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AN ACCOUNT OF EXPERT PHYLOGENETIC TREE CONSTRUCTION FROM
THE PROBLEM-SOLVING RESEARCH TRADITION
IN SCIENCE EDUCATION
Steven D. Brewer, Ph.D.

Western Michigan University, 1996

Content knowledge, strategic knowledge, and forms of knowledge
organization used in phylogenetic tree construction are described to account for
expert performance. A literature review is used to situate this research with respect to
studies of: (a) the teaching of evolution, (b) problem-solving expertise, (c) physics
and biology problem solving, and (d) the practice of phylogenetic systematics.
Rationales are provided for the development of a computer-based problem-solving
environment, model problems, and research problems and methodology.

Each problem consisted of a matrix of coded and polarized phylogenetic data
organized by taxa and characters. Four series of research problems were constructed
that varied the numbers of solutions, taxa, and characters. In addition, some problems
contained a revision component that required: additions to prior solutions,
restructuring of prior solutions, or increased or decreased numbers of solutions. Nine
expert phylogenetic systematists participated in the research project by thinking aloud
while constructing phylogenetic trees to account for the problem data matrices.

A procedural model of expert performance for phylogenetic tree construction
is described with associated strategies and heuristics. Three overall strategies were
described: inclusion/exclusion, order of divergence, and duplicated taxa. Each overall

strategy is represented as a pathway through the model. In addition, a new conceptual
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framework for understanding the nature of phylogenetic tree construction problems is
described including factors that contribute to difficulty of phylogenetic problems.
The strategies related to the procedural model of expert performance are used
to provide an outline of a model of desired performance. The model provides a basis
for developing an approach to teaching evolution based on effects-to-causes
problems. Examples are provided that illustrate how the results of this research can
inform the development of a problem-based approach to teaching evolutionary
biology. In addition, the implications for improved problem-solving environments

for phylogenetic biology are described.
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CHAPTER 1
INTRODUCTION
Teaching of Evolution

Evolution is unquestionably the most important theoretical framework in
biology, explaining both the vast diversity and similarities among living and fossil
organisms. Dobzhansky (1973) expressed it by saying "Nothing in biology makes
sense except in the light of evolution” (p. 125). The change in viewpoint associated
with adopting an evolutionary perspective of biology has been compared with the
shift from a Ptolemaic to a Copernican system of planetary motion.

Unfortunately evolution is rarely accorded a place in the biology curriculum
commensurate with its importance within the discipline (Skoog, 1992). Evolution is
often equated with natural selection and is taught from a functional perspective rather
than using comparative and historical approaches that are critical for developing an
appreciation of the power of evolutionary theory (Mayr, 1988). Evolution is poorly
understood and widely disparaged among both teachers and American society at large
(Skoog, 1992).

The teaching of evolution represents an important challenge to science
educators. Science for All Americans (Rutherford & Ahlgren, 1990), Project 2061
(Clark, 1989) and the report of the Committee on High-School Biology Education
(National Research Council, 1990) all highlight the need to place greater emphasis on
evolution. Improvements in students' learning of this domain could revolutionize the

understanding that they gain from the study of biology.
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Problem Solving

The problem-solving tradition in science education is based upon the premise
that insight gained from the study of how scientists actually solve scientific problems
can be a useful guide to teaching and curriculum development. This tradition in
science education is an extension of practice begun in cognitive psychology. Early
studies examined content-free problems and led to the development of detailed
studies of complex domain-specific problem solving in physics (Chi, Feltovich, &
Glaser, 1981) and biology (Collins, 1986). Problem-solving research in biology has
focused on transmission genetics, a domain that, unlike most in biology, has been
traditionally conceptualized as problem-based (See Stewart and Hafner, 1994). In
some advanced courses, especially in population genetics and ecology, problem
solving is sometimes used in the context of applying mathematical models to data. In
most introductory courses, however, students are expected to learn particular answers
rather than explore fundamental questions or develop habits of critical thought (Clark,
1989).

A problem-based approach to the teaching and learning of evolution may offer
a number of benefits to students. Stewart (1988) has outlined four classes of potential
learning outcomes from the use of problem solving in genetics: (1) the conceptual
structure (laws, theories, and their organization) of a particular discipline; (2)
problem-solving heuristics that are not specific to a particular discipline; (3) content-
specific problem-solving procedures (domain-specific instantiations of general
heuristics and problem-solving algorithms specific to the domain); and (4) insight into
the nature of science as an intellectual activity (Stewart, 1988). A problem-based
approach to the teaching and learning of evolution could be facilitated through the use

of a problem-solving environment.
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A problem-solving environment is a simulation of a phenomenon of interest,
often computer-based, that facilitates students' abilities to gather and analyze data
about the phenomenon and to propose and test solutions. Problem-solving
environments allow students to address "realistic” problems, that is, problems similar
to those faced by practitioners within a domain that require the problem solver to
reason from effects to causes. Through the generation of realistic problems, a
problem-solving environment can illustrate specific conceptual components and
relationships without requiring the student to master complex methodologies. In this
way, a computer-based problem-solving environment for phylogenetic analysis offers

the potential to improve the teaching and learning of evolutionary biology.

