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Abstract

Morphology has fundamental problems regarding aperspectival objectivity of its data—morphological terminology is
often based on homology assumptions, lacks standardization, and has problems with comparability, reproducibility, and
transparency. This is astonishing given that with his sexual system Linnaeus had already established a high degree of
aperspectival objectivity in morphology that unfortunately has been lost subsequently. In the first part of the article a
brief introduction to the history of classification is given that provides an answer to the question why morphology only
initially has been gripped by the general trend towards objectification that started in the seventeenth century. The
conceptual shortcomings of Aristotle's concept of essences and its link to the definition of species and taxa in natural
philosophy play an important part in this development. The only solution to the problem of essences wasto link it to the
evolutionary concept of homology, which explains why morphological terminology today often rests on homology
assumptions. By taking a closer look at Linnaeus sexua system, basic principles for developing a general structure
concept for morphology are discussed, which would provide the conceptual basis for establishing a high degree of
aperspectiva objectivity for morphological data. The article concludes with discussing the role of data bases and
ontologies for developing a data standard in morphology. A brief introduction to the basic principles of Resource
Description Framework (RDF) ontologies is given. A morphological ontology has high potential for establishing a
general morphological structure concept if it is developed on grounds of the following principles: morphological terms
and concepts must be defined taxon-independently, homology-free, preferably purely anatomically, and if functionally
only by clearly indicating the trait’s active participation in a specific biological process.

Key words. Aperspectival objectivity, Bio-ontology, Essentialism, Morphological data, Linguistic problem of
morphology, RDF, Standardization

Introduction

Morphology represents a set of methods and techniques for producing data about anatomical and organiza-
tional facts of organisms. As such, it does not represent atheory or an explanatory hypothesis. When it comes
to preparing morphological descriptions, morphology is all about the textual representation, documentation,
and comparison of structura diversity and patterns of structural equivalences between organisms and their
traits, thereby being only assisted by various imaging techniques for the empirical substantiation of these
descriptions. Therefore, morphological terminology and language assume a central methodological role in
morphology. Only if the language and terminology used in morphological descriptions are capable of reliably
transporting the relevant information in an unambiguous way and independent of individual morphologists,
and only if they enable the comparison of morphological data across a broad taxonomic range, will morphol-
ogy meet the high degree of comparability and communicability of datathat is being increasingly demanded
in the age of a growing importance of data basesin biology.

Unfortunately, morphology lacks standardization and common acceptance of morphological terms and
lacks a formalized method of recording and documenting morphological descriptions (Vogt et al. submitted).
Thus, morphology has fundamental problems with its terminology. As a consequence, morphological termi-
nology and morphological descriptions vary from author to author, the meaning of morphological terms often
changes through time, and the applicability of morphological termsis often restricted to a specific taxonomic
group and cannot be easily adapted to other groups. In scientific research practice, this non-standardization of
morphological terminology and the diversity in quality, organization, and style of morphological descriptions
frequently lead to divergent descriptions of equivalent traits or to identically described morphological traits
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that arein fact not identica (see linguistic problem of morphology, Vogt et al. submitted; see also Ramirez et
al. 2007).

These linguistic ambiguities pose fundamental problemsfor comparative morphologica studies, being the
source for repeated misunderstandings among morphologists, undermining the possibility to reliably commu-
nicate morphological data. Reliable communication of data, however, represents a necessary prerequisite for
the division of labor not only among morphol ogists conducting comparative studies over a broad taxonomic
range, but also for all kinds of co-operations in which morphologists are involved or morphological data are
analyzed. Thus, it seems that morphology is hard pushed these days to prove that its standards of objectivity,
comparability, and communicability still hold up to non-morphological biological data, as for instance DNA
sequence data. Considering these fundamental problems, it is not surprising that some biologists even claim
that morphology has already lost its traditionally prominent role in phylogenetics (see e.g., Scotland et al.
2003), since comparability of data represents a sine qua non of phylogenetic research practice.

The interaction between phylogenetics on the one hand, or more traditionally biologica taxonomy and
classification, and morphology on the other hand represents a liaison with many different facets and a contin-
uous story of mutual interference. This is not surprising since taxonomy and classification have been one of
theinitial fields of application of morphology, in which traditionally it aways had been very strong. Asacon-
sequence, much of morphological terminology and methodology has been strongly influenced by the needs
and requirements of generating classifications.

In the following | will provide a brief introduction to the history of classification and its impact on the
development of morphological terminology and methodology, including conceptions of naturalness and the
epistemic status and role of observation and empirical investigation. This historical excursion is intended to
give a historical explanation for the question why objectification did not catch on in morphology, while in
many other biological disciplines objectification has advanced to a level that established a high degree of
transparency, reproducibility, communicability, and inter-subjective consensus regarding empirical data. This
question becomes even more interesting when considering that, initially, morphology has been gripped by the
general trend towards objectification that started in the seventeenth century. In the second part of the article |
will show that thereisalot to learn from Linnaeus approach to classification in terms of increasing objectifi-
cation in morphology. Based on Linnaeus's sexual system, | develop the basics of ageneral structure concept
for morphology and argue that it takesin akey rolein the context of objectification of morphology. | conclude
the article with abrief introduction to biological data bases and standardized controlled vocabularies (i.e., bio-
ontologies) and how they can serve as a basis for establishing a genera structure concept in morphology and
its broad dissemination.

The historical burden of essentialism

Aristotle and essentialism
In order to be able to identify regularities in biology and to generalize about the biology of organisms, a con-

cept for abstracting individual organisms into types (i.e., classes, kinds, families) is required. From a logical
point of view any given set of organisms shares an infinite amount of equivalent properties—in other words,
any set of organisms could be conceptualized as some sort of kind. Thus, unfortunately, possessing same traits
does not necessarily imply ontological equivalence of the respective organisms. As a consegquence, generali-
zations in biology would become impossible as long as biologists would not manage to differentiate between
‘real’ kinds and artificial kinds; but how to recognize and define ‘real’ kinds?

This problem was known to ancient Greek scholars, who recognized the necessity to develop a concept
for differentiating between essential and accidental properties. Aristotle defines ‘real’ kinds according to their
essential properties and classifies them according to the method of logical division of per genus et differen-
tiam (Fristrup 2001). The English word ‘ essence’ comes from Latin essentia (from esse, ‘to be'), which repre-
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sents atrandation of Aristotle’sancient Greek phrasetoti én einai (i.e., ‘what it isfor athing to be’), denoting
athing's essence.

An Aristotelian essence represents the attribute or set of attributes that make an entity what it fundamen-
tally is. Without its essence, the entity would lose itsidentity. Essential properties are real physical properties
of the ‘nucleus’ (i.e., substance) of athing. For any specific kind of entity, thereis aset of essential properties,
al of which any entity of that kind must have. As a consequence, if two objects share the same essence, they
can be considered to be truly identical with respect to this aspect of their ‘nucleus’ and therefore can be classi-
fied as instances of the same ‘real’ kind. That is the reason why, according to Aristotle, essences are funda-
mentally linked to definitions of different kinds of entities.

Aristotelian definitions are hierarchically organized, resulting in a hierarchy of classes and their sub-
classes (Fig. 1). The defining attributes of a class are inherited downstream to its subclasses (i.e., downward
propagation). Thus, if a given entity is an instance of a specific class, it is necessarily also an instance of all
those classes of which this class is a sub-class. This hierarchy represents a taxonomy (i.e., taxonomy in a
broad sense) of more and more specialized concepts, which implies a hierarchical organization of terms (i.e.,
taxonomic inclusion, Bittner et al. 2004).

Taxonomy of Concepts
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FIGURE 1. Aristotelian definitions: The definition of the ‘parent’ kind is inherited by al of its ‘first child generation’
kinds and forms the Genus part of their definitions. These represent properties that an instance of a“child’ kind necessar-
ily hasto possess. On the other hand, the essential property of a‘child’ kind represents the distinguishing property that is
in combination with the Genus part sufficient for the recognition of an instance of that kind, since all and only individuals
that are instances of this kind do possess this property. This formsthe Differentia part of the kind's definition. Genus and
Differentia together represent the essence of the kind and at the same time its definition.

When defining a new kind of entity, Aristotle refers to this conceptual relationship of hierarchical special-
izations. In his definitions, Aristotle distinguishes between what he calls ‘genus and ‘differentia’. ‘ Genus'
represents attributes referring to essential properties of all of the respective ‘parent’ kinds, which an instance
necessarily has to possess for membership to the ‘ child’ kind. However, these properties are not sufficient for
membership recognition. ‘ Differentia’, on the other hand, represent attributes referring to the essential proper-
ties of the ‘child’ kind. ‘Differentia’ are required to distinguish the kind to be defined from all other kinds of
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the same hierarchical level. If no other entity, but the instances of the kind to be defined, possesses a certain
property and if all instances of that kind possess it without any exception, that property qualifies as ‘differen-
tia —the essential property of the kind. Only the combination of ‘genus’ and ‘differentia is sufficient for rec-
ognition of membership to the kind. Thus, on any hierarchica level of a classification based on Aristotelian
definitions the essential properties of all ‘parent’ kinds provide the ‘genus part of the definition, and the
essential properties of the‘child’ kind its‘ differentia part; and ‘genus’ and ‘differentia’ together represent the
essence of the kind (Fig. 1).

Naturalness, essences, and the epistemic role of observation
To Aristotle, observation and accurate description of biological individuals (i.e., single specimens) obtain a

central epistemic function in natural philosophy. Following Aristotle, the study of individua natural phenom-
enaisasubstantial prerequisite for a philosophical representation of the natural world. Thus, it is nhot surpris-
ing that Aristotle bases his definitions on observation and the study of specimens. His terminology is clearly
grounded in observation. According to Aristotle, essences are real physical propertiesthat can be, in principle,
discovered through observation.

However, whether a given morphological trait of an organism represents an essential property of its corre-
sponding kind is not directly testable and had to be inferred through comparison and empirical investigations.
Aristotle’s concept of essences lacked clearly and unambiguously applicable recognition criteria, with the
consequence that statements about essences always remain hypothetical and cannot be sufficiently validated
in principle.

