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Botanical systematics 1950-2000: change, progress, or both?

Peter F. Stevens'

Summary

Stevens, P. F.: Botanical systematics, 1950-2000: change, progress, or both? — Taxon 49:
635-659. 2000. — ISSN 0040-0262.

Biosystematics, the study of variation patterns and evolution at the species level and below,
flourished In the 1950s. Higher evolutionary level studies, however, were stalled because
there was no convincing way of hypothesising relationships. Phenetic systematics
developed in the late 1950s as a critique of both the goals and methods of evolutionary
systematics, its own goals being those earlier stated by Gilmour (1940: 472, emphasis in
original): “A natural classification is that grouping which endeavours to utilise all the
attributes of the individuals under consideration, and hence is useful for a very wide range
of purposes”. Phenetic computer-assisted analyses of data became popular. Nevertheless,
many systematists were specifically interested in phylogenies. By the late 1970s several
methods that produced hypotheses of phylogeny were in use; they emphasised the
possession of shared, derived characters. Since then variants of parsimony-based Hennigan
analyses have remained popular. With the influx of molecular data—a flood after 1990—
and the development of methods that estimated aspects of support for branches of
phylogenetic trees, a radical overhaul of higher-level relationships got underway. Analyses
of species-level patterns of variation were less popular during much of this period, and the
process of description of species has remained largely unchanged. However, computer-
based interactive keys and multi-purpose descriptive databases may fundamentally affect
this area of our business. During the last 50 years some kinds of systematic work have
become highly cooperative and systematics as a whole is a much more unified discipline,
even as some more traditional areas of botanical systematics seem largely static if not in
regress.

Keywords: evolutionary systematics, cladistics, phenetics, species.

Introduction

The three following quotations summarise some of the main developments in
systematics over the last sixty years. “...[W]hat place is left for phylogeny? If the
lineage concept of phylogenetic relationship is accepted, then a phylogenetic
classification must be regarded as a subsidiary classification, useful for the special
purpose of studying the relationship between genealogy and other attributes”
(Gilmour, 1940: 473). “Mission [of Systematics Agenda 2000] 2: To analyse and
synthesise the information derived from this global discovery effort into a predictive
classification system that reflects the history of life...to determine the phylogenetic
relationships among the major groups of organisms...of groups of species that are
critical for applied biology,...of groups of species that are of critical importance for
the basic biological sciences” (Anonymous, 1994: 19, 21). “..[M]ost systematic
innovation in the last 30 years has revolved around the development of more and
better computer methods of phylogeny reconstruction and better understanding of
the mathematics and theory underlying them” (Winston, 1999: 442).

'Biology Department, University of Missouri-St. Louis, St. Louis, Missouri 63121, and Missouri
Botanical Garden, P.O. Box 299, St. Louis, Missouri 63166, U.S.A. E-mail: peter.stevens@mobot.org.
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636 TAXON 49 - NOVEMBER 2000

The last fifty years have seen arguably the most far-reaching developments in
systematics in the last 300 years. The prioritisation of the aims of systematics has
changed, and phylogeny reconstruction, deemed unimportant and/or nigh-on
impossible in the 1950s, is now accepted without question as being a major goal for
systematics. Gilmour’s ideas helped spark this change, even if he himself was not
optimistic as to the possibility of reconstructing phylogeny, and he is much cited in
systematic textbooks in the latter part of the twentieth century (e.g., Davis &
Heywood, 1963; Sokal & Sneath, 1963; Stuessy, 1990; Briggs & Walters, 1997).
There are new sources of data and new—both conceptually and technically—ways
of analysing these data; Winston’s quotation emphasises how important computer
technology has been. Finally, the very structure of the discipline of systematics is
changing, and parts of it are now unified in a way that they have not been for a very
long time.

Any attempt to review developments in systematics over this period in a brief
article such as this must fail, if only because of incompleteness; developments in the
last ten years alone have been particularly extensive, and few important issues are
now restricted to botanical systematics alone. It must also fail if compared to
Johnson’s (1968) trenchant analyses of systematic practice or Hull’s Science as a
Process (Hull, 1988), although there is necessarily some overlap. I have not
attempted to capture the dynamics of botanical systematics in Europe and America
in the 1960s and 1980s—the arguments, the shouting, studied exits and entrances,
and the confessions of belief. Furthermore, I have been selective; | take most of my
examples from flowering plants, and my own interests inevitably affect the issues I
consider important. However, an article that simply chronicled seriatim some of the
major (how to judge? largest?) articles appearing over the course of the last half
century would be of little interest either to write or to read.

Background

In the 1950s higher-level studies of phylogeny were at something of an impasse,
largely because there was no accepted method of producing phylogenies. As a
student in the 1960s, I first learned families following Hutchinson (1959) and
Rendle (1930-1938), but I soon found that there were several other systems, each
with its supporters and detractors. Even up to the 1970s, much development in
higher-level botanical systematics seemed to be marked largely by the introduction
of new kinds of data, each successively touted as being the answer to the problems
facing systematics (Constance, 1958). Thus in the 1960s chemosystematics was a
very dynamic area of systematics, and with the clarification of hybridisation in
Baptisia (Alston & Turner, 1963) and Asplenium (Smith & Levin, 1963) and the
potential phylogenetic significance of phenolics (Bate-Smith, 1954, 1962), there was
much promise. However, problems developed. For instance, the same compound
might be produced by different pathways, or a compound that accumulated in one
plant was part of a pathway that in a related plant led to the formation of a quite
different substance.

Not only did the new data fail to supply the answer, but there was no agreed-upon
way to analyse the data. Innumerable papers in the last fifty years have examined
developmental features, wood anatomy, cytology, chemicals, etc., using the data
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presented to understand relationships. However, if I were given a dollar for each
paper in which the author confidently stated that particular relationships were
excluded or more or less mandated by the observations presented—assertions that
would find little current support—I would be distinctly richer. Despite the brave talk
of systematics being pre-eminently a discipline that synthesised data (e.g.,
Constance, 1964), similarity and affinity turned out to be elusive concepts when it
came to evaluating relationships. The data themselves were not really readily
accessible (Heywood, 1973), and simply too many data had accumulated over the
previous two centuries for a single mind to comprehend fully, still less analyse
(Johnson, 1968). In systems such as those of Cronquist (1981), Takhtajan (1997)
and Thorne (1999) new data have influenced the structure of older systems even as
the detailed relationship of any particular set of data to the system remained largely
obscure. Exceptions—particularly clear in Cronquist’s magnum opus—are in cases
of doubt: families are assigned to higher taxa because a single character is heavily
weighted. It is in this area that there have been the most profound changes of the last
fifty years.

In the 1950s and 1960s the field of biosystematics, where emphasis was placed on
the evolution of patterns of variation at and below the species level, was very active
and attracted many students. In 1950 Stebbins’s magisterial Variation and Evolution
in Plants appeared, a book that more than any one other marked the integration of
botany with the evolutionary synthesis (Mayr, 1980; Stebbins, 1980). The biological
species concept seemed to some to be applicable to both plants and animals (Grant,
1971; cf. Raven, 1972), and plant speciation was an area of active research. I learned
about the work of Stebbins, Gregor, Marsden-Jones, Turrill, Turesson, Danser,
Miintzing and their likes, and read Heslop-Harrison’s New Concepts in Flowering-
Plant Taxonomy (Heslop-Harrison, 1953)—it was all about species-level variation.
However, since the 1960s, the field has been in decline (Coyne, 1996; Schemske,
2000), the focus of interest switching to studies on population-level variation and
processes often without any immediate systematic implications and, more recently
and more comprehensively, to studies of higher-level relationships.

Phenvetics and cladistics

Here I focus on how phenetics and cladistics, two methods of data analysis
informed by rather different philosophies, affected botanists studying higher-level
relationships; Hull (1970) provides a contemporary analysis of the philosophical
issues involved. Developments in this area mark the period after 1960, although only
when molecular data began to be widely used in the last decade was the full
potential of some of the new methods of data analysis apparent. By the later 1960s,
phenetics or, more broadly, numerical taxonomy, had become well established.
Sokal & Sneath (1963) and Sneath & Sokal (1973: see Hull, 1988; Vernon, 1988;
Sneath, 1995, for historical background) were two of the main proponents of this
approach, and they did what they thought was a demolition job (but which others,
such as Rollins, 1965, saw as a straw man argument) on then-current evolutionary
taxonomy, emphasising the repeatability and objectivity of the new techniques as
compared to the circularity, imprecision, speculative nature, and what seemed anti-
scientific approach of evolutionary systematics. Simpson’s (1961: 123) mention of
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artistic judgment in systematics seemed a particularly egregious example of the
latter.

Phenetics in its twentieth-century guise was made possible by developing
computer technology, and Sokal & Sneath (1963) show the taxonomist sitting at the
console of a computer that would easily fill my office. A major emphasis was on
operationality, and phenetics attempted to demystify and codify what taxonomists
did when they went about their daily business (e.g., Cain & Harrison, 1958; Sokal &
Rohlf, 1980); the inability of orthodox systematists to say exactly what they were
doing and why they were doing it made its defense difficult (Throckmorton, 1965).
By making systematists think about how they evaluated relationships, attention also
turned to the characters being used to determine relationships (e.g., Kendrick &
Proctor, 1964; Kendrick & Weresub, 1966).