Phylogenetic Investigator

Phylogenetic Investigator (PI) is a program for the Macintosh computer that
offers teachers and students a problem-solving environment for addressing problems
of phylogenetic analysis using directed search. PI is intended for introductory
students in biology at the secondary and undergraduate levels. Students create
phylogenetic trees that show the postulated evolutionary pathways that relate fossil
and recent species to one another. Transitions between character states are represented
on links between species. The transitions explain the pattern of character states that
the organisms possess.

PI provides an environment which allows flexibility in creating
representations and does not limit the ability of students to think creatively about the
nature of phylogeny and the models which underlie it (models of speciation,
population genetics, microevolution, hybridization, gradualism, punctuated
equilibrium, etc.). PI facilitates teaching using the 3 P's of Stewart and Jungck (1994):

problem posing, problem solving, and peer persuasion. This type of problem-based
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teaching offers increased potential for students to learn the conceptual structures,
domain-specific algorithms and heuristics and to develop insight into the nature of
science as an intellectual activity (Stewart, 1988).

Current methods of phylogenetic analysis rely largely on undirected search to
constrain possible directed hypotheses (Forey, Humphries, Kitching, Scotland,
Siebert, & Williams, 1992). PI, however, was written to engage students in directed
search for several reasons. First, directed-search problems are less abstract for
beginners than undirected-search problems while still allowing students to explore the
basic conceptual framework of phylogenetic analysis. Second, directed-search
methods result in phylogenetic histories that are readily interpretable by beginners,
while the networks that result from undirected-search are not. Third, directed-search
methodologies are more useful for teaching the foundations of phylogenetic inference
because they are more clearly related to the Hennigian patterns of argumentation from

which cladistic systematics was derived.
Problem Statement

The goal of this study is to begin an examination of problem solving within
the domain of evolutionary biology as performed by recognized experts in the field.
This study is intended as the first step of a long term investigation to examine the
content knowledge, strategic knowledge and organization of knowledge structures
required to create phylogenetic trees. This study examines how experts generate trees
from coded and polarized data. Subsequent investigations can build upon this by
investigating other aspects of phylogenetic analysis and how the products of analysis
are compared, brought into agreement, interpreted, and applied.

The purpose of this study is to explain expert performance in the construction

of phylogenetic trees. In particular, what are sought are the si:rategies and heuristics
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that experts use. Strategies include the methods, procedures, practices and principles
used to solve problems, while heuristics involve more basic reasoning methods that
produce plausible results (Darden, 1991). Heuristics often represent particular
implementations of strategies that use salient characteristics of the problem to greatly
limit the search space required to find a plausible solution, though not necessarily a
correct one. Both strategies and heuristics are based on content knowledge, strategic
knowledge, and how knowledge is integrated and organized. Therefore, the three
research questions to be answered are:

1. What content knowledge do experts possess that enables them to create
phylogenetic representations from coded data effectively?

2. What strategic knowledge do experts possess that enables them to create
phylogenetic representations from coded data effectively?

3. How is the knowledge of experts organized that enables them to create
phylogenetic representations from coded data effectively?

The validity of this study is dependent upon the extent to which Phylogenetic
Investigator allows experts to demonstrate the kinds of strategies and heuristics that
characterize their expertise. During the development of the research problems and
problem-solving environment, biologists who conduct phylogenetic analysis were
consulted regarding the appearance and functionality of the program and its
presentation of data to insure that it could allow experts to solve problems in a way
that would be likely to demonstrate their expertise. In addition to the research
questions outlined above, the validity of PI as a tool for phylogenetic tree

construction will also be explored with each subject.
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Significance

Explaining expert performance in phylogenetic tree construction has
theoretical significance within the biological community, the problem-solving
research tradition in science education, and the practice of teaching evolution. In
addition, there will be practical implications for the improvement of Phylogenetic
Investigator, other software that addresses phylogenetic inference, and the
development of curricula that address evolution. Finally, this work can serve as the
foundation for further research into phylogenetic inference.

Although a number of articles and texts have been written describing methods
of phylogenetic tree construction, few have described in detail the methods used to
generate the inferences necessary for tree construction. This quote from The
Compleat Cladist, a manual of phylogenetic procedures, is characteristic: "A really
experienced phylogeneticist ... will 'inspect’ the data matrix and produce a first tree
based on this general inspection, filtering the data in her mind". (Wiley, Siegal-
Causey, Brooks, & Funk, 1991, p. 46)This study can complement and extend
previous research describing methods of phylogenetic systematics by investigating
the processes by which experienced phylogenetic biologists actually filter data in their
minds.

Branching diagrams are used in at least three areas of biology to represent
relationships among individuals over time: fate maps for cells during development,
genealogical pedigrees, and phylogenetic trees. These areas represent three levels of
biological organization in which individuals, whether cells, organisms, or species,

have ancestor-descendant relationships resulting in patterns of cascading bifurcations.
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Insight into tree construction at one level has the potential of informing the process at
other levels of biology as well.