Aristotle’s essentialism had a major influence on all subsequent classificatory attemptsin biology and rep-
resents a paradigm concept for most biologists to follow. After Aristotle, every biologist who wanted to define
a taxonomic group or a morphological trait had to deal in one way or another with Aristotle's concept of
essence. Thereby it underwent several magjor alterations, all of which also significantly influenced morpholog-
ical methodology and terminology. It is no overstatement to say that what follows in the history of biological
classification can be characterized as an enduring reaching out for Aristotelian essences, which at its turn
strongly influenced the epistemic status of morphology and the conceptualization of morphological data.

Theinfluence of medieval hermetism
While during the time of Aristotle empirical investigations take on an important role within sciences, this fun-

damentally changes at the latest in the Roman Empire of the second century. Culturaly it is a melting pot of
most diverse peoples and languages, a mixture of different ideas and ideologies, in which, officially, al differ-
ent kinds of religions and deities are more or less tolerated (Eco 1988), but in which the young Christian com-
munity was significantly growing and constantly gaining influence. In this time the concept of truth, as it was
delivered from the Greek rationalistic tradition, experiences a large crisis. On the search for a single truth
within the multiplicity of most different religions and cultures, hermetism gains importance and influence.
Many ideas, most of which were spiritually related, influenced the development of hermetic thinking. For
instance the Jewish-Christian idea of the existence of a universal language that all peoples spoke until the
building of the tower of Babel, when God decided to give the workers different languages to prevent them
from finishing their work. This universal language was believed to be closest to the language of Paradise, in
which, since it was the language of God, only the truth and nothing but the truth could be spoken. The her-
metic idea was that every language carries pieces of this old universal language of Babel, with Hebrew being
closest to it, followed by ancient Greek. Therefore, hermetists believed that manuscripts in different lan-
guages, preferably Hebrew and ancient Greek, all carry traces of the language of Babel and, thus, hidden
pieces of truth that only had to be revealed and discovered by studying and comparing the texts. Thus, in hope
that each book holds a spark of truth and that all books confirm each other someway somehow, hermetists
focused in their search for truth exclusively on the content of books. Thereby, the principle of tertium non
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datur (i.e., excluded middle principle: a statement can only be true or false—either A=B or A=B, athird pos-
sibility being considered to be impossible) is invalidated. Consequently, various things are regarded to be
simultaneoudy true, even if they contradict each other, and empirical research loses its importance (Eco
1988).

If books, however, tell the truth athough they contradict each other, each of their words is to be inter-
preted as an allusion, as an allegory. The universe isinterpreted as a network of relations, in which each thing
reflects and means all other things—a universe of universal sympathy, which a human being will only com-
prehend through aweb of alegories.

Obviously hermetists were seeking the truth that is lying behind the objects and that transcends observa-
tion and description. In doing so, they did not use language as Aristotle did—words and things were not con-
ceived as necessarily separate concepts and categories, but were believed to belong essentially together,
connecting humanity, nature, and the divine with one another, with the ultimate goal to restore the paradisiacal
union between them. This hermetic philosophy renders the inference of empirical evidence, with which one
could eliminate or refute hypotheses, impossible.

As a consequence and in reference to the Christian influence on hermetism, the medieval notion of truth
was more complex and multilayered than ours today: to a literal truth, a complex structured, transferred
moral-spiritual truth was associated. On the one hand, this drastically constrained the possibilities of interpret-
ing empirical phenomena and the number of potential explanations, since they were not allowed to contradict
the religiously shaped world view of people of thistime. On the other hand, they were tremendously extended
due to the idea of apotentially infinite repertoire of possible mechanisms of godly intervention.

From the second century until the early Middle Ages, it is characteristic for biological classification that
one does not differentiate between observation, document, and fable, which represents an obvious influence
of medieval hermetism. Signs are understood as intrinsic properties of their denotations—they are thought to
be essentially connected. Thus, following the ideas of hermetism, one assumes things possess at the most vis-
ible point of their surface signatures or markers, which are to indicate what is substantial (i.e., essential) with
them. The signature assigns the meaning to the organism. Heart-shaped leaves of a plant, for instance, must
possess a certain effect on the human heart due to their similarity, or they are at least related to it through some
cosmic connection. Another example is the belief in mercury salve helping to treat syphilis because mercury
is signed by the planet Mercury, which at its turn signs the market place where syphilis has been usually con-
tracted.

Paradoxographies and early encyclopaedists
The classical natural miracles and marvelous creatures of the paradoxographies, to which the Blemmyes

(headless creatures with their mouth on their belly), the Sciapodes (who like to lie in the shade of their single
large foot) and the Cyclopes (one-eyed creatures) belong, represent an ancient literary genre about which even
Aristotle wrote and whose meaning and role is still uncertain (the Greek texts may have served as collections
of samples for rhetoricians; Daston & Park 1998). Since paradoxographies were considered to represent
essential components of any encyclopedia they have been copied into each medieval encyclopedia and were
presented therein as knowledge to be true without any critique—obviously, people of the Middle Ages actu-
aly believed in the existence of the fabulous creatures of the paradoxographies.

Starting from third and up to the fourteenth century, the typical compilers of historical and topographic
encyclopedias rarely left their own hometown, but, instead, supported their work solely with the content of
older encyclopedias. In doing so they knew to tell tales from real and legendary countries inhabited by all
kinds of fabulous animals and strange creatures, including those from the paradoxographies (Daston & Park
1998). Thereby, the influence of the Christian world view also had a strong impact. Thelion, for instance, was
believed to possess the habit to obliterate traces with histail so that no hunter can take up histrack. This prop-
osition was believed to be true since the lion was considered to be a symbol of Christ who, for his part, erased
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the sins of mankind. In this way Christian hermetism provided a rational basis that gave a certain internal
coherence to this proposition. The same applies to Phoenix, a bird-like creature that burns every 500 years on
an altar and three days later resurges again from his own ashes, because in the Middle Ages the Phoenix repre-
sents the symboal of the redeemer (Eco 1988).

At the end of the twelfth century some scholars and naturalists start to be critically opposed towards the
ancient knowledge. Gerald of Wales (lat. Giraldus Cambrensis) for instance stresses the importance of per-
sonal experience of floraand fauna. He is one of thefirst to criticize the mistakes of antiquity and to doubt the
existence of the fabulous creatures described in the paradoxographies. For the first time a medieval topogra-
phy does not exist as pure literary compilation—Cambrensis work on the history and topography of Ireland,
written around 1185, is enriched with personal observations and criticism of Bede, Solinus, and others.

This development has also been influenced by the fact that with the eleventh century the time of the exten-
sive oriental expeditions and voyages begins. Europe opensits cultural borders and ends itsisolation as a con-
sequence of, for instance, the opening of the commercial routes and the Mongolian peace. Missionaries,
ambassadors, mercantilists, and researchers start to travel distant countries.

Nevertheless, to many authors it still applies. what is to be found in exotic countries is written in the
ancient books and the Bible. Therefore, it does not surprise that at the beginning of the fourteenth century
illustrations were still added to the report of Marco Polo’s journey to China. Thoseillustrations were added by
third persons and showed creatures like the Blemmyes, the Sciapodes, and the Cyclopes, which, following the
ancient writings, were to be expected in India, although they had not been described by Marco Polo (Eco
1988). Thisimpressively points out the enormous authority that the ancient writings had in this period of time
and the negligible value that was given to observation and personal experience.

The influence of medieval hermetism extended even into the seventeenth century. In books such as his
History of Serpents and Dragons (Aldrovandi 1648), the influential Ulisse Aldrovandi, professor in Bologna
and owner of the largest and most famous collection of naturalia in Europe during the seventeenth century,
till mentions for every creature and organism listed the recommended method to catch it, its allegorical use,
on which coat of armsit is to be found, known legends and narrations, as well as the best way to serveit with
sauce. All thisinformation islisted in addition to and mixed within pieces of knowledge about its biology, fol-
lowing no specific categorical order. Thus, even well into the late Renaissance, organisms are still understood
hermetically within the entire semantic net that connects them with the world, thereby not distinguishing
words and things as necessarily separate concepts and categories.

Naturalness, essences, and the epistemic role of observation
With the rise of hermetism, the epistemic role of observation fundamentally changes. This has a major impact

on biological classification. While Aristotle gives observation a central epistemological function, his early
medieval commentators do not follow him therein—to them all observation that is based on single occur-
rences is accidental. Observation and empirical comparison no longer serve as a basis for classifications. Def-
initions of kinds of biological entities are no longer given in terms of physical properties only. Hermetic
essences are physical properties that have to bear spiritual meaning. Morphological terminology is not any-
more grounded only in observation. What is considered to be rea is hot necessarily observable but must be
referable to the Bible or ancient texts.

Therefore, the medieval philosophers do not regard it as their task to observe natural phenomena and to
discover explanations for them. They rather dedicate their time to the study of the universal truths, which they
believe to exist as anetwork of relations of analogy, all dependent on an underlying, singular big metaphysical
cause. They were convinced that the universal truths can only be discovered by studying the books or by
receiving them from their teachers, which they then only had to improve and refine. This method is also
known as doctrina because it depends on the passing on of knowledge by instructors (doctores).
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Emancipation from the ancient heritage
With the invasion of the Iberian Peninsula by Islamic Moors in 711 and the following establishment of the

emirate of the Ommiades of Cordoba in 756, the cultural exchange between Arab and European cultures dra-
matically increased. In the Islamic cultural centers (Baghdad, Damascus, Cairo, Mecca, Samargand) Oriental
and Hellenic knowledge was merged by the Arabian scholars and provided the foundation of an Islamic sci-
ence, which reached its climax in the ninth and tenth century. Among Arabian Moors who occupied Spain
there were scholars who earned their living by translating into Latin ancient texts that had previously been
trandated into Arabic. This contributed considerably to the intellectual Renaissance in Europe.

A magjor conseguence of thisinfluence isto be seen in the introduction of new opinions about the order of
nature, in which nature was seen no longer as the direct expression of divine arrangements, but was thought to
be subordinated via internal orders formed by causal chains. With Adelardus and other scholars of that time,
the idea of an autonomous natural order was brought into the scientific discourse. This marks an important
break with medieval hermetism, asit implies the assumption that the structure of nature and the universe must
exist independent of humankind and human culture. This represents a precondition for the establishment of
ontological objectivity (see e.g., Daston & Galison 1992).