Phenetics was often seen as being anti-evolutionary, and although Sneath (1995)
claimed that this was not really true, it is certainly accurate to say that phylogeny
detection did not come across as an issue of major concern (but cf. Camin & Sokal,
1965). Following Gilmour (e.g., 1940, 1951, 1961; Winsor, 1995, for background),
Sokal & Sneath (1963) aimed for a “natural” classification based on as many
characters as possible that would ex ipso facto be of great general use. Phylogenetic
inferences could be made, but only by inspection of phenetic trees, and it seemed
possible to Sokal & Sneath that a redefinition of monophyletic might even be “most
natural in a phenetic sense”. Certainly, given the absence of fossils, understanding
phylogeny directly seemed unlikely (Sokal & Sneath, 1963)’. In general, early
phenetic literature emphasised producing classifications without reference to
theories in general, and that of evolution in particular; it could be summarised or
caricatured as look, see, infer, code, cluster—or just look, see, code, cluster (Hull,
1970). Johnson (1968), in his criticisms of Gilmour’s principles (Gilmour &
Walters, 1963), had noted that there was no way of agreeing or testing whether a
classification should be changed or not, and in many respects phenetics represented
Gilmour’s philosophy of classification made operational. Phenetics could, indeed,
arbitrarily assign a limit for, say, genera, which were then objectively definable and
exactly comparable across the study. One source of interminable argument would
have been removed—or at least it would have been if different methods of analysis
of the same data had given the same tree.

But many systematists were interested in phylogenetic relationships, whether
between species or at higher levels. General-purpose classifications were beside the
point; what was needed was a phylogeny. Evolutionary studies gave systematics
“meaning, stature and excitement” (Thorne, 1963:290), while the interest in
biochemical systematics in the 1960s owed much to its promise in helping to
understand phylogenetic questions (Alston, 1967). As Throckmorton (1965: 222)
observed, “Before we can investigate method we must determine its objective...the
production of a classification that reflects phylogeny, ...the first thing a taxonomist
must do is produce phylogeny”, and an emphasis on operationalism (Rollins, 1965),
on methods without the goal being clearly articulated, seemed strange.

?Reactions to this paragraph vary. Some have thought it is too mild, others have wondered how
phenetics could ever be interpreted as being anti-evolutionary.

Jubilee Series p. 110

This content downloaded from 108.71.198.86 on Wed, 06 Jun 2018 22:25:01 UTC
All use subject to http://about.jstor.org/terms



TAXON 49 - NOVEMBER 2000 639

Willi Hennig, an entomologist, had in 1950 already proposed a way to detect
phylogenies, although Sokal & Sneath (1963) found Hennig’s idea of reciprocal
illumination little different from the circularity they saw as damning evolutionary
systematics, and most of his other proposals were also found wanting. In any case,
phylogenetic systematics remained largely outside the consciousness of botanical
systematists. However, what is now called Wagner parsimony, a much-used option
in phylogenetic systematics, started a gradual ascent to prominence at about this
time. It began inconspicuously in a diagram showing relationships in Diellia, a
genus of ferns (Wagner, 1952, his Fig. 31; see Fig. 1).

DIELLIA FALCATA

scaJinesso'f leaf axis

DIELLIA LACINIATA

D MANNII Q ﬂ D. UNISORA

reticulale venalion

pinna. disseclion reduction of plant habit

f. ALEXANDRI

soral re-orientation

TN
ASPLENIUM_ ™,

*’!'RICOTOMAI*\JES N\
/ ype W%Rcesor \

L DORSAL SORUS

Fig. 1. Relationships in the fern genus Diellia (Wagner, 1952).
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In its emphasis on ancestors (Wagner, 1953, even found a herbarium specimen of
what he thought was the ancestor of Diellia; it is now apparently extinct) and on
amount of change, this diagram is conceptually similar to many evolutionary and
pre-evolutionary trees (Cuerrier & al., 1996). Wagner (1952) paid considerable
attention to derived character states, and his general approach to phylogeny
reconstruction was quite widely used over the ensuing quarter of a century, up to
four papers per year (in 1963) using his method (see Wagner, 1980). As the method
became more formalised (see also Wagner, 1961), the emphasis on ancestors and
amount of divergence remained (Wagner, 1980). Adapted for use in computers, it
gave rise to Wagner Trees (Kluge & Farris, 1969), although these were based on
absolute differences in character states between taxa (i. e., Manhattan distance)
rather than synapomorphies (Stuessy, 1990). At that time it was still considered
necessary to modify the computer programs for manual use (e.g., Whiffin & Bierner,
1972).

Nevertheless, in the mid 1970s there was relatively little methodological
discussion in botany, and the bulk of systematic work remained unaffected by
phenetics or by Wagner trees. In 1975 an issue of the Annals of the Missouri
Botanical Garden was devoted to articles discussing the bases of angiosperm
phylogeny, while a year later a symposium in Hamburg addressed problems in
higher-level angiosperm classification. The papers in the former were largely
reviews of characters, and the problems of what taxa should be compared and why
relationships suggested by one set of data should be preferred over those suggested
by another. The papers in the Hamburg symposium also suffered from similar
problems, although several papers contained phenetic analyses of one sort or
another; despite this, Kubitzki (1977: 22) ruefully observed “few people are really
aware of just how vacillating the phylogenetic basis of recent systems of
classification really is!”. Although systematists were interested in the correlation of
characters as a way of deciding how valuable they were (see Sporne, 1956, for a
widely cited approach), this was a very uncertain affair. As Cronquist (1980: 17)
observed, “Like so many other things, [a character] works when it works, and
doesn’t work when it doesn’t” (but cf. Cronquist, 1990). Unfortunately, there was
still no way of knowing why a character worked (or didn’t), and this, along with the
selection of the characters used, was a problem with phenetic analyses such as that
by Young & Watson (1970) that attempted to delimit major groupings in
dicotyledons. Kendrick & Weresub (1966: 325) also recognised this latter problem
as they explained how, in their phenetic study of basidiomycetes, they had
recapitulated the whole history of mycology as they experimented with the
delimitation and weighting of characters. They concluded “What, after all, is a
character? Unless we know this, it seems to us, no technique, however cleverly
devised, can be of use to us”.

But in the Hamburg symposium in particular there was discussion about several
characters—old, old and redefined, and new—that turned out to be very important in
understanding higher level relationships (see below). And in Missouri, the authors of
the review on chemotaxonomy saw writing on the wall. Zuckerkandl & Pauling
(1965) had suggested that variation in amino acid sequences in proteins allowed a
reconstruction of their phylogenetic history (see also Crick, 1958). For Fairbrothers
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& al. (1975: 786), this approach “permits the reconstruction of a precise,
quantitative, and objective topology of relationships”, and despite that they
recognised that a gene phylogeny was being produced, they were encouraged to
think that an organismal phylogeny was represented because of the successes that
zoologists had already achieved. A mitochondrial cytochrome ¢ gene tree of
fourteen plants produced by Boulter & al. (1972), was “remarkably similar to more
traditionally derived trees based primarily on morphological considerations”
(Fairbrothers & al., 1975: 788, his Fig. 13; see Fig. 2), although it is difficult to
know which traditionally-derived tree they might have been thinking about. The
main drawback with the analysis of amino acids seemed to be that of assembling
enough data; how best to analyse such data was not discussed. Later, reviewing plant

CUCURBITA ( Cucurbitaceae )

BRASSICA OLERACEA .
BRASSICA NAPUs  ( Brassicaceac )

L
ABUTILON C
( Malvaceae )

1.7
1.7 PHASEOLUS ( Fabaceae )
GOSSYPIUM ( Malvaceae ) 2.0 CK)Z/'O
'-\@) 2.0
RICINUS ( Euphorbiaceae ) 3.0 Cl)/'o
ND 2.0

SESAMUM ( Pedaliaceae )

SAMBUCUS ( Caprifoliaceae )

GUIZOTIA ( Asteraceae )

3.7 HELIANTHUS ( Asteraceae )

1.0

LYCOPERSICUM ( Solanaceae )
0
\(:D

6.0

SPINACIA ( Chenopodiaceae )

1.2> FAGOPYRUM ( Polygonaceae )

GINKGO ( Ginkgoaceae )

Fig. 2. Relationships among some flowering plants based on amino acid sequences of
mitochondrial cytochrome ¢ (Fairbrothers & al., 1975).
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secondary chemicals, Gershenzon & Mabry (1983)—the latter one of the co-authors
of Fairbrothers & al.—pointed to two papers, Bate-Smith & al. (1975) and
Humphries & Richardson (1980), in which more critical approaches to data analyses
were adopted. The former attempted to compute advancement indices—not a novel
approach—for Cornaceae based on iridoids using (partly) biosynthetic evidence—
that is, attempting to get at the idea of similarity from a chemical point of view. The
latter was an early example of the use of Hennigian methodology in botany.

It was not until 1978 that Bremer & Wanntorp were able to fix botanists’ attention
on the work of Hennig (1950, since 1966 available in English). They emphasised
that the methods used in Hennigian phylogenetic systematics were repeatable and
the results falsifiable—that is, it was “truly part of science according to Popper”
(Bremer & Wanntorp, 1978: 322). The bulk of their paper was taken up in
discussing the impact of phylogenetic thinking on the circumscription of plant taxa,
and they saw change here as necessary because “It is exactly their [traditional
classifications] dual foundation on both phenetic and cladistic information which
makes them, however, totally unsuitable for such [evolutionary] considerations”
(Bremer & Wanntorp, 1978: 328)—and, not so incidentally, made it difficult to
understand the whys and wherefores of particular relationships. Of course, given the
attempts by pheneticists to clarify just what it was that systematists thought they
were doing and to make systematics scientific, it must have seemed somewhat
galling to hear cladistics being lauded as finally making systematics a “truly
empirical science® (Funk & Brooks, 1981: vi).