Understanding how experts create phylogenetic representations breaks new
ground in problem-solving research. Problem-solving research began with content-
free problems, but over time the emphasis has shifted to domain-specific problems. In
science, problem-solving research has until recently been applied primarily to areas
that have been traditionally conceptualized as problem based, like physics and
genetics. This project applies methods from the problem-solving research tradition to
an area that has not previously been conceptualized as problem based.

This project has the potential to inform the practice of teaching of evolution.
The subject of evolution is controversial among the American public. This
controversy is partly due to confusion about the claims of evolutionary theory and
partly due to the wholesale rejection of several scientific methodologies, particularly
with respect to the dating of fossils (Kitcher, 1982). Improving the way evolution is
taught has the potential of enhancing the image that scientific inquiry has among the
American public. Even among those who accept evolution, fundamental aspects of
phylogeny are widely misunderstood. Gould (1989) described public perception of
evolution as being dominated by an iconography of progress showing, in linear form,
a marching line of apes to humans. This one image more than any other has entered
into the popular psyche as the default appearance of evolution. The teaching of
phylogeny has the ability to address this issue by having students construct
phylogenies using the same techniques as scientists. Insights gained from this activity
could allow students to recognize overly-simplistic and misleading views of
evolutionary "progress" and replace linear conceptions of progress with a branching

tree structure that more accurately reflects current scientific theory.
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Most people are probably aware of the existence of scientific schemes of
classification. Most people would recognize the notion that dogs and wolves and
coyotes are all members of some class that doesn't include lions and tigers or bears.
They probably would also recognize a superclass, mammals, that does include all of
these. Few, however, could provide any theoretical basis for why these organisms
should be classified together. Evolution provides that basis. Without an understanding
of the mechanisms that have produced the diversity of life on earth, the study of
classification for most students involves nothing more than memorizing a vocabulary.

During the past thirty years, there has been considerable scientific controversy
in systematic biology (Hull, 1988; Scott-Ram, 1990; Ridley, 1986). The history of
systematics provides an excellent example for demonstrating to students the processes
by which scientific knowledge is constructed and negotiated. In particular, it
highlights the relationships between theory and methodology and between theory and
data. Phylogenetic systematics can provide a case study for teaching students how the
scientific process can be examined and understood.

Mayr (1988) has argued that biology consists of two distinct sub disciplines:
functional and evolutionary biology. Functional biology, which deals with questi(;ns
of proximate causes, has largely been based upon experimental methodologies while
evolutionary biology, which deals with questions of ultimate causes, has made
extensive use of comparative methodologies. Mayr argues that current teaching
practices emphasize functional and experimental biology. Instruction that fails to
acknowledge both functional/experimental and comparative/evolutionary components
of biology leads to students that construct incomplete and incorrect conclusions about
biology. Introducing students to phylogenetic analysis, by which students can make

historical inferences based on comparative data, provides opportunities for students to
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engage in problems of ultimate causation and may help students construct a more
balanced picture of the biological domain.

Problem-solving research has been useful for instructional development in
many content areas. A framework for developing instructional systems developed by
Reif (1983) uses a rational analysis of problems and studies of expert performance to
develop models of desired performance. A study of phylogenetic tree construction
and how experts perform this task can contribute to the development of a model of
desired performance for phylogenetic analysis which can guide teaching and
curriculum development.

This research has practical implications for the continued development of
Phylogenetic Investigator. The study of experts can inform the construction of
problems that PI should be able to present to students and the improvement of the
tools that PI provides for manipulating and representing phylogenetic data. Finally, PI
can be modified to facilitate strategies and heuristics used by experts in a form that
novice problem solvers can use.

Some of the earliest studies of expert performance in problem solving
examined chess grand-masters (Charness, 1989). Since that time, in large part based
on insights gained through the study of expertise, computer programs have been
developed that play chess as well as all but the very best human players (Charness,
1989). Similarly, for phylogenetic analysis, computer programs are now routinely
used to search the problem space for the most parsimonious trees. Insight into how
experts create trees may inform the development of improved programs.

This research can inform the implementation of problem-based approaches to
teaching evolution. An improved understanding of the nature of phylogenetic
problems can help teachers ensure that instruction addresses all of the relevant issues.

A model of desired performance can be used to establish goals for student learning
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that will result in good problem solving. In addition, this research can provide a
knowledge base that teachers can draw from to understand how experts apply
components of the model in a range of different circumstances.

What is offered here is a first step that brings a well-grounded tradition—
problem-solving research in science education—to a new domain. This work can

provide a foundation for subsequent research to build upon. Understanding how

expérts use and interpret trees would complement and extend the results of this study.

A model of novice student performance could be used to complement the model of
desired performance described here and potentially improve instructional
development. Such a research program has the potential to transform the teaching of

evolution.
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CHAPTER I

LITERATURE REVIEW

Introduction

Recent efforts to improve the teaching of evolution have largely used a
conceptual change model of learning (Posner, Strike, Hewson, & Gertzog, 1982) to
address why many students fail to appropriate scientific conceptions of evolution.
Several recent efforts are summarized below. They include Bishop and Anderson
(1986) who investigated problems in conceptual change related to microevolution,
Trowbridge and Wandersee (1994) who applied techniques of concept mapping to
improve conceptual change, and Duveen and Solomon (1994) who developed a series
of activities to provide a broader cultural context for understanding Darwin's theory
of evolution. This study seeks to illuminate a new path to improving the teaching of
evolution that uses realistic problem solving to approach macroevolution.