The discovery of the ‘New World’ and the collections of pharmacists and physicians
A significant influence, not only culturally and economically, but also regarding scientific methodology was

provided by the discovery of the ‘New World' of America by Christopher Columbus in the year 1492. An
immense quantity of unknown species and exotic naturalia are made accessible for study. Girolamo Cardano,
lawyer, mathematician, professor of medicine in Pavia and Bologna, and owner of a collection of naturalia,
refers to naturalia from America to impressively point out the gaps of ancient knowledge (Cardano 1557).
Insights of thiskind lead to the consequence that from this point the authority of the Greek and Roman authors
experienced a collapse.

Giovanni Battista Olivi is one of the first who studies the naturalia of the New World for their own sake
(Olivi 1584). Others will follow him. Gradually, something like the discipline of natural history develops,
emancipating itself initially only slowly from medicine. In natural history, natural objects are investigated
independently from their possible therapeutic applications. With the emergence of the discipline of natural
history the great time of biological classifications begins.

Natural history is understood to represent the task of moulding language as to represent things — natural
history cares about an unambiguous designation of the visible. Regarding content and meaning, natural his-
tory isbasically a classificatory discipline that deals with the description and classification of plants, animals,
and minerals (Kanz 2002). Later, by Francis Bacon, this new discipline will be given an important role within
his reformed system of natural philosophy, the ‘new philosophy’.

The encyclopedic work of Jan Jonston (1657) represents an impressive example for the corresponding
change in thinking, in which amagjority of formerly essential entries are now missing, which would have been
listed by, for instance, Ulisse Aldrovandi. Jonston limits his description of organismsto known biological data
as well as the possihilities of the utilization of the organism for human purposes — well-known legends and
the like are not thought to belong to the organism in principle and are therefore ignored. Henceforth, as a con-
sequence of the advent of the discipline of natural history, observation and its documentation are separated
from fables, but are from then on understood as representational types in their own right. This represents a
very important step towards the establishment of ontological objectivity (Daston & Galison 1992) in biology.

Bacon's empirical facts
By the growing popularity of scientific collections and the increasingly effective publishing of scientific

essays due to the new book printing techniques, contacts among scientists increase within Europe, crossing
cultural and national borders. As aresult, an active scientific exchange develops. Thisisthe ground on which,
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during the seventeenth century, a new epistemology of empirical facts develops together with a community of
empirical researchers.

Francis Bacon was one of the leading figures of this‘new philosophy’. He had the idea that nature has just
to be interpreted correctly, that nature tells its own tale and scientists only have to learn how to listen to her.
Nature would reveal herself as soon as scientists manage to rule out their intervention (Galison 1998). Thisis
based on the idea that the ultimate structure of redlity is independent of humankind and human culture (onto-
logical objectivity sensu Daston & Galison 1992).

In trying to do so, Bacon conceives natural history on the ground of his own epistemological system, in
which natural history takes in an epistemological key function (Spedding et al. 1857-1874). According to
Bacon's Novum organum (Bacon 1620), natural history must serve as source for facts and as the empirical
foundation for natural philosophy. Facts represent a new category of scientific experience, detached from
explanations, illustrations, or conclusions. Following Bacon, scientists should put aside their terms and should
start to deal with facts.

Bacon's empirical facts are grounded in observation. However, observation is always spatio-temporally
fixed and therefore represents alocalized event. Observation not only depends on the conditions present at a
specific location but also on a given individual with all its idiosyncrasies. Thus, the important question that
Bacon had to answer was, how necessarily subjective experience can be transformed into objective empirical
facts. Which conditions have to be met to turn a ‘view from somewhere' (Porter 1992) into a ‘view from
nowhere’ (Nagel 1986)7?

According to Bacon, the process from the study of particularsto the identification of factsis considered to
be burdensome, since the senses have to cross the corset of a strict method of order, processing, and evaluation
to be immune against deceptions. Bacon develops boards, so-called praerogative instances—boards of agree-
ment, differences, gradations, and repulsion of properties in nature. They are to serve as methodological aids
to the discovery of the laws of natural properties and their fundamental forms. The praerogative instances pro-
vide the methodological core to Bacon's conception of natural history, which in its turn was conceived to be
free of any theory, and to represent one of the first attempts to establish aperspectival objectivity in science.

Aperspectival objectivity (see Daston 1992, 1998; Daston & Galison 1992; procedural objectivity sensu
Heintz 2000; for a critique of the claim for perspective-independent objectivity in science see, e.g., Kukla
2006) is about communicability of scientific results and claims that something is more objective than some-
thing elseif it relies less on the specific individua who generated the results, their social position and charac-
ter.

As a consequence of Bacon's conception of natural history, observation and its documentation in form of
descriptions are methodologically sharply separated from the conclusions drawn from them, including all
explanatory hypotheses and theories. This represents a major methodological improvement. The focus on
facts and their consistent distinction from conclusions should also prove to be favorable for the just emerging
scientific societies and their meetings, since one can usually talk about facts more objectively and without per-
sonal arguments than it is possible with theories. Bacon's ' natural histories' subsequently developed into the
‘facts’ of natural philosophy of the late seventeenth century, which in their turn represent the attempt to gener-
ate pure descriptions that should be free of any theory or conclusion and which represent the precursor of our
modern notion of empirica data.

During the seventeenth century more and more scientists and philosophers became aware of the subjectiv-
ity of perception. Locke (see also Galile, reprinted in Drake 1957), for instance, distinguishes between pri-
mary qualities such as shape, size, distance, solidity, and volume that, according to him, exist in the external
world in the same way humans perceive them, and secondary qualities such as color, taste, texture, smell, and
sound that, following him, do not exist in things themselves but depend on the perceiver’s senses (Locke
1689/1979). Following this distinction, Bacon's natural history had to focus on primary and not on secondary
qualities.
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Naturalness, essences, and the epistemic role of observation
During the seventeenth century more and more scientists and philosophers became aware of a) the subjectiv-

ity of perception and b) the requirement of natural philosophy to be grounded on perception. As a conse-
guence, observation and empirical comparison regain their epistemic role. But scientists are at the same time
suspicious of singular observations of individual specimens and apply rigorous methods and techniques. They
believe that to discipline observation requires the distinction of different observational categories in order to
minimize its subjectivity (e.g., by distinguishing primary and secondary qualities). Consequently, essences are
considered to exist independent of human beings (ontological objectivity) but require specific methodological
procedures for their identification and documentation (aperspectival objectivity).

The age of classification
Bacon also had a mgjor influence on biological classification. Jungius, a student of Cesalpino, started to

develop criteria for generating something like Baconian empirical facts for morphology. He applied a philo-
sophically derived rationale to the observation of plants. Jungius believed that well defined terms, just like
numbersin mathematics, represent stable and objective values. Based on this assumption, he defined clear and
unambiguously applicable botanical terms that he stripped off of all untested physiological interpretations,
thereby clearly separating observation from conclusion (Jungius 1678; von Sachs 1875; Beck 1969). Jungius
goa was to develop aprimary language (i.e., a purely descriptive one), with which observation and its docu-
mentation through descriptions should become independent of the respective individual observer and univer-
saly communicable. By standardizing morphological terminology and descriptions of morphological traits,
Jungius attempted to establish aperspectival objectivity (Daston & Galison 1992) within botanical morphol-
ogy and classification.

The standardization of experimental and linguistic practices becomes more and more popular during the
nineteenth century, thereby stressing the importance of communicability of scientific results among scientists.
Objective knowledge comes to be defined as communicable knowledge and requires scientists to standardize
their methods of measurement and communication. Jungius thereby follows the most important strategy for
linguistic standardization: quantification and formalization—to use formulage, numbers, and graphs whenever
possible (Heintz 2000).

One of the first to adopt Jungius terminology for the purpose of biological classification was Ray.
Thereby Ray followed Cesalpino (1583) and Tournefort (1694) in focusing on the properties of flowers and
used only distinct and exactly definable properties of morphological traits for classification (Ray 1703).

Cesalpino, Jungius, Ray, and Tournefort prepared the ground for Linnaeus and his new and very success-
ful approach to biological classification. Linnaeus reduced and limited observation to afew categories only, so
that one is left not only with what is analyzable in the somewhat confusing opulence of representations but
also with what anybody can recognize and identify and, thus, with what can receive a name that everyone
understands (Linnaeus 1735, 1751). With his sexual system (i.e., Clavis systematis sexualis, for more detail
see below), Linnaeus proposed avery pragmatic way to make biological classification aless subjective proce-
dure, at least for botany. Linnaeus’ sexual system provides atheory for taxonomic character that takesin the
function of a secondary language (i.e., analytical/explanatory), with which classification should become inde-
pendent of the individual taxonomist.

Biological classification before Linnaeus is characterized by a plurality of contradictory approaches
(Ereshefsky 1997). Actually, Heywood (1985) concludes that before Linnaeus biol ogical taxonomy must have
been a rather chaotic discipline, which stands out by its miscommunications and misunderstandings. The tre-
mendous success and the broad acceptance of the Linnaean system are probably due to his rather pragmatic
choice of criteria for the conceptualization of classification (for his contribution to the theory of biology see
Miller-Wille 1999). Linnaeus approach provided comparatively clear and simple rulesfor the construction of
classifications, which also included rules for the denomination of species and taxa. This significantly
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increased the possibility of communication among taxonomists (Ereshefsky 1997; Stevens 1997).

Naturalness, essences, and the epistemic role of observation
The ‘new philosophy’ of Bacon, Descartes, and Locke, had a major influence on taxonomists. In order to sat-

isfy the claim of transparency and reproducibility that accompanied this new style of doing empirical
research, taxonomists strived for making classification aless subjective procedure by relying on mathematics
and logic. They limited themselves to the study of distinct, clearly and unambiguously definable morphologi-
cal traits, with which they attempted to establish a terminological standard in morphology-based classifica-
tion. This also improved possihilities to communicate on€'s findings and discuss and agree upon possible
classificatory relationships (i.e., aperspectival objectivity). As a consequence, essences are understood to rep-
resent real physical properties of traits that are observable, unambiguously describable, and that can be identi-
fied independently from a particular taxonomist.

Causal reasoning and therole of function in classification
Devel opment of the laboratory method
Medieval natural philosophers strive for scientia (e.g., theology and theoretical medicine), which, according

to the definition of Aristotle, represents safe knowledge based on classical syllogisms and, thus, ultimately on
postulation and deduction. In contrast to scientia stands artificium, which is associated with handicraft and
which represents another form of researching that is based on experience and the development of |aboratory
techniques and instruments. Instead of the safe knowledge of scientia, artificium was considered to only be
able to produce reliable opinions, as can be found in practical medicine and agriculture.