Hennig’s ideas had impact in phylogenies produced by Bremer (1976) and by
Humphries (in Ehrendorfer & al., 1977), and Hennig was mentioned in a study using
character compatability (Gardner & La Duke, 1978), another cladistic approach
formulated about this time [see Estabrook, 1972 (Hennig is cited here, too);
Estabrook & al., 1976]. Numerous specifically Hennigian phylogenetic studies soon
appeared, two in particular taking the bull by the horns. Parenti (1980), an
ichthyologist, produced the first cladistics-based phylogeny of the land plants,
although it occasioned much criticism over the characters used. Her tree suggested
that charophytes were sister to land plants. Young (1981) questioned the belief that
angiosperms were primitively vesselless and found it wanting; this, he emphasised,
affected our search for the ancestral angiosperm. The work of Dahlgren, active in
this period, is particularly interesting. “Dahlgrenograms” were initially conceived as
a way of presenting data in the context of an implied phylogeny, a transection of an
evolutionary tree (Dahlgren, 1975), while Heywood (1978) even saw the value of
such diagrams as allowing characters to be interpreted from a largely phenetic point
of view. However, Dahlgren was focusing on distinctive and probably derived
characters and soon moved to producing cladogram-like “models of evolution” (e.g.,
Dahlgren & al., 1985) before his untimely death in 1987.

After 1980 there was what can only be called a massive development of
phylogenetic systematics (Winston & Metzger, 1998), especially as the use of
computers became commonplace and algorithms for analysing data improved.
Producing phylogenies became a generally accepted goal for systematists, and in
many parts of North America and Europe they are now a necessary part of any
systematist’s thesis. Gone are the days when floristic accounts were deemed
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adequate to fulfill the research requirements for a doctorate. It fairly quickly became
apparent that phylogenies were integral to answering questions that evolutionary
biologists in general were asking, or had wanted to ask, but did not know how to
answer. The development of the comparative method in evolutionary biology
(Harvey & Pagel, 1991) to address evolutionary questions, although perhaps not a
development of systematic theory per se, meant that one of the major products of
late twentieth century systematics, phylogenetic trees, became an integral part of
comparative biology; indeed, these trees made comparative biology possible.

Phylogenetic systematics particularly flourished with the development of new
sources of data, specifically, data derived from various ways of analysing DNA. A
trend in systematics particularly from the 1950s onward has been a shift from data
taken from looking directly at plants or their parts to data taken indirectly—data that
represent peaks in a chromatogram and the like (Heywood, 1973). This trend has
been accentuated by the development of molecular systematics, to the great distress
of some. (Of course, any claim that direct observation of the organism is ex ipso
facto best cannot be maintained.) The impact of molecular systematics was initially
quite slow, yet the whole field of molecular systematics as a subdiscipline is less
than twenty years old (for references, see Giannasi & Crawford, 1986). Atchison &
al. (1976) and Vedel & al. (1976) early explored the use of restriction endo-
nucleases; these, by recognising four to six base pair palindromic sequences of
chloroplast DNA and cutting the DNA only when there was an exact match,
sampled the DNA sequence of the organisms. However, it was not until studies of
Brassica, Lycopersicon, Triticum, and Faboideae in the early 1980s and the use of
phylogenetic methods for analysing the data that the field took off, with over 30
laboratories using the technique in 1988 (reviewed in Palmer & al., 1988). The
finding that an inversion in the chloroplast DNA divided up Asteraceae in an
unexpected way (Jansen & Palmer, 1987), confirming morphological work (Bremer,
1987), was a stimulus both for morphological and molecular phylogenetics.
However, in all combined molecular/morphological studies, it is unclear how or how
much ideas of relationships developed in molecular work affect how morphologists
choose and delimit character states.

Sequencing of contiguous stretches of DNA (e.g., Zurawski & al., 1984) initially
was quite time consuming. A thousand base pairs might be analysed per laboratory
per week affer cloning of the fragment, if conditions were favourable. The
development of the polymerase chain reaction by Mullis in 1986, however,
completely changed this approach—and the face of systematics. By allowing easy
amplification of DNA it facilitated sequencing (the latter was quickly highly
automated) while grant-awarding bodies like the National Science Foundation
(N.S.F.) threw their support behind molecular studies (Chase & Albert, 1998). Since
1990 DNA sequencing has been the molecular technique of choice (Winston &
Metzger, 1998), and a milestone was the paper by Chase & al. (1993), by far the
largest molecular analysis attempted at that date; subsequent work on higher-level
relationships within flowering plants has used this as a benchmark.

Massive amounts of data quickly became available, and it seemed that analytical
tools would be unable to cope. The sheer size of the data set in Chase & al. (1993)
was such that the analysis was never completed, and it has since been criticised on a
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number of grounds (e.g., Rice & al., 1997—another analysis that was not
completed). But not only were more powerful analytical algorithms soon developed,
but our preconceptions about how large data sets would behave turned out to be in
part incorrect. Large data sets with hundreds of taxa and characters are now almost
commonplace (Savolainen & al., 2000; Soltis & al., 2000), and emphasis is placed
more on support for branches in trees than on details of the topology of the most
parsimonious tree. Heywood in 1974 saw the combination of data from the scanning
electron microscope (SEM) and from biochemical systematics interacting with
computer technology to change systematics. Although the SEM has not had such a
major effect yet, the combination of biochemical systematics (sequence analysis)
and computers has proved explosive.

Although it is often easier to obtain molecular than morphological data, and
certainly the documentation of the latter is often poorer, there has been a major
infusion of new morphological data over the last fifty years. Papers presented at the
1975 Hamburg symposium discuss many characters that have proven to be
particularly interesting at high levels, e.g., sieve tube plastids and dilated cisternae in
the endoplasmic reticulum (Behnke, 1977), ovule morphology (Philipson, 1977),
and numerous features including starchy endosperm and iridoids (Dahlgren, 1977).
Philipson (1977) thought unitegmic groups included both sympetalous and
polypetalous taxa, but our understanding of this character has been changed by
developmental studies (Erbar, 1991); Philipson’s sympetalous and polypetalous taxa
represent extremes of sympetalous development. Ultrastructural data, including
those of the genome, have been particularly valuable in teasing apart relationships at
the base of the land plant lineage (e.g., Pickett-Heaps, 1969; Pickett Heaps &
Marchant, 1972; Moestrup 1974; Manhart & Palmer, 1990). Systematic palynology
has flourished during this last half-century, the name of Erdtman being closely
linked with its development (e.g., Erdtman, 1952), and it, too, has profited from the
accessibility of the SEM, also developed over this period. Valuable treatments of
plant anatomy, and particularly the embryology and morphology of individual
groups, continue to appear. These include studies of floral morphology and
development using SEM (e.g., Endress & Stumpf, 1991), although one should not
forget Payer’s remarkable work of almost a century before Taxon began (Payer,
1857), of embryological details in monocots (e.g., Rudall & Linder, 1988), and seed
coat anatomy (e.g., Corner, 1976; see also Danilova, 1996, and earlier volumes). As
E. A. Kellogg (pers. comm.) suggests, the SEM allows botanists without any
particular technical skills to make good morphological observations; such
obervations could be made in the nineteenth century, but only by highly skilled
craftsmen.

Some major phylogenetic studies have used morphological data (e.g., Hufford,
1992; Nandi & al., 1998, in part). However, it is interesting how little morphological
information there often is, even of common, widespread taxa like Platanus, let alone
more restricted but phylogenetically critical taxa like Physena, Simmondsia and
Asteropeia (to mention just three examples from Caryophyllales). Characters from
embryology and chemistry that are deemed important in higher-level classification
are often very poorly sampled—a complaint of the first major numerical attempt to
detect higher level relationships (Young & Watson, 1970). Older literature can be
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difficult to understand because of the changing use of terms. Finally, the reification
of botanical terms has been both pervasive and pernicious. Indeed, although
botanists have been using morphological data for hundreds of years, its use in
phylogenetic analysis (and elsewhere in systematics) is decidedly less straight-
forward than one might have expected (Watson, 1971; Stevens, 2000). The
argument as to how effective morphological data are or can be in detecting
relationships seems far from being resolved.

In the late 1970s | thought that development might come to play a key role in
systematics, but it was soon sidelined. Now, however, close attention to develop-
ment is clarifying our interpretation of several important morphological characters,
as with corolla type above (see also Floyd & al., 1999, for endosperm; Hermann &
Palser, 2000, for anther wall). At the level of gene expression and organ identity the
excitement is only just beginning as we struggle to understand the relationship
between the reproductive organs of angiosperms and those of gymnosperms, and
between the flowers of monocots and those of core eudicots (e.g., Hasebe, 1997,
Kramer & Irish, 1999); however, the evolutionary and developmental relationships
between the vascular system of the majority of seed plants and that of the monocots
remain as inscrutable as ever.