Conceptual change research seeks to explain why many students have
difficulty achieving an adequate understanding of a subject when seemingly simple
and straightforward explanations have been provided (Posner et al., 1982). The goal
of conceptual change research is to elicit students conceptions within a domain and to
use this information to create teaching materials and techniques which provide
experiences and explanations that directly address the experiences, attitudes and
preconceptions which are predominantly responsible for student difficulties. In the
teaching of evolution this work has taken the form of describing student conceptions,
assessing the effects of instruction, and noting instances of difficulty. Bishop and

Anderson (1986) found three areas in which student conceptions clashed with the
11
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scientific conceptions. Students perceived evolutionary change as a single process by
which the environment affects individuals. A more scientific conception requires two
interlocking processes: one that stochastically increases diversity and the other that
non-randomly decreases it. Students also placed little importance on the role of
variation within a population—populations were seen as generally homogeneous with
change occurring throughout. Finally, students saw evolution as a change of the trait
itself, rather than a change in the number of individuals that possess a trait.

Bishop and Anderson (1986) asked students to write scenarios of biological
change from an evolutionary standpoint. In order to write these stories correctly,
students must use scientific conceptions of evolution, including conceptions of
populations, natural selection, and adaptation. Students study each situation provided
and invent a story that conforms to a generalized pattern of evolutionary histories.
Gould and Lewontin (1978) have criticized this form of explanation for
overemphasizing both the importance of natural selection as a means of evolution and
the results of evolution as producing structures that are optimally designed for some
function. Eldredge and Cracraft (1980) argue that this type of reasoning, when
uncritically applied, fails to use historical patterns to evaluate assumptions and
notions of process. Rutowski (1992) argues for the need for student reasoning at both
microevolutionary and the phylogenetic levels in order for students to develop a
balanced picture of pattern and process in evolutionary reasoning.

Concept mapping has also been used to improve students conceptual
understanding of evolution. Trowbridge and Wandersee (1994) used concept mapping
to identify key places where conceptual change seems not to occur. The goal of
concept mapping is to focus student's attention on the relationships between concepts,
particularly hierarchical relationships. This approach may help students understand

how concepts are related and integrated.
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13
The Science, Technology, and Society studies tradition seeks to elaborate the

linkages between the development of technology and scientific theories and the
society from which those theories emerge. Duveen and Solomon (1994) have created
a role-playing scenario that involves students in the societal matrix of the historical
development of the theory of evolution. Students role play a character in a fictitious
trial to determine whether On the Origin of Species is blasphemous. The scenario has
been designed to illustrate not only the fundamental aspects of evolution and the
evidence that supports it, but also key aspects of the scientific tradition: that scientists
can hold theories about which they are not entirely sure or that scientists may choose
to ignore currently unexplained anomalies rather than rejecting theories out-of-hand.
Although it is important to establish the linkages between science and society,
phylogenetic inference provides an authentic context where students could be
engaged in the type of inquiry that scientists themselves pursue. Realistic problem
solving, which models this form of inquiry, offers a greater opportunity for students
to understand the value and utility of evolution as a unifying theory in the context of
explaining biological phenomena.

A problem-based approach to the teaching of evolution that focuses on the
historical patterns of diversity and similarity among living and extinct organisms
engages students in scientific reasoning about the nature of evolution in a way that
has not been systematically addressed previously. The problem-based approach places
students in situations in which they confront realistic problems and solve them using
scientific patterns of reasoning. The expression "scientific patterns of reasoning” is
used here to mean the methods and habits of thought that make reference to the
explanatory models that experienced practitioners within a domain use when solving
problems within that domain. In the course of solving problems, students may

increase their understanding of: (a) the conceptual nature of the domain; (b) both
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general and domain specific heuristics and algorithms; and (c) the nature of science as
an intellectual activity (Stewart, 1988). In particular, problems that require students to
reason from effects to causes appear to offer the greatest potential for student

learning.
Toward a Problem-Based Instructional System

In order to capitalize on the potential learning outcomes that result from
realistic problem solving, it is necessary to develop some form of instructional system
that is based upon the problem-solving perspective. Reif (1983) has put forward a
model for the development of a system of instruction from a problem-solving
perspective that requires four components: (1) a model of novice student, (2) a model
of desired performance, (3) a model of learning, and (4) a model of teaching. In
actuality, these models are not isolated components, but must be overlapping and
integrated systems of thought.