Due to the increasing urbanization and the increasing trade at the end of the fourteenth century, the urban
bourgeoisie flourishes and a solvent commercial, crafts, as well as intellectual urban elite emerges. These
elites let the market for professional medical supply boom. As a consequence of this development and due to
its increased social importance, the field of medicine that is concerned with the diagnosis, the description, and
the treatment of individual diseases, receives an enhanced position. Noble patrons promote for instance the
research on spas, i.e. medical springs. Giovanni Dondi, physician and professor of medicine, isengaged in the
observation and description of thermal springs in the proximity of its hometown Padua (Dondi 1372-1374).
Giovanni is not alone as Ugolino da Montecatini (1471), Michele Savonarola (1448-1449), and many others
of that time were busy with the study of thermal springs as well. During their research they quickly become
aware of the fact that the classical methods of scientia, which reduce their reasoning to deduction from first
principles and the study of literature, are not suitable for the study of thermal springs. Thus, only with the aid
of empirical experience and the application of the methods of artificium could successful research be accom-
plished in this field, leading to the development of methods and techniques for experimental exploration and
measurement of more complex observable relations. Thus, it isin the tradition of artificium that methods of
experimental exploration and measurement devel oped, which represent the core of the emerging new labora-
tory method.

Influenced by the principles that Francis Bacon introduced in his Novum Organum (Bacon 1620), the
‘Invisible College’ was founded in the seventeenth century—a precursor of the Royal Society of London. Its
members devoted themselves to Bacon's ‘ new philosophy’ and were dedicated to acquire knowledge through
experimental investigation (Gingrich 2004). Among its members was Robert Boyle. Assisted by Robert
Hook, Boyle went through numerous modifications and changes in design and construction of his air pump,
finally leading in 1659 to his ‘Pneumatic Engine', with which he began to run a series of experiments.
Through this experimentation Boyle discovered that the volume of gas varies inversely to its pressure. This,
by now famous law resulted from his extensive experimental work with the air pump (Boyle 1660). Boyle's
experimental approach marks a change in paradigm in science, representing a consequence of what is often
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referred to as the scientific revolution. It is paradigmatic for the enthronement of empiricism and experimenta-
tion as primary instruments for gaining knowledge (Shapin & Schaffer 1985; Shapin 1996).

In the beginning of experimentation, experimental results had to be validated and authenticated by trust-
worthy witnesses. At that time, trustworthiness of a witness was primarily defined in terms of their social
position—only the unbiased judgment of a gentleman can witness experimental results. Scientific societies
take in acentral position in the establishment of this social objectivity (Heintz 2000). With an increase of stan-
dardization of experimental methods and techniques, with the development of instruments for data produc-
tion, which replace the scientist as an observer, and with the (international) standardization of measurement
procedures as well as measuring units, gentlemen-science is suppressed and social objectivity is replaced by
mechanical (and aperspectival) objectivity (see Heintz 2000). Mechanical objectivity (Daston & Galison
1992; methodical objectivity sensu Heintz 2000) requires the ruling out of all individual and subjective influ-
ences of body and mind and forbids judgment and interpretation in documentation of observation and reports
onit (Daston & Galison 1992).

Causal reasoning
Isaac Newton formulates the first of the ‘rules for the operation of comprehension’, a call for economy of

thinking in natural philosophy, using only as many causes for the explanation of natural phenomena as neces-
sary (Newton 1687). This methodological principle, also called parsimony, which goes back as far asto Aris-
totle, but is commonly attributed to William Ockham (* Ockham’s razor’), enjoys at the end of the seventeenth
century increasing popularity. Parsimony provides the methodological restriction for the choice of the best
explanation which is necessarily required for empirical research. With it, functionality moves into the focus of
naturalists—the simplicity of nature and the economy of their instruments are connected with the sobriety of
purposes (Daston & Park 1998). The conception of the regularity of causesis associated with that of the regu-
larity of effects. Also among the anatomists of thistime, the coupling of morphology/anatomy and functional-
ity plays a prominent role. To them, function begins to represent the most important issue. Thus, aready in
1718, the Parisian anatomist Jean Mery thinks of the * machine of the human body’ (Mery 1718).

Therole of functional morphology in classification
In the distinct and usually very reliably and easily preservable forms of plants, natural history finds an ideal

object for its research (additionally, by mailing seeds, specimens could by traded between botanical gardens).
This contributes substantially to the boom of botany, resulting in the formation of many botanical chairs at the
universities during this time. The actual practice of classification, however, proves that not every trait pro-
vides differentiating properties and can serve as a taxonomic character—not every property represents an
essential property. The scientific task of taxonomists therefore consists in finding suitable traits in order to
receive accurate names for the objectsto be classified. This brings up some difficulties. One hasto ask onesdlf
what is ‘suitable’ —a problem that results from the concept of essence lacking clear recognition criteria. Asa
consequence, a multiplicity of different classifications are conceivable, each of which is based on different
sets of traits. Michel Adanson (1763), for instance, came up with 65 different classification systems this way.

Classification and taxonomy prior to causal reasoning arranged the knowledge about organisms according
to the possibility of representing them within a system of names. As a consequence, many different classifica-
tions are possible and their scientific value is evaluated on grounds of rather pragmatic criteria (e.g., Stevens
1997). Classification experiences amajor change in paradigm with the development of the idea of a hierarchi-
cal natural order that can be discovered by taxonomists through causal reasoning, in which function takeson a
central role.

At the beginning of the nineteenth century the term and concept of organization develops, which refersto
the internal physique and physiology of an organism. The term and concept of function receives specific atten-
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tion, since it relates individual morphological traits to the entire organism and, thus, to other morphological
traits. The morphological traits together with their functional relations establish the organization of the organ-
ism. On the basis of the concept of organization, atrait can be evaluated in reference to its functions and their
importance to the organism: important traits provide functions that are essential for the survival of the organ-
ism, whereas less important traits do not. Thus, by defining an internal law (i.e., the function), organization
mediates between morphological trait (i.e., primary language, purely descriptive) and taxonomic character
(i.e., secondary language, analytical/explanatory). Function is understood to permit a certain trait to adopt the
value of ataxonomic character. As a consequence, classification receives a completely new conception. With
the criterion of function classification becomes a natural system. The hierarchical order of classification is
neither merely given by God nor only dependent on the cognitive constraints and requirements of humans
anymore. Function determines the hierarchy within the system.

Cuvier, the developer of the modern discipline of comparative anatomy (Coleman 1964), assigns sets of
organs to a specific function and tries to reveal similarities by comparing them (Cuvier 1800, 1817, 1825)—
although Linnaeus justified the epistemic role of his sexual system as providing the key traits for classification
on the function of the sexual organs for reproduction, thereby following the tradition of Cesalpino, this refer-
ence to function is owed to an Aristotelian concept of ‘being’ (see, e.g., Larson 1967) rather than a modern
causal account of function. According to Cuvier, function is not assigned to anatomy anymore, but instead
receives primacy—which was the matter of debate of the famous argument between Cuvier and Geoffroy
Saint-Hilaire in 1830 (see e.g., Appel 1987), in which Geoffroy Saint-Hilaire argued that the body plan of an
organism constrains how organ functions are manifested (i.e., form determines function), whereas Cuvier
argued that function determines how organs are designed (i.e., function determines form). According to
Cuvier, any similarities between organisms are due to common functions. During his comparative studies of
the internal organization of organisms Cuvier noticed that individual organs can no longer be conceived with-
out the other organs and that all other organs would have to change as soon as one of them changes (Cuvier
1800; principle of functional correlation, Russell 1916). Thus, Cuvier introduced the idea of organic integra-
tion into biological thinking, which is fundamental for our modern conception and understanding of the
organism (Fristrup 2001).

Furthermore, Cuvier is convinced of being able to recognize an internal hierarchy of morphological traits,
with some traits possessing a greater functional importance for the organism than others (principle of subordi-
nation of characters; e.g., Coleman 1964; Farber 1976; Eigen 1997). On the basis of the most important func-
tion he tries to find the most important type of taxonomic character. This type of character, in its turn, has to
serve as foundation for the higher ranked taxa in a classification. In doing so he initialy dedicates himself to
the investigation of blood circuits, then to digestion, and later to nervous systems. On the basis of having iden-
tified four types of nervous systems, Cuvier classifies animalsinto four distinct basic classes, the ‘ embranche-
ments’ (i.e., morphological types—for a discussion of Cuvier’s type concept see Eigen 1997): Articulata (i.e.,
arthropods and segmented worms), Mollusca (i.e., al other soft-bodied bilaterally symmetrical invertebrates),
Radiata (i.e., cnidarians and echinoderms), and Vertebrata.

Naturalness, essences, and the epistemic role of observation
Many different and mutually contradicting classifications were proposed for animals on the basis of Linnaeus

method of classification. But also regarding the classification of higher ranked taxa in botany Linnaeus' sex-
ual system failed to provide a consistent solution, as he himself had to admit (Linnaeus 1751; see also Larson
1967). This was unsatisfactory and required the introduction of additional criteria to classification. With the
advent of causal reasoning and physiology in biology, the investigation of functional relationships within an
organism became more and more important. Thisinfluenced not only classification but also morphology. Asa
consequence, essences were understood to represent real physical properties of traits that serve functions
which are very important for the survival of the organism.
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The problem with essences and its unsatisfactory solution

This brief introduction to the history of biological classification illustrates the important role that the concept
of essence had in biological classification and morphology. With his concept of essence, Aristotle provided a
means to rationally distinguish between artificial and ‘real’ kinds, thereby allowing for abstraction and gener-
alizations over the overwhelming diversity of biological beings. Thus, it is not surprising that Aristotle’s
essentialism played a very important role in biological classification ever since and that it significantly influ-
enced morphology too. Unfortunately, already when introduced by Aristotle himself, the concept of essence
was somehow ill-conceived and could not be satisfactorily clarified. This might be due to the fact that the con-
cept of essence, which refers to specific properties of a given kind of things, has always been linked to the
concepts of species and taxa, to which essences are supposed to provide diagnostic criteria. Considering the
problems that biologists had and still have with agreeing upon a sound concept of species and taxa (for an
overview see, e.g., Claridge et al. 1997, especially the contribution of Mayden therein; Wilson 1999, espe-
cialy the contribution of Boyd therein; Pleijel & Rouse 2000; Wheeler & Meier 2000; Pigliucci 2003), the
enduring ambiguity that accompanies the concept of essence is not very surprising.