It is surprisingly difficult to evaluate how much change in our understanding of
relationships of higher taxa—genus and above—there has been over the last fifty
years, and in particular over the last ten years. The “progress” in my title is almost as
hard to judge in science as it is in evolution or society. Does the removal of the odd
genus from Euphorbiaceae, however delimited, really change our understanding of
that family? Are adding Vochysiaceae to Myrtales, Biebersteiniaceae to Sapindales,
or Scytopetalaceae to Lecythidaceae significant changes? It is certainly hard to
downplay the significance of such recent hypotheses as to the composition of
Ericales (Morton & al., 1997), Saxifragales (Soltis & Soltis, 1997), the basal
embryophyte lineages and their relatives (Graham, 1985; Mishler & Churchill,
1984; Mishler & al., 1994), and of basal angiosperm lineages (e.g., Mathews &
Donoghue, 1999), as well as of the relationships between angiosperms and
gymnosperms (e.g., Winter & al., 1999). But even if the circumscription of taxa
remains unchanged, having these taxa displayed in the context of a phylogenetic tree
for which one can evaluate the support, completely changes our understanding of
relationships and evolution. Indeed, that some “new” relationships have been
suggested in the past is not quite to the point; now there is a way of evaluating
evidence to choose between alternative hypotheses of relationship, and the choice is
no longer simply having stood the test of time (interestingly, a test used also by
Sokal & al., 1965). Teaching today is certainly quite different from what it was a
decade ago. As Reinaldo Aguilar F. (pers. comm.) mentioned when finding out
about recent ideas of relationships, it had never been satisfactory simply being told
that genera in the old Malvales belonged to a particular family. It was a relief to him
to find out that there was in fact no support for these families (Malvaceae s.str. in
part excepted; e.g., Alverson & al., 1999); a broad Malvaceae was a satisfactory
concept to learn, as was a Putranjivaceae removed from Euphorbiaceae.

Interestingly, Davis (1978) thought that it was phylogenetic speculation that
contributed to the confusion in ordinal and supraordinal levels of classification, and
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he saw a long battle ahead over groupings at this level. He also noted rather sadly
the impending total divorce between classification and identification. Developments
since 1978 have quite changed the nature of the problems as he saw them, although
it should be noted that systematists since Lamarck (1778) have noted that
identification and the recognition of ‘“natural” relationships were quite different
problems.

Of course, not all is sweetness and light. Major arguments about methodology,
and which methodology has appropriate philosophical support, persist, and for many
Popper remains the philosopher of choice when browbeating opponents. Kuhn
(1962) suggested that philosophical issues came to the fore in periods of “paradigm”
shift in a discipline, but systematists have long grappled with fundamental philo-
sophical issues such as nominalism versus realism, essentialism, and the like, even if
all too often in the cause of polemics. There has been prolonged discussion over
whether evolutionary assumptions should or should not underly the methods of
phylogenetic analysis used (see Hull, 1988). This issue has resurfaced in the
sometimes bitter debate over whether the application of such assumptions in-
validates the use of maximum likelihood analyses (Edwards, 1996; Siddall & Kluge,
1997; Brower, 2000).

But perhaps the issue that still divides practising botanists is the relationship
between a classification and a phylogenetic tree (see also Hull, 1970). Can phenetic
(or patristic) and cladistic information be combined in a single classification? This
issue, too, is of long standing; some evolutionarily-inclined systematists balked at
the rigid conversion of dendrograms into classifications (Sokal & Michener, 1967).
Phylogenetic systematists would reply to Mayr’s (1974: 94) question “Cladistic
analysis or cladistic classification?” with “not either/or, but both!”, while
evolutionary systematists have for the most part come to say “yes” to cladistic
analysis, but still say an emphatic “no!” to cladistic classification (see also Hennig,
1975). The differences between the proponents of an evolutionary classification and
of a classification based on monophyly are fundamental, and the papers by Bremer
& Wanntorp (1978) and Wagner (1980) represent incompatible philosophies.

Compared to this, differences between the proponents of the PhyloCode (Cantino
& al., 1999) and those who prefer to keep a more or less formalised “Linnaean”
hierarchy of monophyletic groups perhaps smack more of book-keeping. Both
groups agree that only monophyletic groups should be named, and it has long been
evident that the Linnaean hierarchy faced problems (e.g., Hull, 1965; Johnson,
1968). The development of complex phylogenies make these problems unavoidable,
but there seems to be no agreement as to how to distinguish babies and bathwater.
There is a real danger that arguments over naming will simply reinforce one
longstanding (about 250 years!) public stereotype that botanists are people who
argue about names.

Species

At lower levels, phenetic methods in general and multivariate statistical
techniques in particular have become an integral part of the armamentarium of
systematists attempting to understand details of patterns of variation (e.g., Rohlf,
1993), although this is not to say that those using such techniques follow Sokal &
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Crovello’s (1970) much-discussed phenetic species concept (e.g., Hull, 1970, for a
criticism). However, debates at the species level have had a rather different focus
than the phenetics/cladistics controversy. It is not that the specter of phenetics has
not sometimes been raised to discount an opponent’s species concept, but, by and
large, most taxonomists, at least until recently, seem to have thought that species
were somehow or other “out there” and were some sort of basic unit in evolution
(e.g., Davis, 1978). Even some of those who downplayed the importance of
evolution in higher-level classifications allowed for the possibility of directly
investigating evolutionary processes below the level of species (Gilmour & Heslop-
Harrison, 1954).

Despite the slowdown in studies of variation patterns at the species level and
below, over the last twenty years such studies have been revolutionised by molecular
data of various sorts, first by the study of isozymes and later by sequence analysis.
This has allowed phenomena like introgression and hybridisation to be
reinvestigated in a new light. Anderson’s (1949) idea that there had been
introgression between Iris fulva and I hexagona was confirmed (Arnold & al.,
1990); on the other hand, an almost equally famous example, that between
Helianthus anuus and H. bolanderi (Heiser, 1949) was not (Rieseberg & al., 1988).
Indeed, it seems that morphology, secondary chemistry and ecology alike may be
poor indicators of hybridisation and introgression (e.g., Rieseberg & al., 1990).
Although phylogeography (Avise, 2000) has not been so popular in botany as in
zoology, partly because of the untoward behaviour of the plant mitochondrial
genome, phylogeographic studies (e.g., Soltis & al., 1997) show how our under-
standing of infraspecific patterns of variation can be enhanced. Apparent conflict
between relationships suggested by different parts of the plant genome will greatly
clarify the evolutionary history of taxa (Wendel & Doyle, 1998).

Some of the disagreement at the level of species stems from different interests;
those who are interested in processes have tended to have different concerns than
those whose primary interest is pattern. Within the old biosystematic community
there was tension between those like Camp & Gilly (e.g., 1943) who were perhaps
more interested in delimitation and categorisation, and those like Clausen, Keck and
Hiesey (e.g., Clausen, 1951), more evolutionary in their approach and concerned
with processes rather than end products (Valentine, 1961). Could such studies check
the morphological systematist’s work, would they help to discover ancestors, or
were they largely independent of systematics? Gilmour (1958) even suggested that
the findings of experimental taxonomy necessitated the abandonment of lower ranks
of the hierarchy, including that of species (see Winsor, 2000, for Gilmour and the
deme). Such tensions persist, although in somewhat different contexts.

Independent origins of what is arguably now the one species or of different
species from the same parents (e.g., Ogihara & Tsunewaki, 1982) should be grist to
the mill of those who theorise about species. There has been a great deal of
discussion during the last 15 years in particular over the nature of species (Mishler
& Donoghue 1982 is an interesting early paper), with five books on species in the
last five years (e.g., Wilson, 1999). It has become clear that many species concepts
are criteria used to delimit species and have more to do with epistemology than
ontology. In addition, a conceptual resolution of part of the problem may be in sight
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in the form of the general lineage concept of species (de Queiroz, 1998; see also
O’Hara, 1993), with different species concepts emphasising different aspects of the
various processes or stages of lineage individuation—although this hardly helps
systematists to decide on what to call a species. Moreover, working through the
arguments of the proponents of different species concepts can be difficult, in part
because they are what can be called “argument-by-demonisation”. If the opposing
concept can be labelled essentialist, typological, nominalist (Hull, 1970), Platonist,
or phenetic, or a concern about breeding barriers be demonstrated and linked to a
discredited biological species concept, valuable points can be scored.

In any event, it is notable that discussions about species concepts have generally
had little effect on those actually describing species (Heywood, 1974; McDade,
1995); those who write about species and those who describe them seem for the
most part to be living in separate worlds. (The most obvious exception is the
replacement of the biological species concept in ornithology that is leading to a
substantial increase in the number of species recognised.) Indeed, taxonomists’ right
to delimit species in whichever way they feel (the word is carefully chosen) is
considered nigh-on inalienable, as any subscriber to TAXACOM will appreciate.
General systematic practice at the species level—herbarium taxonomy, floristic and
monographic work—has changed little over the last fifty years, or even over the last
century (see also Ehrlich, 1961; Sokal & Camin, 1965). Species descriptions may be
getting longer, geographic coordinates are often given for localities, and some sort
of phylogeny included, but that is about all; multivariate analyses and morphometric
techniques other than simple measurement are not generally used when delimiting
species. That being said, remarkable monographic studies are being produced (e.g.,
Barneby, 1977) that are classical in the best sense of the term.