A model of desired performance requires an underlying theoretical model that
specifies the thought processes and forms of knowledge that lead to desired
performance. Studies of expert performance and rational analysis of the task are two
components that should be considered in the development of a model of desired
performance. Below I have summarized the relevant literature on the study of
expertise and elaborate two areas where these studies have been applied in biology:
Mendelian genetics and diagrammatic reasoning associated with meiosis.
Subsequently, I have provided a brief history of systematics and an overview of
phylogenetic inference. Finally, I have outlined features of a theory of expertise for

phylogenetic inference that are predicted by the literature.
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Expertise

The study of expertise seeks to explain the mechanisms that distinguish
outstanding individuals in a field from both other individuals in the field and from the
general population. The current tradition in the study of expertise seeks to describe
the stable acquired characteristics that enable expert performance by individuals in a

domain.

The Study of Expertise

Early scientific studies of expertise sought to explain differences between
experts by means of primarily inherited characteristics (Ericsson & Smith, 1991).
Methods that have been applied to the investigation of expert performance have
included the study of basic cognitive processes, I1Q, spatial ability, and personality
characteristics. Although some of these differences are strongly correlated with
performance among the population at large, few are strongly‘correlated with
performance among experts. This lack of correlation has been used as evidence to
support the hypothesis that the characteristics that distinguish outstanding individuals
in most subject domains are not solely the result of inheritance.

Current methods of studying expertise, collectively termed the "expertise
approach," have been used to describe expertise as the result of acquired skills
(Ericsson & Smith, 1991). These skills, typically cognitive, give an expert an
improved ability to store and retrieve relevant information and to use that information

to draw inferences.
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The Expertise Approach

The expertise approach is an attempt to systematically study expert
performance. This approach uses three phases: (1) capturing superior performance;
(2) analyzing superior performance; and (3) accounting for superior performance

(Ericsson & Smith, 1991).

Capturing Superior Performance

Activities in real life are complex and intertwined. The goal of expertise study
is to identify recurrent activities related to expert performance that can be reliably
reproduced under controlled conditions. In particular, goal-directed activities that
yield observable behaviors in response to appropriate stimuli are sought.

A small number of well-defined tasks are used to produce a detailed task
analysis for a representative problem in the domain. It is usually not possible to
conceptualize these tasks as a representative sample from some population of tasks, as
knowledge of complex domains are incomplete and the parameters of a population of
tasks are, therefore, unknown.

Little attention has been given to the critical process of selecting appropriate
stimuli to elicit expert performance. There is evidence that stimuli which are overly
abstracted from an expert's range of experience will lead to the application of sub-
optimal strategies that will be subject to severe practice effects (Gillhooly, Wood,
Kinnear, & Green, 1988; Ericsson & Smith, 1991). As long as practice effects are
comparatively small and the expert performance remains superior to that of novices
even after extended practice, Ericsson and Smith (1991) argue that superior expert

performance can still be adequately captured.
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Concurrent (think-aloud) verbalizations collected during expert problem
solving coupled with observations of moves through a search space (task
environment) have been successful in the past in showing what information is being
processed and which types of information processing activities are being employed
(Ericsson & Simon, 1980, 1993). There is strong evidence that this form of data
gathering does not have significant effects on the nature of the activity being
performed, although it may result in slower problem solving when compared with
silent problem solving.

Observations that can be drawn from the verbalizations include: the physical
objects and mental entities being considered by the participant, relationships between
and among those objects and entities, and the causal inferences made during the
course of problem solving. The relationship between physical objects and mental
entities has been described as two related spaces (Kotovsky & Fallside, 1989).
Physical objects exist in the search space or task environment: the external problem
environment and the manipulations that can occur within it. Mental entities are part of
a problem space: the states of knowledge and the operations that advance the current
state of information into a new state . It is necessary to perform analyses of several
protocols on similar tasks in order to identify the consistent patterns of cognitive
processes and retrieved knowledge. Further analysis can indicate the kinds of
strategies people use: was the person working forward from the problem statement,

backward from the goal, or were they using some other strategy?

Analyzing Expert Performance

A task analysis, for relating the verbalized information to the underlying
cognitive processes should be performed prior to data collection. This analysis can

provide confidence that the task, as constructed, has the potential to answer the
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research questions. Larkin and Rainard (1984) suggest constructing a model

composed of condition-action statements that could explain performance of the task.
In addition, the task analysis can specify a number of different sequences of
processing steps that could yield the correct answer. In some domains this can be
exhaustively described, although in more complex domains only a subset of possible
pathways can be considered. Using the subjects' verbalizations, one can determine
only that the verbalized information was accessed. During data analysis, the task
analysis relates the verbalizations to underlying cognitive processes (Ericsson &
Simon, 1993). Verbalizations which do not match the iask analysis can provide

insight into processes not yet described.

Accounting for Superior Performance

Superior performance in a given domain reflects processes and knowledge
specific to that domain. These processes imply the presence of cognitive structures
that are specific to the relevant task domains. Chase and Simon (1973) proposed that
the main difference between novices and experts was related to their immediate
access to relevant knowledge. Recognized configurations in the search space are
stored and retrieved in "chunks" that organize a large amount of information into a
compact form which requires little mental processing and can be of immediate use.

Recent studies of expert performance have focused on practice and learning,
memory functioning, and experts' ability to plan and reason (Ericsson & Smith,
1991). From this body of research has emerged a pattern of consistent features of

expertise.
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The Nature of Expertise

Experts access relevant knowledge efficiently which facilitates the recognition
of useful regularities and inconsistencies. On presentation, problem information is
integrated with the relevant domain knowledge. Expert performers tend to retrieve a
solution method as part of the immediate comprehension of the task.