Asfor the concept of species and taxa, the concept of essence brings about two problems. Firgt, the onto-
logical problem of what exactly is an essence (i.e., its theoretical definition), and second, the epistemol ogical
problem of how to recognize and identify essential properties (i.e., its recognition criteria). Aristotle’s concep-
tion was unclear regarding what exactly essences are ontol ogically, except that they were considered to be real
physical properties. In order, in theory at least, to be able to distinguish essential from accidenta properties,
Aristotle had to assume the existence of an invisible ‘nucleus’, the ‘ substance’, that every thing possesses and
that bears essential properties. Other than that, essential properties could only be discovered through observa-
tion and comparison, guided by the classificatory method of logical division per genus et differentiam. Unfor-
tunately, this procedure is ambiguous and can result in many different, mutually contradictory classifications.
This does not necessarily pose any problems, as long as one does not assume the existence of a natural order,
which would allow only one classification to be true and all others to be false.

The emergence of Christian hermetism did not really help to clarify the concept of essence, either. Quite
contrary, on the basis of understanding fables as another type of property possessed by an organism, sharing
the same epistemic status as biological properties, medieval hermetists modified the definition of essence to
bear spiritual meaning. Theinvisible ‘nucleus was not merely the bearer of real physical properties anymore,
but also of relationships of similarity to spiritually meaningful things and characters from the Bible or from
ancient Greek texts. Since its cultural connotations are understood as essentially belonging to an organism in
the same way as its biological properties, reality cannot be understood as existing independent of humankind
and human culture (i.e., ontological subjectivity). Since the Bible and ancient Greek texts are considered to
provide the main source for gaining knowledge, observation and empirical investigation were not sufficient
anymore to identify essences, and the applicability of the concept of essences was further hampered.

The increasing exchange between Christian European and Islamic Arab culture marks the turning point in
European history of science. Arab scholars introduced the idea of a natural order that exists independently
from humankind and cultural knowledge. As a consequence, names and fables have to be separated from bio-
logical knowledge, because they are now considered to belong to different ontological categories. This marks
the beginning of the establishment of ontological objectivity in Western science and philosophy and a break
with one of the central paradigms of medieval hermetism.

The scientific revolution, with its claim of transparency and reproducibility, and Linnaeus’ new approach
to taxonomy, with its focus on communicability, marks a significant step forward towards clarification of the
concept of essences. By identifying the problem of subjectivity of individual observations and the necessity to
clearly separate observation from explanation, methods for data production and documentation became more
important. From then on, essences were considered to be real physical properties that are observable, unam-
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biguously describable and that can be identified independent from individual morphologists. As a conse-
guence, morphological terminology became more standardized and morphologists became aware of the
critical role that language plays in objective data representation. The age of classification, with such protago-
nists as Jungius and Linnaeus, marks the high time of aperspectival objectivity in morphological terminology.
When comparing their standards with current standards of morphological data conceptualization and docu-
mentation, the question immediately arises why the standards that they devel oped have not been reached ever
since?

Unfortunately, in the long term, the trend of objectification of morphological terminology did not yield the
expected success in biological classification, at least not in zoology. Cuvier, who regarded Linnaeus as the
greatest geniusin biological classification (Eigen 1997), realized that Linnaeus' sexual system failsto provide
the foundation for a classification that unambiguously represents the existing natural order. As a consequence,
and along with the hype that accompanied the emergence of causal reasoning, taxonomists were eager to fur-
ther modify the concept of essence in classification, understanding essences to represent real physical proper-
ties of traits that serve functions that are very important for the survival of an organism. This can be
interpreted as an improvement of the theoretical definition of the concept of essence, since it replaces the spir-
itual context of medieval hermetism and adds with function a component that is experimentally accessible to
the idea of a‘nucleus . However, comparative anatomical studies reveal that similar traits can have very dif-
ferent functions and equivalent functions can be fulfilled by morphologically diversetraits, suggesting that the
relation between form and function is very flexible. Moreover, it is not clear how one can determine the
importance of a function of atrait. In other words, recognition criteria for essential properties were still very
ambiguous and, therefore, the application of the concept of essence still very problematic.

However, the idea of a hierarchical natural order of organisms allowed taxonomists to differentiate
between accidental and essential properties on a heuristic basis without requiring reference to the functions of
the respective traits: With the increase of comparative anatomical studies the idea develops that sameness
relations between morphological traits can be differentiated into two different categories. On the one hand,
there are those properties that appear to be accidentally equivalent. These properties, which are called analo-
gies, occur isolated. Their sameness can be traced back to an equivalence of form and function (Rieppel
1993). On the other hand there are those properties that appear to be ‘truly’ identical. These properties, which
are called affinities (Strickland 1840a, 1840b) or homologies (Owen 1843), can be distinguished from analo-
gies by their occurrence in reciprocally corroborating aggregates. Starting point for this distinction was the
idea that a hierarchical natural order of organisms would have to stand out because of the natural affinity of
the corresponding organs (Whewell 1840). In other words, characteristic for affinities’homologiesis that clas-
sifications based on different affinitiessfhomologies tend to confirm each other by congruence.

Thus, by assuming a hierarchical natural order and, thus, the existence of real correlates for species and
taxa, which in its turn provides a means to reasonably organize organisms into classes, an independent crite-
rion for testing whether atrait represents an Aristotelian essence became available. A putative essential prop-
erty can be tested against sets of other putative essential propertiesin terms of congruence. Obviously, for the
first time in the history of the concept of essences, something like a (heuristic) recognition criterion is avail-
able. However, a satisfactory explanation for the existence of affinities’/homologies was still lacking and, thus,
the ontol ogical status of essences (i.e., their theoretical definition) was still unclear. Nevertheless, the concept
of afinity/homology was commonly accepted among nineteenth century comparative anatomists (Panchen
1999).

In the light of the theory of evolution, the concepts of affinity/homology and analogy experienced consid-
erable modifications (for overviews see Hall 1994; Bock & Cardew 1999; Rieppel 1993). As a consequence,
nowadays we understand (morphological) homologies as traits that share equivalent properties with one
another due to common ancestry, whereas homoplasies represent traits that share equivalent properties due to
other reasons, but not common ancestry (Lankester 1870). For the first time ever, with the theory of evolution
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the basis for an unambiguous, historically grounded theoretical definition of essence becomes available. From
then on, homologous traits take in the role of essences in classification: whenever similarity between organ-
ismsisinterpreted to be based on homologous traits, these traits are considered to be truly identical, providing
the grounds for concluding identity of the trait bearing organisms, which at its turn establishes the identity of
the corresponding species or taxon. Thus, the concept of homology provides a solution to the problem of
essences, with which biologists have struggled for such along time.

Morphological terminology and homology—the downside of the solution
M orphological methodology has been strongly influenced by the concept of essences. Thus, it is not surpris-

ing that we nowadays have to deal with amultiplicity of morphological terms that imply homology. The influ-
ence of essentialism on morphological thinking is so strong that even today most morphologists cannot
imagine amorphological terminology free of homology assumptions. However, homology transcends the per-
ceptually given by providing an explanation for the sameness of traits. If descriptions of morphological traits
are based on homology assumptions, they depend on particular phylogeny hypotheses, which in their turn pro-
vide historical explanations for the perceived distribution pattern of sameness and differences of traits. As a
conseguence, much of morphological terminology is phylogeny-sensitive, requiring a change in terminology
whenever a currently preferred phylogenetic hypothesisis replaced with another one due to new data, leading
to acontinuous change of meaning in many morphological terms. If morphological terminology is phylogeny-
sensitive, morphological data are conceptually not clearly separated from conclusions.

Unfortunately, terminological standardization has been further hindered by lack of communication
between morphological specialists of different taxa. As a consequence, morphological terminology has devel-
oped and grown independently within different taxonomic communities in the past and still does so today,
with the effect that morphologists assign different terms to equivalent morphological traits or the same terms
to different traits. This leads to a major problem regarding communicability of morphological data across
large taxonomic ranges. Especially with respect to the comparative method, it represents a fundamental prob-
lem that morphology has to face. Unfortunately, Jungius and Linnaeus were the last biologists to successfully
attempt to develop a general standard for morphological terminology. It seems as if morphology does not
strive for the major achievements of the scientific revolution anymore: establishing a high degree of aper spec-
tival objectivity.

What can we learn from Linnaeus

First attempts to establish a basic degree of mechanical and aperspectival objectivity in morphology can be
seen in Locke's (1689/1979) distinction of primary (subject independent) and secondary (subject dependent)
qualitiesin classification. In order to exclude some of the subjectivity that is necessarily connected to individ-
ual observations, taxonomists like Jungius, Tournefort, and Ray already excluded most secondary qualities
from classificatory considerations. Furthermore, by focusing primarily on fructification traits, they aso
assumed that specific traits are more suitable for generating a consistent classification than others. As a conse-
guence, the relevant area of matter for classification has been confined and restricted: to Jungius, Tournefort,
and Ray not all morphological empirical phenomena were relevant to classification anymore. Distinguishing
relevant from irrelevant phenomena, however, requires an epistemological criterion that goes beyond Locke's
differentiation. This is where the concept of structure comesinto play.

Linnaeus morphological structure concept
Linnaeus' tremendous success can be traced back to four aspects of classification, to which Linnaeus made

significant contributions—at |east, when considering them in combination:
1) Defining taxa on the basis of Aristotelian definitions. Linnaeus defined taxa on the basis of five predi-
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cates, which are derived from Aristotle's definition by genus and differentia (see e.g., Ereshefsky 1997; for a
criticism that Linnaeus followed Aristotelian essentialism see Winsor 2003, 2006a, 2006b; for areply see Sta-
mos 2005):

Definition A statement about necessary traits (i.e., essence)

Genus Genus part of an Aristotelian definition, inherited from its parent taxon
Differentia Distinguishing part of the definition

Property The necessary traits as such (i.e., the taxon’s essence)

Accidents Typical traitsthat are not essential

2) Classification by Aristotelian logical division per genus et differentiam. Linnaeus offered clear and simple
rules for constructing classifications. For pragmatic and other reasons, he introduced new ranks and rules for
naming genera and species (Stevens 1997; Larson 1967). Linnaeus was also the first to propose a classifica-
tion with a strictly encaptic hierarchy of non-overlapping classes, a Linnaean hierarchy, thereby significantly
contributing to the theoretical advancement of biology (see Muller-Wille 1999).