McDade (1995) found that for 81% of the 1790 species she analysed there were
no indications of notable difficulties in species delimitation. However, since there
was generally little discussion as to how data were being analysed, this scarcely
converts to a vote of confidence for the soundness of the species delimited. In at
least parts of the tropical flora differences in how taxonomists study the same plants
may lead to very different estimates of the numbers of species. In 1962 Leenhouts
recognised 14 species of Fagraea (Loganiaceae) growing in Borneo, with three
species endemic to that island. In 1996 these numbers increased to 42 and 24
respectively (Wong & Sugau, 1996), yet material of all except for about 5 of those
42 species had been available to Leenhouts. It would be naive to suppose that
because Leenhouts saw those specimens, he should have recognised species; indeed,
an outsider could be forgiven for seeing both treatments as making similar poorly-
documented assertions about the limits of species.

Indeed, how do systematists recognise the discontinuities they use to delimit
species? Characters that can be used as apomorphies, or make a cluster of organisms
diagnosable, or provide them with unique combination of characters, do not come
conveniently labeled; the systematist has to find them. In this context, the
relationship between monographic and local studies from the point of view of how
pattern is perceived and analysed (e.g., Gentry, 1990) is critical, yet generally
underemphasised. This issue will not go away in a rank-free classification (Mishler,
1999) and is far more than a matter of lumping versus splitting. Even if students
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follow current literature on species concepts, it is doubtful if how they actually
delimit species has changed much, if at all, whatever the species concept ostensibly
used—so this “how” is little better than a black box. Close attention to the
relationship between species concepts and carefully analysed patterns of variation
may help clarify a very confused area (e.g., Burtt, 1970), that of the infraspecific
hierarchy.

Such issues have far-reaching implications for diversity assessment and
conservation. One wonders if our much more sophisticated knowledge of the
process of lineage individuation or speciation will translate at the community level
to some agreement as to the ultimate units that are generally given names, or if
systematists with differing species concepts will make conflicting conservation
recommendations (May, 1995; Wheeler & Meier, 2000).

The description of species is closely linked with flora writing. We continue to
produce floras, the bigger floras taking a century or more to finish—about 400 years
at the current contribution rate for treatments is the estimate for Flora Neotropica,
190 years for Flora Malesiana (Prance & Campbell, 1988; Polhill, 1990), while
even those with the backing of a substantial systematics force such as the Flora of
North America are likely to take 30 years to finish. Flora-writing is thoroughly
institutionalised, yet it remains a common complaint that many floras, especially
those of tropical countries, are written by and for specialists in herbaria (e.g.,
Heywood, 1983). Few copies of the flora may be available, let alone used, in the
countries whose flora they describe. Furthermore, progress towards standardisation
of practice in the many areas of species description where this is possible has been
slow, although publications like the monumental Taxonomic Literature (Stafleu &
Cowan, 1976-1988; Stafleu & Mennega, 1992-2000)—invaluable for botanists and
a truly remarkable bibliographic achievement in its own right—is stabilising use in
some areas.

Nevertheless, some recent developments bid fair to change how biologists and
others access systematic data in general and botanical data in particular, and how
systematists present data, although they are taking place with little fanfare. These are
the production of computer-based interactive keys, and, more generally the
development of multi-purpose descriptive databases such as DELTA (DEscriptive
Language for TAxonomy; Dallwitz, 1980; Dallwitz & al., 1993, 2000), from which
descriptions (with a little effort, in more than one language), a variety of identi-
fication aids, and analyses of relationships can all be derived. Sokal & Sneath (1963:
279) had charmingly suggested that larger museums might have “a computer wholly
employed as a machine for identification of specimens, to be fed with specified
characters on punched cards”—an early example of a punched card key is that of
Hansen & Rahn (1969). Recent developments show the power of the descendants of
such stacks of punched cards—interactive keys (see Dallwitz & al., 2000, for the
principles of such keys)—especially when linked to glossaries, illustrations,
photographs of specimens, distribution maps, and the like (e.g., Watson & Dallwitz,
1998; Hyland & al., 1999), and of other “public interfaces” using the digital medium
(e.g., Kartesz & Meacham, 1999). A local flora such as that of the Reserva Ducke in
Brasil (Ribeiro & al., 1999; interestingly, the authors include an ecologist, students
with bachelor’s degrees, undergraduates, and foresters, but no conventional
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systematist), with its over 20,000 photographs for 2200 species, is not conventional,
but very effective.

Epilogue—the discipline of systematics

Phenetics in the 1960s represented a major change in how systematics was
practiced. Phenetics was about computers, but more about questioning how
systematists went about their business, and about methods. However, pheneticists
could rightly be charged as being naive in their analysis of how systematists
observed the world (Hull, 1970). This naivity was, however, widespread, witness the
oft-repeated claims of systematists to be observing nature directly, of the value of
having seen many families in the field when it came to understanding their
relationships, and the like. Cladists in their turn emphasised the need to find
appropriate methods and to make appropriate observations for answering one
particularly important question systematists asked—what are the phylogenetic
relationships within and between groups of organisms? And problems evident in
phenetic studies, such as whether the matches symptote and non-specificity
hypotheses (Sneath & Sokal, 1962) held, have their descendants in cladistic studies
in attempts to develop statistics for tree support and arguments over the
combinability of different kinds of data. The main change in higher-level sys-
tematics comparing 1950 to 2000 is that there are now well-documented hypotheses
of phylogeny whose support can be estimated and that were produced by a
methodology that attempts to be explicit.

But botanical systematics, or systematics as a whole, does not develop in a
vacuum, and there is a larger context in which to view the last fifty years.
Systematics is now unified in a way that it has not been for a very long time,
although this is perhaps more evident in academia than in museums and herbaria.
Sokal & Sneath (1963) bewailed the compartmentalisation within systematics, and
indeed developments in both phenetics and cladistics have been followed by
systematists of all persuasions. However, discussions at the Numerical Taxonomy
Conference in 1979 were bitterly polarised between the competing schools of
systematics—it should not be forgotten that Kuhn’s The Structure of Scientific
Revolutions appeared in 1962, and some protagonists in the discussions then (and
since) saw themselves as being revolutionaries. The need was felt for the foundation
of a new society, but again, both botanical and zoological systematics were
represented at the inauguration of the Willi Hennig Society in Kansas in 1980. The
change in name of the journal Systematic Zoology to Systematic Biology in 1992
also in part reflects this shift towards unification, as do proposals like the BioCode
and PhyloCode, both of which include all organisms. However, the unification is
that of a monoculture, as a glance at the first volume of Taxon with its articles in a
variety of languages makes clear.

Another important change has been brought about by the technologies now used
in systematics. The computer programs developed over the last decade are
immensely powerful and can analyse massive amounts of data. Furthermore,
sequences become freely available when they are deposited in GenBank. If new
systems are to be developed or major phylogenetic questions answered,
collaboration and coordination of effort will remain the order of the day (Alston,
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1967; Clegg & Zurawski, 1992; Chase & Albert, 1998; Endersby, in press). It is
relatively uncommon for a molecular paper to have a single author, although Chase
& al. (1993), with its 43 contributors, is exceptional. (One hopes the number of
authors appended to formal plant names will not show a similar increase.) There are
also more formal collaborations, such as the very successful Green Plant Phylogeny
Research Coordination Group that was convened to study the basal branches in the
lineage of which land plants are a part.

Some aspects of systematics, such as deciding on terms to be used when
describing plants and group names that will be used in general communication, are
largely matters of convention, and conventions entail general acceptance—again,
collaboration is called for. An early effort along these lines was a meeting that
resulted in the acceptance of terms used to describe leaf shape (Systematics
Association Committee, 1962), and such efforts continue, e.g., the clarification of
terms used in wood anatomy (Wheeler & al., 1989). (Note, however, that although
such consensuses are indispensable in helping botanists to communicate, their value
in recording basic information for phylogenetic problems is less obvious.) Recent
years have seen welcome (my bias shows) attempts to establish consensus
classifications, as of Cactaceae (ongoing since 1984: Hunt, 1996 et seq., 1998),
Poaceae (Grass Phylogeny Working Group, 2000), and of the major groups of
flowering plants (APG, 1998).

The health of systematics depends in part on how it is seen by other branches of
biology, other scientists, those who administer grant programs or make budgets, or
those who are simply donors. Systematic activity has increased in some countries (J.
Parnell, pers. comm.) and there may have been a brief resurgence in Europe in the
early 1970s (Heywood, 1983). Graphs extracted from an analysis of BIOSIS over
the period 1969-1996 (Winston & Metzger, 1998) suggest that taxonomic articles
(both botanical and zoological) seem to have been proportionally increasing. There
was a particularly sharp increase about 1985, with something of a plateau more
recently; papers in which new taxa are described have almost quadrupled.

However, systematics—or at least more classical aspects of it—is currently seen
as being threatened in much of Europe and North America where historically
systematists have been very active (Claridge & Ingrouille, 1992), the linkage of
taxonomy with human destiny (May, 1990) notwithstanding. In the United States,
successive reports paint a dim picture of systematics (e.g., Steere, 1971; Stuessy &
Thompson, 1981), although there is little in the way of documentation of long-term
trends. Stuessy & Thompson (1981) noted that only 30% of the systematists in
United States herbaria were under 40. In the British Isles, the systematic population
is similarly aging (May, 1992; Claridge & Ingrouille, 1992), and over 60% of the
institutions surveyed by the latter authors offered no instruction in systematics at any
level. Although phylogenetic studies—which will almost certainly remain heavily
molecular, although incorporating morphological components—are now firmly
established as a sine qua non for all interested in comparative biological questions,
there is little evidence that basic revisionary work in poorly studied groups—i.e.,
nearly the entire tropical and much of the temperate flora—is really high on most
administrators’ and fund-givers’ agendas. However, initiatives like the American
National Science Foundation-funded PEET grants (Partnerships for the
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Enhancement of Expertise in Taxonomy) have focused on monographic studies,
especially those of less well-studied organisms.

