, which accounts for the size
of site i. The model is useful for compositional data also; r; then accounts
for the constant—sum constraint (Pawid, 1982; ter Braak, 1987%. By expanding
the quadratic term in Eq. (8) and assuming tk = t, Ihm and van Groenewoud
(1984: section 5.1) obtain
u, x. /62
Byj =13 o e K1 )

with ry = ry exp (™ -1 xi/tz) and ck = e, exp( = uZ/t?), and by using a first
order %aylor expandion,
#* *
Eyg =g ck(1 + ukx./tz) {10)

A simple estimate of ri ek is yi+y+k/y++, so that, with t=1 and Yik replacing
Eyik, we obtain

¥,y
i+ +k
Yik = v, (1 + ukxi) (11)

This is the reconstitution formula (of order 1) of correspondence analysis
(Chapter 4: Eq. (2.4)). So the model of Eq. (8) is shown to resemble the
"model™ of correspondence analysis. The estimation equations are similar too,
as shown by Goodman (1981); Eq. (9) is Goodman's RC-model for two~way
contingency tables, The similarity can also be shown by extending the
analysis of Chapter 4. Eq. (8) can be rewritten in a form similar to Eq.
(3.1) of Chapter Y4, namely

1
log EYik = ¢1 + ak = : (xi - uk)z/tﬁ (12)

where ¢. = log ry and a, = log Ce Under Poisson sampling, Eqs. (3.2) and
(3.3) o% Chapter u are then the maximum likelihood equations for u, and xy
{with py, = Ey;,}. The appoximations made in Chapter 4 are valid for this
model too and lead to the transition formulae of correspondence analysis. The
equality of Egqs. (8) and (9), for ty = t, is the solution of the apparent
paradox, noted in Chapter 4, that both a unimodal mcdel and a (generalized)
bilinear model stand at the basis of correspondence analysis. In chapter 7, a
multidimensional form of Egs. (9) and (12) are considered, which ~ when
approximated — reduces to multiple correspondence analysis. Chapter T so
provides a link between multiple correspondence analysis and a loglinear
model for contingency tables. The loglinear model contains main effects and
multiplicative terms, Van der Heijden and de Leeuw (1985) and van der Heijden
(1987) use correspondence analysis to analyse the residuals of an additive
loglinear model. Such an anaiysis is an approximation to a loglinear model
with both additive and multiplicative terms {van der Heijden and Worsley,
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1986). Gabriel (1978) considered a linear (not loglinear) model with both
additive and multiplicative terms.

The possibility of analysing unimodal relationships with correspondence
analysis was first noted by Mosteller (1948 in Torgerson 1958: p. 338).
Mcsteller showed that Guttman's prineipal components analysis of categorical
data {Torgerson, 1958) could alsc be used to analyse point items (binary
observations with unimedal "trace lines" with respect to the latent
variable). Heiser (1981) proved that correspondence analysis has interesting
properties for ordering sites when relationships are unimodal (see also
Heiser, 1986),

Sinece the introduction of correspondence analysis, ecologlists have been
concerned about the arch effect. This is the phenomenon that the second axis
of correspondence analysis i8 a quadratic function of the first axis (Hill,
1974; Gauch, 1982)}. By careful mathematical analysis, Schriever (1983}
established when the arch occurs. A qualitative explanation that can be
understood by ecologists is given in Chapter 8 (section IV C):; see also
Jongman et al {1987: section 5.2.3) and the discussion of Chapter 7. Although
the explanation makes clear that the arch is sometimes an artifact of the
method, the debate will continue whether it is always an artifact (Pielou
1984 ; Helaser, 1986, 1987; van Rijekevorsel, 1987). In detrended
correspondence analysis (Hill and Gauch, 1980) the arch is removed by a
modification of the reciprocal averaging algorithm, In simulations (Chapter
%), this modification was shown to improve the approximation to two~
dimensional Gaussian ordination. The modification may occasionally lead to
new artifacts (Minchin, 1987}, which led me to develop a simpler alternative
method of detrending (Chapter 9). The new method of detrending by polynomials
is incorporated in the computer program CANGCO {(ter Braak, 1987}.