3) Linnaeus confinement to the sexual system—nhis taxonomic characters. Linnaeus owed alot to the work
of Cesalpino, Jungius, Ray, and Tournefort, who formalized morphological descriptions in botany and who
aready used fructification characters for botanical classification. Linnaeus was convinced that, due to prag-
matic reasons (but see also Larson 1967 for his Aristotelian reasons), the various traits of a plant’s sexual
organs are best suited for botanica classification. Linnaeus considered them to be easy to work with, being
most complex organs that incorporate many characters (31: calyx with 7 parts, corolla with 2, stamen with 3,
pistil with 3, pericarp with 8, seed with 4, and receptacle with 4 parts; Atran 1990), which can be described
precisaly (Ereshefsky 1997). Thus, he used them as ‘ Property’ for defining botanical taxa.

4) Linnaeus' taxonomic facts—a botanical structure concept. Linnaeus described each of the 31 fructifica-
tion traits according to four categories (Linnaeus's defining attributes; Linnaeus 1735, 1751; see also Larson
1967), each of which is based on a single perceptual judgment: 1) the quantity of observed elements (i.e.,
numerus), 2) their basic geometrical form (i.e., figura), 3) their relative size (i.e., proportio), and 4) their spa-
tiotemporal distribution (i.e., situs). Applied to all fructification traits of a plant, one receives 31 descriptions,
each of which consists of four ‘values. As a consequence, the description of fructification traits became
parametrized. This not only established terminological standardization, but also a standardization of descrip-
tion which established a degree of aperspectival objectivity that was formerly not known to morphology and
that has not been reached ever since.

The combination of these four aspects of Linnaeus' method of classification alowed plant taxonomists of
histimeto arrive at similar conclusions and to unambiguously communicate their morphological findings (his
method failed, however, on the level of orders and classes, as Linnaeus himself had to admit; see Larson
1967).

Linnaeus taxonomic facts are obtained as a result of the concision and reduction of perception to four cat-
egoriesthat exclusively refer to Locke's primary qualities. On the basis of observation, comparison, and per-
ceptual judgment, morphologists decide which ‘value' a given trait adopts. One could also say that each
category poses a question that can be answered in reference to morphological investigations. A category is
only applicable, and thus a trait only describable, if morphologists can unambiguously assign a specific
‘value' to it. In other words, organizing morphological descriptions on the basis of these categories forces
morphologists to make clear perceptual judgments in reference to criteria that demand mathematization or
formalization, and thus always a standardization of statements about traits and their properties. The ‘values
that atrait obtainsin a description should be independent of the individual morphologist—the ideal would be
that different morphologists assign the same ‘values' to a given trait. The respective ‘values' of atrait thus
represent ‘facts' about the trait. In combination, the four values or variables—one for each category—describe
what represents the morphological structure of atrait.

The idea of restricting morphological descriptions to a predefined set of categories and their correspond-
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ing value-spaces represents an ingenious way to deal with the overwhelming diversity of morphological traits.
The restriction and abstraction of the phenomenal field to only those phenomena that can be grasped by the
structure concept not only translates morphological diversity into standardized and analytically accessible bits
of information, but also establishes a high degree of communicability and comparability of morphological
data and, therefore, a high degree of aperspectival objectivity.

Developing a general structure concept for mor phology

What is‘structure’?

Structure, in general, can be understood as a fundamental notion covering the observation, recognition, depen-
dencies, and stability of patterns and relationships of objects and processes. The concept of structureis asold
as Western philosophy and science and provides an indispensable foundation of nearly every mode of inquiry
and discovery in science, philosophy, and art (Pullan 2000). The term ‘ structure’ evokes connotations of orga-
nization, connection, orientation, framework, and others—but it is order, which is most central to the concept
of structure (Pullan 2000).

The set of relations between different parts and aspects of a given complex whole determines the latter’s
structure. Structure represents a way to conceive properties and relations of a complex whole, and without
some notion of structure it would be very difficult for anybody to devel op a conceptualization of something.

While a general notion of structure provides a general concept for structuring the overwhelming diversity
of the phenomenal world, thereby mediating between phenomena (as representations of sense impressions)
and their corresponding concepts (as representations of real objects and processes), when dealing with the
world welivein, apotentialy infinite plurality of specialized structure concepts have necessarily to be devel-
oped (Pullan 2000).

Basic principles for developing a structure concept

A structure concept is developed with a specific practical purpose in mind: it should facilitate in generating
data of a specific type and quality that are relevant for a specific scientific discipline, research program, or
investigation. In order to successfully develop such a proper structure concept, it is inevitable to understand
the characteristics of high quality datafor the given scientific question and theoretical framework.

Probably the most basic characteristic of data, commonly shared by most if not by al fields of empirical
research, isthat it documents some sort of observational experience, conducted by either a human being or by
instruments and machines. However, scientifically relevant observational experiences usually involve infor-
mation about properties and relations of real objects and their behaviour. Thus, on avery basic level, data rep-
resent descriptions of properties, relations, and behaviour of specific types of objects and processes. As such,
they represent descriptions which are existence statements that do not only go beyond the necessarily private
phenomenal world of an observer’'s experience, but also beyond descriptions of particular phenomena.
Instead, these descriptions represent hypotheses about the existence of entities and their properties, which are
based on observational judgments. In other words, these descriptions provide answers to questions regarding
the entity’s properties and relations, such as for instance what shape does the entity have; what is adjacent to
it; whether it is continuous with some other entity; what is its temperature; how does it react to exposure to
light.

A structure concept should provide a method for standardizing and formalizing such descriptions. It
should consist of perceptual categories, which pose questions that can be answered in reference to empirical
investigation, observation, and measurement. Ideally, the structure concept is formalized to a degree that it
restricts the observer in what is allowed as an answer for each question posed by the structure concept. In
other words, the structure concept should provide a set of empirical questions (i.e., categories) and with each
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question a set of ‘values' (i.e., a ‘vaue-space’) that are allowed as an answer. Each ‘value-space’ is deter-
mined by arange of allowed numerical values (e.g., natural numbers), Boolean values (i.e., ‘ YES or ‘NO'), or
by alimited set of defined terms (i.e., a controlled vocabulary). Linnaeus sexual system, whose application
was restricted to sexual organs of plants, came close to being such a formalized structure concept.

A clear and unambiguous structure concept should furthermore provide criteriafor distinguishing relevant
from irrelevant information. This includes discounting all information that does not meet previously specified
and commonly accepted criteria for objectivity (i.e., ontological, aperspectival, and mechanist objectivity) as
well as differentiating between phenomenathat refer to real entities that are relevant to the ongoing investiga-
tion from those that are irrelevant. As a consequence, a specific structure concept necessarily always depends
on the theoretical and methodological framework of a given investigation and is therefore always context-
dependent. In other words, for different scientific purposes and different domains of matter, different structure
concepts have to be developed and applied.

Foundations of a morphological structure concept

In order to develop the foundations for a general morphological structure concept, some questions have to be
addressed first. The first question to be answered is what morphological data represents. As | have argued
above, descriptions in form of existential statements grounded and substantiated in observation and experi-
mentation represent empirical data. In the context of phylogenetics, many morphologists consider phyloge-
netic characters and character matrices to represent morphological data. Taking Bacon's separation of
empirical facts from scientific conclusions (i.e., explanatory hypotheses and theories) as a paradigm of scien-
tific objectivity, however, phylogenetic characters cannot represent morphological data in the strict sense,
since they incorporate homology hypotheses (i.e., putative character and character state homologies; Brower
& Schawaroch 1996; see also Freudenstein 2005) and are therefore explanatory and not purely descriptive.
Unfortunately, the documentation of morphological facts as discrete characters and character states becomes
more and more popular among biologists, especially in the context of morphological data bases, and seems to
become a standard for summarizing comparative morphological data (e.g., Ramirez et al. 2007).

Images of morphological traits, just like morphological character matrices, do not represent morphol ogi-
cal datain the strict sense, either. An image cannot represent data since, as long as no description accompanies
the image, its perception remains stuck in the necessarily subjective private phenomenal realm, which isto a
large degree open to personal interpretation. Thus, only morphological descriptions qualify as morphological
datain the strict sense.

The second question to be answered iswhat properties morphological descriptions should have in order to
meet standard criteria for mechanical and aperspectival objectivity in morphology. First and foremost, mor-
phological descriptions require a highly formalized and standardized morphological terminology. However,
many morphological terms presuppose homology of traits. If the correct application of morphological termi-
nology requires individual morphological traits to be homologous, one would have to know the phylogeny of
the trait-bearing organisms before one could give traits a common name and describe them, since homology
relations between traits can only be decided upon reference to a phylogeny. The phylogeny, in its turn, can
only be reconstructed on the basis of data about distribution patterns of similar morphological traits, which,
however, can only be documented and analyzed using morphological concepts and terminology in the first
place. In other words, the problem is that if morphological terminology rests on homology assumptions, we
cannot produce morphological data without knowing the homology relations beforehand, which, in its turn
requires knowledge about the underlying phylogeny that we can only obtain on the basis of morphological
data. Obviously, resting morphological terminology on homology assumptions inevitably leadsto circular rea-
soning in phylogenetics. Therefore, in order to avoid circularity, it is essential that all morphological concepts
that are used for morphological descriptions be defined without reference to homology relations.

Unfortunately, the notion of basing morphological terminology on homology assumptions represents the

A GENERAL STRUCTURE CONCEPT FOR MORPHOLOGY Zootaxa 1950 © 2008 Magnolia Press - 141



currently prevalent practice in morphology. Although it obviously violates Bacon's claim of separation of
empirical facts from scientific conclusions, which was previously recognized as an epistemological hallmark
regarding transparency and reproducibility of modern sciences, it nevertheless became commonly accepted.
As| have argued above, it is most likely that this practice resulted from the impact of both the theory of evo-
[ution on biological thinking in genera and the constraints of essentialist thinking of morphologistsin partic-
ular.