Anzai (1991) noted that solving physics problems requires: (a) recognizing the
underlying structure of the problems, (b) generating representations appropriate for
discovering solutions, and (c) making inferences regarding the generated
representations. Recognition involves theoretical knowledge of physics, generation is
often accompanied by abstract diagrams, and inferences are made by efficient
strategies such as working forward. These components of expertise are not unique to

physics (Anzai, 1991).

Problem Recognition and Data Redescription

Experts describe problems in terms of content principles rather than surface
features (Chi, Feltovich, & Glaser, 1981). Organization of experts' knowledge affects
how they redescribe problems. Experts create physics problem descriptions at several
levels: English (as presented in the text), basic (facts and relationships that the solver
views as important), science (conversion of facts and relationships to scientific
concepts and principles), and computational (formulas required to operate on these
concepts and principles) (Larkin & Reif, 1979; Larkin & Rainard, 1984). One
important component of problem representation is the generation of a problem
diagram. In physics, this might take the form of a drawing which illustrates all of the

forces acting on a body to predict its future direction and speed.
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Larkin (1983) described schemata which problem-solvers use to produce
representations of physics problems. These schemata contain two types of rules:
construction rules and extension rules. Construction rules allow the translation
between the original problem representation (in everyday terms) and the terminology
of physical entities. Extension rules allow the creation of new entities within a
physical representation based on relationships between entities within the
representation. Continuing the example from above, construction rules govern
translating the forces acting on the body into vectors and extension rules allow the
generation of the sum vector to predict future direction and speed.

The representations created according to these schemata have characteristics
that distinguish them from naive representations: the entities are technical with
meaning only within the scientific domain; the inferencing rules are qualitative, time
independent and redundant; the representation is closely associated with fundamental
principles of the domain; and the properties of entities are localized.

When drawn by experts, diagrams tend to be principle oriented abstractions of
physical objects and their relations that are substantially different from realistic
drawings. Both self-generated representations and representations generated by others
can be equally useful for making inferences (Anzai, 1991). In both the recognition
and generation processes, representations may include appropriate information for
solving problems (Larkin, 1991).

Diagrams have been suggested to function by encoding problem schemata and
retrieval cues for recognition (Gick & Holyoak, 1983). In addition, they may provide
good spatial cues for efficient inference making either by grouping together all the
information needed to make inferences or by organizing information by location

facilitating its retrieval (Larkin & Simon, 1987).
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Larkin has extended this work by defining a realm of problem solving she
terms display-based (Larkin, 1989). In this form of problem solving, the current state
of the problem solution represents its main display of the problem. This form of
problem solving reduces the need for short term memory by storing products of
subcomponents of the problem-solving process directly within the developing

solution.

Coordination of Recognition and Inference

Much literature on expert problem solving suggests that recognition and
inference are the two principal factors that dominate expert performance when the
activity can be considered as seeking goals under constraints (Greeno & Simon, 1988;
Anzai, 1991) In these contexts, experts are more likely to use forward-working
knowledge producing strategies rather than end-means (Larkin & Rainard, 1984). In
spite of the generality of the inference component in different domains, the methods
of inference are domain specific. Formation of inference strategies in a domain is
affected by the structures of the tasks and the knowledge of the problem-solvers.
Although forward-working strategies are useful in physics, where problems tend to be
strongly constrained, in other domains working backwards from goals may be more

useful (Anzai, 1991).
A Study of Experts in Genetics

Collins (1986) combined studies of experts solving transmission genetics
problems and a rational analysis of these problems to develop models of desired
performance. Experts used Genetics Construction Kit (Jungck & Calley, 1984) to
pose and solve several transmission genetics problems. Think-aloud protocols were

analyzed to identify the strategic knowledge that experts were using during three
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phases of problem solving: data redescription, solution synthesis, and solution
assessment.

In transmission genetics, data redescription involves specifying the number of
traits and their names, the number of variations per trait and their names, and unusual
distributions of variations with respect to traits. There are four occasions during the
problem-solving process in transmission genetics that involve data redescription: (1)
at the beginning to redescribe initial data and form a working hypothesis, (2) during
problem solving to consider alternate hypotheses, (3) after confirmation of inheritance
patterns, and (4) at the beginning of the second part of a two-stage problem. Solution
synthesis in transmission genetics is synonymous with hypothesis testing. Two types
of hypotheses are involved in solving these problems: general hypotheses about
inheritance patterns and modifiers and specific hypotheses about the results of data
producing crosses. Solution assessment strategies in transmission genetics involve
confirmation of hypotheses through additional crosses or mathematical tests.