Rival approaches to ordination on the basis of a unimodal model are
maximum likelihood Gaussian ordination (Ihm and van Groenewoud, 1984),
unfolding {Heiser, 1987) and multidimensional scaling {Prentice, 1977; Faith
et al, 1987; Minchin, 1987). In nonmetric unfolding, the model does not need
to be Gaussian, buf must stiil be symmetric (Heiser, 1987). The
multidimensional secaling approach appears to allow evén more complex models
when used with an appropriate measure of similarity (Faith et al, t987).
These rival approaches are computationally far more demanding than detrended
correspondence analysis, and require good starting values, Such values can be
derived from detrended correspondence analysis (Chapter 4).

Constrained ordination

Ordination is also popular among ecologists even when environmental variables
have been measured. The approach is then to interpret the ordination axes
(estimates of latent variables) in terms of the environmental variables - an
indirect way of relating species to environment.

There 13 a problem with this indirect approach. Ordination of species
data is not designed to detect the effect on the species of any envirommental
variable at all. So the effect of a variable cne is particularly interested
in can be poorly represented in the ordination or even be missed completely.
This problem can be overcome by using regression instead of ordination,
Building non-linear models by regression 1s demanding in time and
computation, when the effects of several environmental variables on a set of
species are of interest (see the section on regression). A considerable
simplification is possible if species react to the same linear combination of
environmental variables, according to a common response model. Such a model
is the Gausszian ordination model in which the latent variable is constrained
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to be a linear combination of envirommental variables,
9
X, =g+ ¥ b,z (13)

where 2z is the value of environmental variable j at site i and bo, b.,...bq
are parameters., By inserting Eq. (13) in Eq. (1), we obtain the model of
canonical Gaussian ordination (Chapter 5)

1
= {by + }.:b:zs: = u, )2/t
Eyijk —cox e ? o EJ I kH (14)
which is, of course, just a particular non-linear regressicn model. Under the
same simplifying conditions as in the preciocus section, the model reduces to
canonical correspendence analyals {Chapter 5), a constrained form of
correspondence analysis.

When I wrote chapter 5, I chose the adjective "canonical" because of the
relation of the technique with canonical correlation analysis, which is the
standard linear method of relating two sets of variables (here, species and
environmental variables). It turns out that the linear method of redundancy
analysis (van den Wollenberg, 1977) is even more closely related (Chapter 9).
Fortunately, "canonical"™ is still an apt adjective for another reason. It is
shown in Chapter 7 that Eq. (14) 1is the (one=dimensional) canonical form of a
particular nonlinear regression model.

The idea of constrained ordination may be new to ecology, but has
already been around for some time in psychometry (see de Leeuw and Heiser,
1980). Heiser (1981: sections 8.3 and 8.4%) proposed a constrained unfolding
model ¢losely related to the model of canonical correspondence analysis.
Imposing constraints on the sclution of correspondence analyais is not new
elther as it is the basis of the Gifi aystem of multivariate analysis of
nominal and ordinal variables {Gifi, 1981; de Leeuw, 1984). Even the type of
equations for solving cancnical correspondence analysls are not new; Israéls
(1984) derived the same eigenvalue equations in his redundancy analysls of
qualitative variables (see alsc Isra®ls, 1987 and Lauro and d'Ambra, 1984).
Yet canonical correspondence analysis is new, because it was not clear in
advance that these developments were useful in relating species to
environmental variables according to a unimodal modei. In chapter 7 a
Gaussian model is proposed that takes into account the effects of
covariables; this 13 the natural endpgoint of the general approach in this
thesis, 1i.e. the approximation of complicated Gaussian models by
correspondence analysis techniques,

I hope this thesis will encourage ecologists to go beyond exploratory
ordination, data analysts to understand the limitations of correspondence
analysis techniques, and statisticians to bridge the gap between
correspondence analysis techniques and nonlinear regression models.
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