The changing social climate, with its emphasis on accountability, information
management, and cost-effectiveness and utility, as well as the growing demands of
conservation, challenge the heart of the systematic enterprise. However, many
observers see the systematic community in general and the botanical community in
particular as being fragmented at various levels, including that of the institution.
Individual systematists are fiercely protective of what they see as their right to name
and describe, making the discipline as a whole, or at least that part involved in
species description, seem at best behind the times and at worst reactionary and
haggling over names. There has been little guidance from professional societies over
directions systematics might take [Stuessy & Thompson (1981) suggested that a
Federation of Systematic Biologists was needed]. However, consensus is needed for
the development of a rational nomenclature, of standards for databasing and data
management, and of conventions to streamline species descriptions. Progress in
these areas been very slow. It is in such contexts that initiatives like Species 2000,
the Global Biodiversity Information Facility (GBIF), the Global Taxonomic
Initiative (GTI), internet freely accessible databases such as the International Plant
Names Index (IPNI), and nomenclatural issues such as the BioCode and the
PhyloCode are to be seen. Some of these will turn out to be twentieth- or even
nineteenth-century issues and products merely repackaged for the next century,
some may take botanical systematics in directions it should not go, but others will
turn out to be absolutely necessary. It is how matters such as these are handled,
almost as much as the developments of new or improved techniques to detect
relationships and evaluate patterns, that will affect both what botanists do and how
they are seen by other scientists and by the public in the twenty-first century.
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Evolution 19: 311-326.

Camp, W. H. & Gilly, C. L. 1943. The structure and origin of species. Brittonia 4: 323-385.

Cantino, P. D., Bryant, H. N., de Queiroz, K., Donoghue, M. J., Eriksson, T., Hillis, D. M. & Lee,
M. S. Y. 1999. Species names in phylogenetic nomenclature. Sysz. Biol. 48: 790-807.

Chase, M. W. & Albert, V. A. 1998. A perspective on the contribution of plastid rbcL DNA
sequences to angiosperm phylogenetics. Pp. 488-507 in: Soltis, D. E., Soltis, P. S. & Doyle, J.
J. (eds.), Molecular systematics of plants II. DNA sequencing. Boston.

Chase, M. W, Soltis, D. E., Olmstead, R. G., Morgan, D., Les, D. H., Mishler, B. D., Duvall, M.
R., Price, R. A., Hills, H. G, Qiu, Y.-L., Kron, K. A., Rettig, J. H., Conti, E., Palmer, J. D.,
Manhart, J. R., Sytsma, K. J., Michaels, H. J., Kress, W. J., Karol, K. G., Clark, W. D., Hedrén,
M., Gaut, B. S., Jansen, R. K., Kim, K.-J., Wimpee, C. F., Smith, J. F., Fumnier, G. R., Strauss,
S. H., Xiang, Q.-Y., Plunkett, G. M., Soltis, P. S., Swensen, S. M., Williams, S. E., Gadek, P.
A., Quinn, C. J., Eguiarte, L. E., Golenberg, E., Learn, G. H., Jr., Graham, S. W., Barrett, S. C.
H., Dayanandan, S. & Albert, V. A. 1993. Phylogenetics of seed plants: an analysis of
nucleotide sequences from the plastid gene rbcL. Ann. Missouri Bot. Gard. 80: 528-580.

Claridge, M. F. & Ingrouille, M. 1992. Systematic biology and higher education in the U.K. Pp.
3948 in: Claridge, M. F. (ed.), An appraisal of taxonomy in the 1990s. London.

Clausen, J. 1951. Stages in the evolution of plant species. Ithaca.

Clegg, M. T. & Zurawski, G. 1992. Chloroplast DNA and the study of plant phylogeny: present
status and future prospects. Pp. 1-13 in: Soltis, P. S., Soltis, D. E. & Doyle, J. J. (eds.),
Molecular systematics of plants. New York.

Constance, L. 1958. Plant taxonomy in an age of experiment. Pp. 581-589 in Steere, W. C. (ed.),
Fifty years of botany. New York.

— 1964. Systematic botany—an unending synthesis. Taxon 13: 257-273.

Corner, E. G. H. 1976. The seeds of Dicotyledons, 2 vols. Cambridge.

Coyne, J. 1996. Speciation in action. Science 272: 700-701.

Crick, F. H. C. 1958. On protein synthesis. Pp. 138-163 in: Sanders, F. K. (ed.), The biological
replication of macromolecules. London.
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Cronquist, A. 1980. Chemistry in plant taxonomy: an assessment of where we stand. Pp. 1-27 in:
Bisby, F. A., Vaughan, J. G. & Wright, C. A. (eds.), Chemosystematics: principles and
practice. London.

— 1981. An integrated system of classification of flowering plants. New York.

— 1990. Present achievements and future trends in systematics. Giorn. Bot. Ital. 124: 8.

Cuerrier, A., Kiger, R. W. & Stevens, P. F. 1996. Charles Bessey, evolution, classification, and the
New Botany. Huntia 9: 179-213.
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distribution of characters. Bot. Not. 128: 119-147.

— 1977. A commentary on a diagrammatic presentation of the angiosperms in relation to the
distribution of character states. Pp. 253-283 in: Kubitzki, K. (ed.), Flowering plants: evolution
and classification of higher categories. Vienna. [Pl Syst. Evol. Suppl. 1.]

— , Clifford, H. T. & Yeo, P. F. 1985. The families of the Monocotyledons. Berlin.

Dallwitz, M. J. 1980. A general system for coding taxonomic descriptions. Taxon 29: 41-46.

— , Paine, T. A. & Zurcher, E. J. 1993 (onwards). User's guide to the DELTA system. a general
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interactivekeys.htm.]

— , — & — 2000 onwards. Principles of interactive keys. [http://biodiversity.uno.edu/delta/
www/interactivekeys.htm.]

Danilova, M. (ed.). 1996. Anatomia seminum comparativa. Tomus 5. Dicotyledones. Rosidae I. St.
Petersburg. [In Russian.]

Davis, P. H. 1978. The moving staircase: a discussion on taxonomic rank and affinity. Notes Roy.
Bot. Gard. Edinb. 36: 325-340.

— & Heywood, V. H. 1963. Principles of angiosperm taxonomy. Edinburgh.

de Queiroz, K. 1998. The general lineage concept of species, species criteria, and the process of
speciation: a conceptual unification and terminological recommendations. Pp. 57-75 in:
Howard, D. J. & Berlocher, S. H. (eds.), Endless forms: species and speciation. New York.

Edwards, A. W. F. 1996. The origin and early development of the method of minimum evolution
for the reconstruction of phylogenetic trees. Syst. Biol. 45: 79-91.
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synthetic systematics in Anacyclus (Asteraceae—Anthemideae). Taxon 26: 387-394.

Ehrlich, P. 1961. Systematics in 1970: some unpopular predictions. Syst. Zool. 10: 157-158.
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Endress, P. K. & Stumpf, S. 1991. The diversity of stamen structure in “lower” Rosidae (Rosales,
Fabales, Proteales, Sapindales). Bot. J. Linn. Soc. 107: 217-293.

Erbar, C. 1991. Sympetaly—a systematic character? Bot. Jahrb. 112: 417-451.

Erdtman, G. 1952. Pollen morphology and plant taxonomy. Angiosperms. Stockholm.

Estabrook, G. F. 1972. Cladistic methodology: a discussion of the theoretical basis for the
induction of evolutionary history. Ann. Rev. Ecol. Syst. 3:427-456.

— , Johnson, C. S., Jr. & McMorris, F. R. 1976. A mathematical foundation for the analysis of
cladistic character compatability. Math. Biosci. 29: 181-187.

Fairbrothers, D. E., Mabry, T. J., Scogin, R. L. & Turner, B. L. 1975. The bases of angiosperm
phylogeny. Ann. Missouri Bot. Gard. 62: 765-800.

Farris, J. S. & Kluge, A. G. 1997. Parsimony and history. Syst. Biol. 46: 215-218.

Floyd, S. K., Lerner, V. T. & Friedman, W. E. 1999. A developmental and evolutionary analysis of
embryology in Platanus (Platanaceae), a basal eudicot. Amer. J. Bot. 86: 1523-1537.

Funk, V. A. & Brooks, D. R. 1981. Foreword. Pp. v—vi in: Funk, V. A. & Brooks, D. R. (eds.),
Advances in cladistics. New York.

Gardner, R. C. & La Duke J. C. 1978. Phyletic and cladistic relationships in Lipochaeta
(Compositae). Syst. Bot. 3: 197-207.

Gentry, A. H. 1990. Herbarium taxonomy versus field knowledge. Is there an attainable solution?
Flora Malesiana Bull. spec. vol. 1: 31-35.

Jubilee Series p. 126

This content downloaded from 108.71.198.86 on Wed, 06 Jun 2018 22:25:01 UTC
All use subject to http://about.jstor.org/terms



TAXON 49 - NOVEMBER 2000 655

Gershenzon, J. & Mabry, T. J. 1983. Secondary metabolites and the higher classification of
angiosperms. Nordic J. Bot. 3: 5-34.

Giannasi, D. & Crawford, D. 1986. Biochemical systematics II. A reprise. Evol. Biol. 20: 25-248.