In order to re-establish the high degree of aperspectival objectivity in morphology that Linnaeus reached
for fructification traits, and in order to expand it to the entire structural diversity of morphological traits, it is
inevitable that morphological terminology must be freed of all homology assumptions. Thus, in order to
establish a high degree of comparability of morphological data, morphological terms should only represent
structural kind terms, which are purely descriptive and free of evolutionary or other explanatory connotations.
Furthermore, for allowing comparisons over broad taxonomic ranges, the applicability of morphological ter-
minology should be taxon-independent in principle.

What is the structure of a morphological trait?

Considering the aforementioned criteria, the structure of a morphological trait consists of a set of properties
corresponding to the trait and their particular values. Thereby, idedlly, the list of possible properties and their
definitions are provided by a general morphological structure concept. In order to describe the morphological
trait, the morphologist only has to ask the corresponding question about each possible property in the list and
study the particular morphological trait for an answer. Ideally, an answer, which takesin the form of a“‘value’,
is chosen from a defined and controlled vocabulary or from a defined interval of numbers that refers to the
specific property. As a conseguence, morphological data would consist of pairs of property-value descrip-
tions, referenced to a particular morphological trait and based on a general morphological structure concept,
which initsturn provides the definitions and meanings to the terms (i.e., possible properties and their possible
‘values’) used in the descriptions. In other words, the structure of amorphological trait is a standardized list of
al of itsintrinsic and properties that are describable and relevant to a given scientific research program.

Data bases, ontologies, and data standards

Therole of data basesin biology

In life sciences, the rate at which new data, especially molecular data, are generated increases exponentialy,
and this continuous increase requires the development of tools for easy sifting through and analyzing of large
amounts of data (Brazma 2001). Thisis one of the reasons why data bases become more and more popular in
life sciences. Some data bases, such as Pubmed, Ensembl or the UCSC Genome Browser, have aready
become essential resources, which are being used by many scientists on adaily basis (Stein 2003).

Besides many general data bases for molecular data, alot of specialized data bases have been developed
that are restricted to data from a specific model organism (e.g., FlyBase for Drosophila, flybase.bio.indi-
ana.edu; Arabidopsis Information Resource for Arabidopsis thaliana, www.arabidopsis.org). Other data bases
are devoted to a specific taxonomic group (e.g., Antbase, antbase.org; Fishbase, www.fishbase.org; Amphibi-
aWeb, amphibiaweb.org).

With their technical possibilities, including the convenient management of all kinds of different informa-
tion, such asimages and other media files, the mapping of for instance collection sites of specimens on global
maps and satellite images, the possibility to link all sorts of entries with one another, such as information of a
specimen in amorphological data base to its corresponding information in a data base of the museum where it
is permanently deposited, biological data bases have the potentia to significantly contribute to an increase of
transparency and reproducibility of biological data and thus to an increase in objectivity of biological datain
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general (Vogt in press).

Data bases can thus provide a valuable resource for enabling detailed documentation of all relevant infor-
mation regarding the generation of all kinds of particular empirical data. Thereby, every data base has to
define what information can be uploaded by whom in which format. As a consequence, each data base devel-
ops its own standardized way of storing and presenting data, which requires the development or the adoption
of a corresponding structure concept. Thus, it is not surprising that already today some data bases take on an
important rolein biological research practice, with the effect of significantly increasing the degree of mechan-
ical and aperspectival objectivity within biology. Terminological problems, such as the lack of standards of
gene names and spellings (Brazma 2001; Stein 2003), caused, for instance, fundamental problems with com-
parability of molecular data, turning the initial purpose of the development of molecular data bases upside
down. This forced molecular data base developers to put alot of effort into the development of defined and
controlled vocabularies, in order to deal with these problems. As a consequence, the comparability of molecu-
lar data within data bases has significantly increased, with new and better standards of data documentation
and representation becoming commonly accepted.

Morphological data bases

Within the last decade, some interesting morphological data bases became available. MorphBank (morph-
bank.net) is an open web repository of images for the documentation of specimens and vouchers for sharing
research results in taxonomy, morphometrics, morphology, and phylogenetics. Another project, MorphoBank
(http://morphobank.geongrid.org), is a GenBank-like repository for storing digital images (Pennisi 2003). It
catalogues images and allows the labeling of structures on the images and the display of editable phylogenetic
matrices, which are linked to images within the data base. A different project, Digital Morphology (Digi-
Morph, http://www.digimorph.org), is an archive of digital morphological images and 3D models.

Unfortunately, none of the aforementioned morphological data bases stores and documents morphol ogical
descriptions and, thus, morphological data in the strict sense. Instead, they focus on providing convenient
tools for management of images, specimen information, and homology hypotheses in the form of character
matrices. Thus, it is not surprising that none of these data bases provide a defined and formalized, taxon-inde-
pendent, and homol ogy-free morphological terminology for preparing morphological descriptions.

The Morphologica Descriptions Data Base (MorphDBase, http://www.morphdbase.de) attempts to pro-
vide a platform for uploading different types of phenotypic information including all kinds of media files and
morphological descriptions. These descriptions will be based on a morphological ontology (i.e., MorphOnto-
logy, http://mww.morphdbase.de; for more information on ontologies see following paragraph), which is cur-
rently being developed and will be available in the near future.

Ontologies for standardizing structure concepts
Some hiological data bases use ontologies (not to be mistaken with Ontology in philosophy, which isthe study

of ‘being’ or ‘existence’), which provide a defined and controlled vocabulary. An ontology consists of a
vocabulary of terms with their corresponding concepts and some specifications of their meaning that are used
to describe a certain reality. The concepts of an ontology are described both by their meaning and their rela-
tionship to each other (see also Bard 2003; Bard & Rhee 2004). An ontology is aformal way of representing
knowledge of a particular scientific field through concepts and represents, as such, a data standard (Wang et
al. 2005). It is based on a set of formal rules and assertions that describe the relationships between the con-
ceptsin a computer parsable form.

The Gene Ontology (GO; Gene Ontology Consortium 2006) represents a well-established ontology and
probably the most commonly known within biology. GO provides a standardized, controlled vocabulary for
genome annotation systems, cataloguing information about the structural and cellular location of gene prod-
ucts, about the processes to which these products contribute, and the functions that they fulfill (Stevens et al.
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2000; Bard 2003). Hitherto, many data bases that manage molecular data have incorporated the GO annota-
tion sets, such as for instance the Saccharomyces Genome Database (SGD, http://www.yeastgenome.org),
FlyBase (http://flybase.bio.indiana.edu), Mouse Genome Informatics (MGI, http://www.informatics.jax.org),
Arabidopsis Information Resource (TAIR, http://www.arabidopsis.org), and other genome centers, such asfor
instance the National Center for Biotechnology Information (NCBI, http://www.ncbi.nim.nih.gov) (Blake
2004). Unfortunately, regarding their applicability, most bio-ontologies available today are restricted to one
specific model organism, with GO representing arare exception.

An introduction to resource description framework (RDF) ontologies
An ontology hasto be highly standardized and formalized in order to be applicable with description logics and

utilizable for many different software applications. The Resource Description Framework (RDF,
http://mww.w3.0rg/RDF) has become the most accepted general method for modeling knowledge. RDF is a
(meta-) data model and not a specific description language for metadata—it is data describing all kinds of web
resources. In order to serialize (i.e., make it computer-parsable) RDF it requires syntax. Typically, RDF uses a
defined XML syntax (Beckett 2004) or N3 (Berners-Lee 2005) and the semantics via reference to RDF
Schema Language (RDFS) (Brickley 2004) or Ontology Web Language (OWL) (McGuinness & van
Harmelen 2004). RDFS and OWL represent languages that are based upon RDF and offer support for
machine processing and inferences (Wang et al. 2005).

In RDF, relationships between resources are described by connecting one resource to another through a
relation, resulting in a RDF triple: ‘Resource X relation Resource Y'. A resource is anything that isidentifi-
able by a uniform resource identifier (URI; e.g., a web address) reference (Manola & Miller 2004). By con-
vention, the resource to the left of the relation is caled ‘ Subject’, while the resource to the right is called
‘Object’, and the relation ‘property’ (in the remainder of this article, every ‘Subject’ and ‘Object’ will be
written in italics while every ‘property’ will bein bold font), resulting in the typical RDF triple formalism of
‘Qubject property Object’. The ‘Subject’ represents the object that is being described, the ‘property’ speci-
fies the relationship or property type between ‘ Subject’ and ‘Object’, and the ‘Object’ specifies the value of
the property and is either another resource (i.e., aURI) or aliteral string (i.e., a sequence of letters or numbers
that is only stored by the computer without applying semanticsto it, as for instance comments and numbers).

Each RDF triple can be modeled as a graph comprising two nodes connected by a directed arc (Fig. 2). A
collection of such RDF graphs can jointly form a directed labeled graph (DLG) (Fig. 3). Such aDLG in its
turn can, in theory, model most domain knowledge (Wang et al. 2005) and is a useful tool for analysis using
graphslogics. A collection of RDF triples or graphs can be used to represent an ontology.

FIGURE 2. A RDF triple modeled as a directed labeled graph (DLG). Subject and Object represent the nodes and the
‘property’ the edge that connects the nodes.

Defining conceptsin RDF

Within an ontology, concepts are defined by a set of RDF triples. Ideally, all concepts are defined on the basis
of Aristotelian definitions—per genus et differentiam (it is, however, possible to define a concept only on the
basis of the ‘genus’ part and a specification of the concept of which it represents a specialized sub-concept,
without explicitly specifying the ‘differentia’ part of its definition). As a consequence, specialized concepts
inherit all defining triples of their more general ‘ parent’ concepts.
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FIGURE 3. Different types of graphs. a) A unidirectional rule that allows only a single parent (e.g., ‘has subclass,
which isthe inverse property to ‘is_a’). It can be modeled as a ssmple directed graph representing atree. b) A unidirec-
tional rule that allows for more than one parent (e.g., ‘transports’) can be modeled as a directed acyclic graph, in which
the graph itself can be traversed in several ways, with more than one path linking two nodes. ¢) A bidirectional rule that
imposes no directional constraints (e.g., ‘adjacent’), resulting in an undirected graph.