Collins (1986) contrasted genetics and physics problems and problem solving
(see Table 1). She found that experts' content knowledge of transmission genetics is
organized around the deeper structure of the domain and does not rely on surface
features of problems. She also found that experts have ancillary knowledge that
determines when to apply conceptual knowledge to a problem. Collins concluded that
the strategic knowledge of genetics experts, like physics experts, is organized into the
three categories of data redescription, solution synthesis, and solution assessment.
Expert strategies in solving transmission genetics problems included using an initial
problem redescription to identify essential features of the problem and using
knowledge-producing strategies to increase their understanding of the problems. In
spite of differences between specifics of physics and genetics problems and problem

solving, patterns of expertise are consistent across these two domains.
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Diagrammatic Reasoning in Meiosis

Kindfield (1994a) compared expert and novice abilities to create and use
representations of meiosis. She has argued that a fundamental interconnection exists
between meiosis knowledge and representational skill. Experts routinely generate and
use finely-tuned diagrams in which relevant knowledge can be immediately applied to
the task at hand. Domain knowledge and pictorial ability coevolve: an increase in
knowledge of meiosis increases representational ability and the development of
pictorial skill aids in the construction of accurate mental models. Diagrams appear to
serve as information storage devices that free working memory for other cognitive
tasks related to problem solving.

Similar results had previously been obtained in research into physics problem
solving (Larkin & Simon, 1987; Larkin, 1989). Diagrams serve a heuristic function
by grouping information by location; aid making inferences regarding features and
relationships essential to problem solving; and help the solver remember related
information not initially represented. Kindfield's research extends previous studies by
describing how diagrams may also play a role in building knowledge about meiosis

(Kindfield, 1994b).
A Brief History of Systematics

Phylogenetic analysis has undergone a series of upheavals over the last 30
years (Hull, 1988). Prior to the 1960's, evolutionary taxonomy was the dominant
school of thought in systematics with methodologies that were rooted in the
neoDarwinian tradition. Evolutionary taxonomy proved unable to respond to
criticisms that systematics and resulting classifications were based upon circular logic

(Brooks & McLennan, 1991).
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The phenetics movement began with taxonomists who were frustrated at the

lack of a solid theoretical base upon which taxonomy could be grounded. Numerical
taxonomists solved problems of circularity by divorcing systematics from
evolutionary theory and classified organisms based solely on similarity. Scott-Ram
(1990) identifies J. S. L. Gilmour as the first taxonomist to outline what would
become the framework for numerical taxonomy. Sokal and Sneath (1963) elaborated
in greatest detail what has been called the phenetic or numerical taxonomy tradition.
Pheneticists believed that an objective system of classification could be constructed
based purely upon morphological difference by using large numbers of characters.
The phenetics movement was also aided by pioneering use of computers to manage
the data necessary to consider large numbers of characters (Scott-Ram, 1990).

A German work originally published in 1950 became available in English
translation in 1966 and was subsequently adopted by a group of taxonomists who
were dissatisfied both with evolutionary taxonomy, for its circularity, and with
numerical taxonomy, for its lack of any evolutionary theoretical framework. Hennig
(1966) proposed a non-circular methodology for establishing phylogenetic
relationships. This practice, called cladistics in English, soon developed a wide
following. Cladistics is concerned only with monophyletic groups. These groups are
defined as all of the descendant taxa of single ancestral species. Cladists criticized
both phenetics and evolutionary taxonomy for constructing groups based on overall
similarity rather than genealogy. Taxonomy based on overall similarity will
sometimes recognize paraphyletic and polyphyletic groups. Paraphyletic groups are
an incomplete set of descendants of a common ancestor while polyphyletic groups
contain additional species. (See Appendix A for a summary of important concepts

from phylogenetic systematics).
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Classifications based solely on genealogy gained wide acceptance during the
1980's (Scott-Ram, 1990). During this period there was renewed interest on the
relationship between classifications and evolutionary theory. Differences over this
question ultimately led to a split among the cladists. A small number led by Nelson,
Platnick, and Patterson formed what has been called transformed cladistics, a tradition
that uses cladistic methodologies, but which seeks to eliminate influences on
classification which derive from interpretation based on evolutionary theory (Hull,
1988). Critics of transformed cladistics (Ridley, 1986; Scott-Ram, 1990) argue both
that classifications cannot be divorced from all theoretical influences and that to do so
would be undesirable.

This study draws its primary influences from the "evolutionary" cladistic
school of phylogenetic systematics and all of the experts studied are from this school.
A potentially interesting topic for further study would be to investigate whether and
how experts from different schools construct, use, and interpret phylogenetic trees

differently.
Phylogenetic Inference

This section provides an introduction to phylogenetic inference that would be
appropriate for a biologist or teacher of biology: someone who is already familiar
with the concepts and terms of evolutionary biology and systematics. Appendix A
contains a summary of the concepts and terminology that are used in this section as an
introduction and reference for other readers.

Phylogenetic inference is conducted in order to answer questions about
relationships among taxa and characters. Constructing a phylogenetic tree creates a
representation of the data that greatly increases humans' abilities to make inferences

about the data that would otherwise be difficult to derive. Table 2 presents a series of
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Table 2

Methods Necessary for Answering Phylogenetic Questions

Form of Data
Question Phylogenetic Tree Data Matrix
Is a character a uniquely-  Find unique characters Perform phylogenetic
apomorphic or a shared-  between a species that inference

apomorphic character?