Gilmour, J. S. L. 1940. Taxonomy and philosophy. Pp. 461—474 in: Huxley, J. (ed.), The new
systematics. Oxford. [Reprint, 1971, London.]

— 1951. The development of taxonomic theory since 1851. Nature 168: 400—402.

— 1958. The species: yesterday and tomorrow. Nature 181: 379-380.

— 1961. Taxonomy. Pp. 27-45 in: MacLeod, A. M. & Cobley, L. S. (eds.), Contemporary
botanical thought. Edinburgh.

— & Heslop—Harrison, J. 1954. The deme terminology and the units of microevolutionary change.
Genetica 27: 147-161.

& Walters, S. M. 1963. Philosophy and classification. Vistas in Botany 4: 1-22.

Graham L. E. 1985. The origin of the life cycle of land plants. Amer. Sci. 73: 178-186.

Grant, V. 1971. Plant speciation. New York. [Ed. 2, 1981.]

Grass Phylogeny Working Group. 2000. The phylogeny of the grass family (Poaceae) as inferred
from eight character sets. Pp. 3—7 in: Jacobs, S. W. L. & Everett, J. (eds.), Grasses: systematics
and evolution. Canberra.

Hansen, B. & Rahn, K. 1969. Determination of angiosperm families by means of a punched card
system. Dansk Bot. Arkiv 26.

Harvey, P. H. & Pagel, M. D. 1991. The comparative method in evolutionary biology. Oxford.

Hasebe, M. 1997. Evolution of reproductive organs in land plants. J. Plant. Res. 112: 463—-474.

Heiser, C. 1949. Sudy in the evolution of the sunflower species Helianthus annuus and H.
bolanderi. Univ. Calif. Publ. Bot. 23: 157-196.

Hennig, W. 1950. Grundziige einer Theorie der phylogenetischen Systematik. Berlin.

— 1966. Phylogenetic systematics. Urbana, lllinois.

— 1975. “Cladistic analysis or cladistic classification?”: a reply to Ernst Mayr. Syst. Zool. 24:
244-256.

Hermann, P. M. & Palser, B. F. 2000. Stamen development in the Ericaceae. 1. Anther wall,
microsporogenesis, inversion, and appendages. Amer. J. Bot.. 87: 934-957.

Heslop-Harrison, J. 1953. New concepts in flowering-plant taxonomy. London.

Heywood, V. H. 1973. Taxonomy in crisis? or taxonomy is the digestive system of biology. Acta
Acad. Sci. Hungary Bot. 19: 139-146.

— 1974. Systematics—the stone of Sisyphus. Biol. J. Linn. Soc. 6: 169-178.

— (ed.). 1978. Flowering plants of the world. Oxford. [Reprint: 1998.]

— 1983. The mythology of taxonomy. Trans. Bot. Soc. Edinburgh 44: 79-94.

Hufford, L. 1992. Rosidae and their relationships to other nonmagnoliid dicotyledons: a
phylogenetic analysis using morphological and chemical data. Ann. Missouri Bot. Gard. 79:
218-248.

Hull, D. L. 1965. The effect of essentialism on taxonomy—two thousand years of stasis. Brit. J.
Phil. Sci. 15: 314-326; 16: 1-18.

— 1970. Contemporary systematic philosophies. Ann. Rev. Ecol. Syst. 1: 19-54.

— 1988. Science as a process. Chicago.

Humphries, C. J. & Richardson P. M. 1980. Hennig’s method and phytochemistry. Pp. 353-378
in: Bisby, F. A., Vaughan, J. G. & Wright C. A. (eds.), Chemosystematics: principles and
practice. London.

Hunt, D. (ed.). 1996 (onwards). Cactaceae: consensus initiatives, vol. 1 (onwards). Milborne Port,
Sherborne.

— (ed.). 1998. CITES Cactaceae checklist, ed. 2. Milborne Port, Sherborne.

Hutchinson, J. 1959. The families of flowering plants, ed. 2. Oxford.

Hyland, B. P. M., Whiffen, T., Christophel, D. C., Gray, B., Elick, R. W. & Ford, A. J. 1999.
Australian tropical rain forest trees and shrubs: an interactive identification system for trees
and shrubs. CD-ROM. Canberra.

Jansen, R. K. & Palmer, J. D. 1987. A chloroplast DNA inversion marks an ancient evolutionary
split in the sunflower family (Asteraceae). Proc. Natl. Acad. Sci. U.S.A. 84: 5818-5822.
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Johnson, L. A. S. 1968. Rainbow’s end: the quest for an optimal taxonomy. Proc. Linn. Soc. New
South Wales 93: 845.

Kartesz, J. T. & Meacham, C. A. 1999. Synthesis of the North American Flora. CD-ROM. Chapel
Hill.

Kendrick, W. B. & Proctor, J. R. 1964. Computer taxonomy in the fungi imperfecti. Canad. J. Bot.
42: 65-88.

— & Weresub, L. K. 1966. Attempting neo-Adansonian computer taxonomy at the ordinal level in
the basidiomycetes. Syst. Zool. 15: 307-329.

Kluge, A. G. & Farris, J. S. 1969. Quantitative phyletics and the origin of anurans. Syst. Zool. 18:
1-32.

Kramer, E. M. & Irish, V. F. 1999. Evolution of genetic mechanisms controlling petal
development. Nature 399: 144—148.

Kubitzki, K. 1977. Some aspects of the classification and evolution of higher taxa. Pp. 21-31 in:
Kubitzki, K. (ed.), Flowering plants: evolution and classification of higher categories. Vienna.
[PL Syst. Evol. Suppl. 1.]

Kuhn, T. 1962. The structure of scientific revolutions. Chicago.

Lamarck, J. B. A. P. M. de. 1778. Flore frangoise, 3 vols. Paris.

Leenhouts, P. W. 1962. Loganiaceae. Pp. 293-387 in: Steenis, C. G. G. J. (ed.), Flora malesiana.
Series 1, Spermatophyta, vol. 6. Groningen.

Manhart, J. R. & Palmer, J. D. 1990. The gain of two chloroplast tRNA introns marks the green
algal ancestors of land plants. Nature 345: 268-270.

Mathews, S. & Donogue, M. J. 1999. The root of angiosperm phylogeny inferred from duplicate
phytochrome genes. Science 286: 947-949.

May, R. M. 1990. Taxonomy as destiny. Nature 347: 129-130.

— 1992. Concluding remarks. Pp. 31-38 in: Claridge, M. F. (ed.), An appraisal of taxonomy in the
1990s. London.

— 1995. Conceptual aspects of the quantification of the extent of biological diversity. Pp. 13-20
in: Hawksworth, D. L. (ed.), Biodiversity measurement and estimation. London.

Mayr, E. 1974. Cladistic analysis or cladistic classification? Zeitschr. Zool. Syst. Evolutionsforsch.
12: 94-128.

— 1980. The role of systematics in the evolutionary syntheisis—botany. Pp. 137-138 in: Mayr, E.
& Provine, W. B. (eds.), The evolutionary synthesis. Cambridge, Massachusetts.

McDade, L. A. 1995. Species concepts and problems in practice: insight from botanical
monographs. Syst. Bot. 20: 606—-622.

Mishler, B. D. & Donoghue, M. J. 1982. Species concepts: a case for pluralism. Syst. Zool. 22:
344-349.

— 1999. Getting rid of species? Pp. 307-315 in: Wilson, R. A. (ed.), Species: new inter-
disciplinary essays. Cambridge, Massachusetts.

— & Churchill, S. P. 1984. A cladistic approach to the phylogeny of the “bryophytes”. Brittonia
36: 406424.

— , Lewis, L. A,, Buchheim, M. A,, Renzaglia, K. S., Garbary, D. J., Deliwche, C. F., Zechman,
F. W,, Kantz, T. S. & Chapman, R. L. 1994. Phylogenetic relationships of the “green algae”
and the bryophytes. Ann. Missouri Bot. Gard. 81: 451-483.

Moestrup, O. 1974. Ultrastructure of the scale-covered zoospores of the green alga
Chaetosphaeridium, a possible ancestor of the higher plants and bryophytes. Biol. J. Linn. Soc.
6: 111-125.

Morton, C. M., Chase, M. W., Kron, K. A. & Swensen, S. M. 1997. A molecular evaluation of the
monophyly of the order Ebenales based upon rbcL sequence data. Syst. Bot. 21: 567-586.

Nandi, O. ., Chase, M. W. & Endress, P. K. 1998. A combined cladistic analysis of angiosperms
using rbcL and non-molecular data sets. Ann. Missouri Bot. Gard. 85: 137-212.

Ogihara, Y. & Tsunewaki, K. 1982. Molecular basis of the genetic diversity of the cytoplasm of
Triticum and Aegilops. 1. Diversity of the chloroplast genome and its lineage revealed by the
restriction pattern of cp-DNAs. Japanese J. Genet. 57: 371-396.
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O’Hara, R. J. 1993. Systematic generalisation, historical fate, and the species problem. Syst. Biol.
42:231-246.

Palmer, J. D., Jansen, R. K., Michaels, H. J., Chase, M. W. & Manhart, J. R. 1988. Chloroplast
DNA variation and plant phylogeny. Ann. Missouri Bot. Gard. 75: 1180-1206.

Parenti, L. R. 1980. A phylogenetic analysis of land plants. Biol. J. Linn. Soc. 13: 225-242.

Payer, J.-B. 1857. Traite d organogénie comparée de la fleur. Paris.