For example, a polarized junctioned cell could be defined as a junctioned cell (i.e., genus) that has an
apico-basal orientation (i.e., differentia). Since it represents a specialized junctioned cell, it necessarily aso
has to possess the defining properties of junctioned cells (i.e., ajunctioned cell is a cell that has an intermol ec-
ular bond with at least one cdll-junction of another cdll); and since junctioned cells represent a specia kind of
cell, a polarized junctioned cell would necessarily also have to possess all defining properties of cells (e.g.,
having as its parts a cell membrane and at least one organelle). This definition can be visualized as a graph
(Fig. 44). By organizing different property types into general categories such as topological properties versus
functional properties, and by color coding them, one can also easily visually differentiate between different
aspects of a definition, as well as differentially navigate through the network of relationships that exist
between different concepts of an ontology by only focusing on the properties of interest and blinding out those
that are not of interest.

Since most terms and concepts in an ontology should be defined through Aristotelian definitions, terms
and concepts are related to one another in a network of different ‘property’ relations, with a hierarchical tax-
onomy of class-subclass relations (i.e., ‘is_a’) as a backbone, which at its turn results in a taxonomy of more
and more specialized concepts, implying a hierarchical organization of terms (i.e. taxonomic inclusion, Bitt-
ner et al. 2004).

The concepts of an ontology represent classes of defined terms and their inter-relationships and should not
contain empirical data(i.e., instances) in principle. However, statements about individual objects or individual
processes can be linked as instances of concepts to the ontology. This can be done through the ‘instance_of’
property. If within a data base empirical data are linked to an ontology in such a way, one receives what is
called a knowledge base (Stevens et al. 2000).
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FIGURE 4. Example of two definitions of concepts expressed in RDF: a) the definition of ‘polarized junctioned cell’
(for more information see text); b) the definition of * protonephridium’—a protonoephridium always consists of a neph-
ropore cell, aduct cell, aterminal cell, and extracellular matrix. However, some structures cannot be defined satisfacto-
rily without reference to dispositions of being able to actively participate in specific biological processes. Thisisalso the
case for protonephridium, which participates in the process of excretion. This process can be partitioned into different
phases, which at their turn have different parts of the protonephridium as their participants.

Defining relationsin RDF

The relations of an ontology play a very important role since they carry all the semantic content. Thus, al
types of relations specified in an ontology must be carefully defined. In addition to providing free text defini-
tions for each property of an ontology, one can define them according to their logical properties.

The‘is a' property, for instance, which stands for the class—subclass relationship between a specialized con-
cept and its more general ‘parent’ concept, istransitive (if ‘A is a A AND ‘A, is_ aA/, then‘A is aA.),
reflexive (‘A is_aA,"), and antisymmetric (if ‘A, is aA,; AND ‘A is aA/, then A and A areidentical), but it
is not symmetric; whereas ‘adjacent’, when applied as a relation between instances, is only symmetrical (if
‘A adjacent A, then ‘A, adjacent A;’). The ‘instance_of’ property, on the other hand, is neither transitive,
nor reflexive, nor symmetric, nor antisymmetric.

Further logical properties can be specified for each property of an ontology. One can define the concepts
or types of literal strings (e.g., numerical values, specific intervals, Boolean values, or free text) that are
allowed to be used as a possible * Subject’ (called the domain of the property) and those that are allowed as a
possible ‘Object’ (called the range of the property) in a RDF triple together with this specific property. The
property ‘actively participates in’, for instance, specifies a material object that participates in a process.
Thus, the domain of ‘actively participates in’ has to be restricted to material objects only and its range to
processes only. The specification of the domain and the range of each property that is defined in an ontology
thereby not only constraints its applicability, but can also be utilized for enforcing, at least to some degree,
logical coherence within sets of RDF triples, as for instance triples about particular relations of individual
objects representing instances of concepts of the ontology.

Using an ontology for inferences
The possible applications of traditional dictionaries and glossaries, which only represent indexed sets of terms

and definitions, are by far outclassed by those of an ontology. By applying descriptions logics, one can utilize
the logical properties of relations defined in an ontology in order to make inferences. For instance, given the
information that my left arm A is part of my body X, my left hand B is part of my arm A, and my left index fin-
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ger Cispart of my left hand B, appropriate software tools can infer that, due to the transitivity of the parthood
relation, not only my left arm A is part of my body X, but also my left hand B and my left index finger C (if
‘Arm, part_of Specimen,” AND ‘Hand, part_of Arm, AND ‘Finger. part_of Hand,’, then ‘Hand, part_of
Specimen,’ AND ‘Finger . part_of Specimen,’).

While this application seems to be trivial at first sight, it turns out to be invaluable when it comes to
searching for relevant information within very large data bases. So for instance, when annotating the content
of images using an ontology, one could annotate the information that the image depicting a complete organism
also depicts its parts (e.g., its head and thorax) and al further subparts, simply by annotating that the image
depicts an instance of a specific body organization. This would be enough in case this body organization is
defined within the ontology as necessarily possessing a head and thorax as its parts. As a consegquence, when
searching for thorax within the data base, all images depicting this body organization could be retrieved as
well, thereby guaranteeing that all images showing heads will be found.

Ontology as a structure concept
A structure concept requires the standardization and formalization of a specialized terminology that is

required for making scientific descriptions (i.e., empirical data). Fortunately, to provide such a specialized ter-
minology is exactly one of the key purposes of scientific ontologies. Each ‘property’ of an ontology that
refers to properties and relations of the things and processes to be described can be understood as a particular
question that the structure concept poses to the scientist in reference to this given thing or process, just like
Linnaeus' categories of his sexual system (e.g., what shape does the entity to be described have; what is adja-
cent toit; whether it is‘continuous with’ some other entity; what isitstemperature; how doesit react upon
exposure to light). The thing or process to be described is represented by the ‘ Subject’ in a RDF triple. The
‘Object’ of an RDF triple, on the other hand represents the answer to this question and specifies a specific
value for the trait to be described (see Fig. 5). Actually, Linnaeus's definitions of plants can be easily trans-
lated into RDF statements (see Fig. 6).

Structure Concept

property
% perceptual '
category

The perceptual category poses
a question that a morphologist
studying a specimen has to
answer in order to complete
the RDF triple

v
property 5 Object
perceptual
category

FIGURE 5. Implementation of the structure concept in RDF ontology: The trait to be described is represented by the
‘Subject’ of aRDF triple. The ‘property’ represents one perceptual category of the structure concept and functions as an
empirical question that can only be answered by studying the trait. The answer to the question is represented by the
‘Object’ of the RDF triple and corresponds with one of the values that are alowed for this category according to the
structure concept. One such describing RDF triple represents a morphol ogical datum — the smallest piece of morphologi-
cal information possible.
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FIGURE 6. The part of the definition of the genus Mandragora that refers to its stamen, taken from Linnaeus’'s Genera
plantarum (1737) and transformed into a RDF graph.

Which ‘property’ isrelevant for the description of agiven entity isthereby controlled by the ontology via
the specification of the domain and the range of each ‘property’. These questions can only be answered on
the basis of observational judgments substantiated by experimenta investigations and observations. When
implementing an ontology in a data base, the advantage of both technologies is combined and the descrip-
tions, which are based on terms and relations provided by the ontology, can be empirically substantiated by
respective images from the data base.

A morphological ontology can provide a general morphological structure concept

Characteristics of biological objects

In biology, structures exist at all levels of organization, ranging hierarchically from the atomic and molecular
to the cellular, tissue, organ, multicellular organism, population, and ecosystem level (see ‘scaar hierarchy’,
Salthe 1985, 1993; ‘levels of organization’, Wimsatt 1976, 1994; ‘cumulative constitutive hierarchy’, Valen-
tine & May 1996; ‘ Theorie des Schichtenbaus der Welt’, Riedl 2000). Usually, a higher-level structure is com-
posed of multiple copies of a lower-level structure. Thus, a morphologica ontology has to cover al these
different levels of organization, providing for each level the adequate terminology, without allowing for
redundancies and inconsi stencies.

Moreover, since morphological traits actively participate in specific types of processes, which is com-
monly understood as a property of the trait and referred to as its function, and since morphological traits also
represent the result of morphogenetic processes, a morphological ontology has to cover relevant biological
processes as well. The challenge here is to devel op the ontology in such away that it enables coherent repre-
sentation of all the relevant inter-relationships between morphological traits and biological processes, thereby
integrating structural, functional, and developmental aspects of morphological traits. This enterprise is far
from being trivial.
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Principles for developing a general morphological ontology
Beyond these conceptual challenges that have to be dealt with, a general morphological ontology should

meet the following criteria:

e All morphological concepts should be, in principle, taxon-independent regarding their applicability. This
is essential for establishing a high degree of comparability of morphological descriptions.

e A definition of a morphological kind should focus on its structural properties. This alows for
unambiguous recognition of instances of the kind exclusively on the basis of morphological studies and
does not require experimentation, as it would be the case with functional or developmental definitions.

e Insome cases functional definitions will be inevitable, but must be clearly indicated as referring to active
participation in a specific type of biological process (see example of ‘ Protonephridium’, Fig. 4b).

e All morphological concepts should be defined without reference to homology relations. This is essential
in order to circumvent circular reasoning and is also required with respect to transparency and
reproducibility of data generation.

A morphological ontology as a general morphological structure concept

The combination of a morphological ontology that meets the af orementioned criteria, imposed on a data base
for morphological descriptions, would provide an integrative platform—although restricted to those particular
data bases that use the ontology—within which comparative morphological studies through a broad taxo-
nomic range would be possible in principle, since the ontology would guarantee a high degree of comparabil-
ity of morphological data. In al fields in which morphological data are used, such morphological knowledge
bases could take in a central methodological function comparable to GenBank for molecular data.

A premise for the success of such an approach for solving terminological problems in morphology isthe
development of a general structure concept for morphology. RDF ontologies, with their properties and with all
their possible applications, represent the most promising tool for attempting to develop such a general mor-
phological structure concept. Ontologies provide promising tools for the development of an easily and intu-
itively accessible terminology for morphology and provide a high degree of transparency of their basic
underlying rules and axioms. Moreover, ontologies have the potentia to provide abasis for establishing agen-
eral data standard not only for morphological data but for the entire field of biology (see Vogt in press), which
would substantially facilitate all kinds of co-operations among the different fields in biology. Morphology asa
whole would significantly benefit from this development, if it manages to participate in this already ongoing
process. All it takes for its success are experienced morphologists who are willing to share their knowledge
and who are willing to invest some of their time in helping to develop and improve a general morphological
ontology.
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