Philipson, W. R. 1977. Ovular morphology and the classification of dicotyledons. Pp. 123—140 in:
Kubitzki, K. (ed.), Flowering plants: evolution and classification of higher categories. Vienna.
[Pl Syst. Evol. Suppl. 1.]

Pickett-Heaps, J. D. 1969. The evolution of the mitotic apparatus: an attempt at comparative
ultrastructural cytology in dividing plant cells. Cytobios 1: 259-280.

— & Marchant, H. J. 1972. The phylogeny of green algae: a new proposal. Cytobios 6: 255-264.

Polhill, R. M. 1990. Production rates of major regional floras. Flora Malesiana Bull. spec. vol. 1:
11-20.

Prance, G. T. & Campbell, D. G. 1988. The present state of tropical floristics. Taxon 37: 519-548.

Raven, P. H. 1972. Review of V. Grant, Plant speciation. The Bryologist 75: 610-611.

Rendle, A. B. 1930-38. The classification of flowering plants, 2 vols. Cambridge, Massachusetts.

Ribeiro, J. E. L. da S., Hopkins, M. J. G., Vicentini, A., Sothers, C. A., Costa, M. A. da S., de
Brito, J. M., de Souza, M. A. D., Martins, L. H. P., Lohmann, L. G., Assung¢do, P. A. C. L.,
Pereira, E. da C., da Silva, C. F., Mesquita, M. R. & Procépio, L. C. 1999. Flora da Reserva
Ducke. Manaus.

Rice, K. A., Donoghue, M. J. & Olmstead, R. G. 1997. Analyzing large data sets: rbcL 500
revisited. Syst. Biol. 46: 554-563.

Rieseberg, L. H., Carter, R. & Zona, S. 1990. Molecular tests of the hypothesized hybrid origin of
two diploid Helianthus species (Asteraceae). Evolution 44: 1498-1511.

— , Soltis, D. E. & Palmer, J. D. 1988. A molecular reexamination of introgression between
Helianthus annuus and H. bolanderi (Compositae). Evolution 42: 227-238.

Rohlf, F. J. 1993. NTSYS-PC: numerical taxonomy and multivariate analysis system, Version 1.80.
Setauket.

Rollins, R. C. 1965. On the basis of biological classification. Taxon 14: 2—6.

Rudall, P. & Linder, H. P. 1988. Megagametophyte and nucellus in Restionaceae and
Flagellariaceae. Amer. J. Bot. 75: 1777-1786.

Savolainen, V., Chase, M. W., Hoot, S. B., Morton, C. M., Soltis, D. E., Bayer, C., Fay, M. F., de
Bruijn, A. Y., Sulllivan, S. & Qiu, Y.-L. 2000. Phylogenetics of flowering plants based on a
combined analysis of plastid apB and rbcL sequences. Syst. Biol. 49: 306-362.

Schemske, D. W. 2000. Understanding the origin of species. Evolution 54: 1069-1073.

Siddall, M. E. & Kluge, A. G. 1997. Probabilism and phylogenetic inference. Cladistics 13: 313—
336.

Simpson, G. G. 1961. Principles of animal taxonomy. New York.

Smith, D. M. & Levin, D. A. 1963. A chromatographic study of reticulate evolution in the
Appalachian Asplenium complex. Amer. J. Bot. 50: 952-958.

Sneath, P. H. A. 1995. Thirty years of numerical taxonomy. Syst. Biol. 44: 281-298.

— & Sokal, R. R. 1962. Numerical taxonomy. Nature 193: 855-860.

— & —1973. Numerical taxonomy. San Francisco.

Sokal, R. R. & Camin, J. H. 1965. The two taxonomies: areas of agreement and conflict. Syst.
Zool. 14: 176-195.

— ,—, Rohlf, F. J. & Sneath, P. H. A. 1965. Numerical taxonomy: some points of view. Syst.
Zool. 14: 237-243.

— & Crovello, T. J. 1970. The biological species concept: a critical evaluation. Amer. Nat. 104:
127-153.

— & Michener, C. D. 1967. The effects of different numerical techniques on the phenetic
classification of bees in the Hoplitis complex (Megachilidae). Proc. Linn. Soc. London 178:
59-74.

— & Rohlf| F. J. 1980. An experiment in taxonomic judgement. Syst. Bot. 5: 341-365.
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— & Sneath, P. H. A. 1963. Principles of numerical taxonomy. San Francisco.

Soltis, D. E. & Soltis, P. S. 1997. Phylogenetic relationships in Saxifragaceae sensu lato: a
comparison of topologies based on 18S rDNA and rbcL sequences. Amer. J. Bot. 84: 504-522.

~ , Gitzendanner, M. A., Strenge, D. D. & Soltis, P. S. 1997. Chloroplast DNA phylogeography
of plants from the Pacific Northwest of North America. Plant Syst. Evol. 206: 353-373.

— , Soltis, P. S., Chase, M. W., Mort, M. E., Albach, D. C., Zanis, M., Savolainen, V., Hahn, W.
H., Hoot, S. B, Fay, M. F., Axtell, M., Swensen, S. M., Prince, L. M., Kress, W. J., Nixon, K.
C. & Farris, J. S. 2000. Angiosperm phylogeny inferred from a combined data set of 18S
rDNA, rbcL , and atpB sequences. Bot. J. Linn. Soc. 133: 381-461.

Sporne, K. R. 1956. The phylogenetic classification of the angiosperms. Biol. Rev. 31: 1-29.

Stafleu, F. A. & Cowan, R. S. 1976-1988. Taxonomic literature, ed. 2. 7 vols. Utrecht.

— & Mennega, E. A. 1992-2000. Taxonomic literature, ed. 2, supplement. 6 vols. Konigstein.

Stebbins, G. L. 1950. Variation and evolution in plants. New York.

— 1980. Botany and the synthetic theory of evolution. Pp. 139-152 in: Mayr, E. & Provine, W. B.
(eds.), The evolutionary synthesis. Cambridge, Massachusetts.

Steere, W. C. (ed.). 1971. The systematic biology collections of the United States: an essential
resource. Part I. The great collections: their nature, importance, condition and future. New
York.

Stevens, P. F. 2000. On characters and character states: do overlapping and non-overlapping
variation, morphology and molecules all yield data of the same value? Pp. 81-104 in: Scotland,
R. & Pennington, R. T. (eds.), Homology and systematics. London.

Stuessy, T. F. 1990. Plant taxonomy: the systematic evaluation of comparative data. New Y ork.

— & Thompson, K. S. (eds.). 1981. Trends, priorities and needs in systematic biology. Lawrence,
Kansas.

Systematics Association Committee. 1962. Systematics Association committee for descriptive
biological terminology. II. Terminology of simple symmetrical plane shapes (Chart 1). Taxon
9: 145-156, 245-247.

Takhtajan, A. 1997. Diversity and classification of flowering plants. New Y ork.

Thorne, R. W. 1963. Some problems and guiding principles of angiosperm phylogeny. Amer. Nat.
97: 287-305.

— 1999. The classification and geography of the monocotyledon subclasses Alismatidae, Liliidae
and Commelinidae. Pp. 75-124 in: Nordenstam, B., El-Ghazaly, G. & Kassas, M. (eds.), Plant
systematics for the 21st century. Portland, Oregon.

Throckmorton, L. H. 1965. Similarity versus relationship in Drosophila. Syst. Zool. 14: 221-236.

Valentine, D. H. 1961. Biosystematics. Introduction. Pp. 845-848 in: Recent advances in botany,
vol. 1. Toronto.

Vedel, F., Quetier, F. & Bayen, M. 1976. Specific cleavage of chloroplast DNA from higher plants
by EcoRlI restriction nuclease. Nature 263: 440—442.

Vernon, K. 1988. The founding of numerical taxonomy. Brit. J. Hist. Sci. 21: 143-159.

Wagner, W. H., Jr. 1952. The fern genus Diellia: its structure, affinities and taxonomy. Univ.
Calif. Publ. Bot. 26: 1-212, pl. 1-21.

— 1953. An Asplenium prototype of the genus Diellia. Bull. Torr. Bot. Club 80: 76-94.

— 1961. Problems in the classification of ferns. Pp. 841-844 in: Recent advances in botany, vol.
1. Toronto.

— 1980. Origin and philosophy of the groundplan—divergence method of cladistics. Syst. Bot. 5:
173-193.

Watson, L. 1971. Basic taxonomic data: the need for organisation over presentation and
accumulation. Taxon 20: 131-136.

— & Dallwitz, M. J. 1998 (1992 onwards). The families of flowering plants: descriptions,
illustrations, identification and information retrieval, version 9. http:/biodiversity.uno.edu/
delta.

Wendel, J. F. & Doyle, J. J. 1998. Phylogenetic incongruence: window into genome history and
molecular evolution. Pp. 265-296 in: Soltis, D. E., Soltis, P. S. & Doyle, J. J. (eds.), Molecular
systematics of plants [l. DNA sequencing. Boston.
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Wheeler, E. A., Baas, P. & Gasson, P. E. (eds.). 1989. IAWA list of microscopic features for
hardwood identification. ZA.W.A. Bull. 10: 219-332.

Wheeler, Q. D. & Meier, R. 2000. Introduction. Pp. ix—xii in: Wheeler, Q. D. & Meier, R. (eds.),
Species concepts and phylogenetic theory: a debate. New York.

Whiffin, T. & Bierner, M. W. 1972. A quick method for computing Wagner trees. Taxon 21: 83—
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