Has a given species been
previously described or is
it unknown?

Which groups of species
represent evolutionarily
complete units (clades)?

How closely related are
two or more species?

Given a species, what
other species may have the
same or similar
characteristics?

When did a character
change in state (in relative
terms)?

What was the order of
evolutionary change?

possesses it and its
ancestor. Shared-
apomorphic characters are
found below common
ancestors

Look at the branches
sequentially and consider
whether the species has
each apomorphy until
reaching a taxon or an
inconsistency

Identify all taxa descended
from postulated ancestor

Find the most recent
common ancestor and
count the number of steps
(character transitions)
between taxa

Look at sister taxa to
estimate shared properties

Find the transition on the
tree

Follow the links between
taxa and ancestors

Compare a row of the
matrix with all other rows

Perform phylogenetic
inference

Perform phylogenetic

inference

Perform phylogenetic
inference

Perform phylogenetic
inference

Perform phylogenetic
inference

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

28



29

Table 2—Continued
Form of Data
Question Phylogenetic Tree Data Matrix
What similarities and Superimpose or compare  Perform phylogenetic
difference exist among trees inference
patterns of evolutionary
change?

biological questions asked by systematists and the inferencing methods necessary to
answer the question based on using a phylogenetic tree or the data matrix of
characters from which a tree would be constructed.

In most of the examples, a process of phylogenetic inference is required to
draw the conclusions. This means that in order to arrive at a solution using the data
matrix, it is necessary to distinguish among homologous and non-homologous
characters, define orders of character transitions, and consider distribution of
homoplasious characters. In other words, it is necessary to go through all of the steps
involved in the construction of a phylogenetic tree. Individual characters and taxa can
only be assessed in relationship to others in the context of a hypothesis or hypotheses
that takes all of the characters into account. Phylogenetic trees are a diagrammatic

form of representing and preserving these hypotheses.

Principles of Phylogenetic Inference

Hennig (1966) made the observation that shared characteristics resulting from
unique common ancestry (homologies) should covary within a group whereas
characteristics shared due to evolutionary reversal or convergence (homoplasies)

should not. He proposed that by making the initial assumption that all similarities
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were homologies, characters that failed to covary during construction of a
phylogenetic tree (homoplasious characters) could be detected and eliminated.

Phylogenetic analysis seeks to recognize the genealogical relationships that
exist among and between living organisms and/or fossils. These relationships are
inferred from character distribution data by means of assumptions of evolutionary
process (Sober, 1988). Species and groups of species are described as sister taxa
descended from a unique common ancestor based on shared apomorphic
characteristics. These statements of common ancestry, or sister-group relationship, are
represented in the form of a phylogenetic tree. Phylogenetic trees are generated based
on the most "parsimonious" arrangement of character transitions between
plesiomorphic and apomorphic characters using any number of methods of
determining parsimony.

The problem-solving process can be delimited into approximately four stages.
First a group of species of interest that is believed to be monophyletic (the "ingroup")
and, usually, at least two closely related taxa (the "outgroup") must be identified .
Second, these groups are studied to find characters which show significant
interspecific variation. Third, a determination must be made of which character states
will be considered plesiomorphic. Fourth, shared apomorphic states among the
species of the ingroup are used to construct an evolutionary pathway that requires the
least number of transitions (based on a variety of measures of parsimony).

Hennig described phylogenetic inference as a directed search. The search
begins with a clear identification of plesiomorphic and apomorphic conditions and a
tree is constructed based on those assumptions. More recently, phylogenetic
methodologies have begun with an undirected search where a network is constructed
that organizes the taxa based on unpolarized characters. A root can then be added

anywhere in the network that polarizes all of the characters. Although this has proven
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to be a useful exploratory tool for phylogenetic inference, I have chosen not to
incorporate this innovation for several reasons. First, it is recent and not universally
accepted. Second, it adds a layer of complexity which is not essential for addressing
the fundamental conceptions of phylogenetic inference. Third, it results in hypotheses

which are not historical, which is potentially confusing to novice students.

Selection of Ingroup and Outgroup

Identification of the ingroup is usually determined by a systematist who
begins with a particular group of problem taxa in mind. Usually, it is assumed that the
larger taxa (e.g. genera) are already organized with respect to monophyly (Eldredge &
Cracraft, 1980) and that the goal of analysis will be to establish the relationships
within that monophyletic group. If these relationships are uncertain, a lower-level
study may be undertaken first to resolve uncertainty about the ingroup. Lower-level
studies often use large n'umbers of taxa to look for groups that appear to be
monophyletic (Stevens, 1991).

Once the ingroup has been defined, the search for an appropriate outgroup is
conducted. The outgroup is used to provide evidence of the states of characters prior
to the common ancestor of the ingroup. The most desirable outgroup consists of the
taxa most closely related to the ingroup. In the event that these relationships are

unknown, any closely related group of species not within the ingroup can be used.
Selection of Characters and States

Initially, characters are surveyed within the ingroup and the outgroup with the
only requirement being that the character can be recognized when it occurs (Stevens,
1991). Discrete characters are handled most easily by phylogenetic analysis.

Continuous quantitative characters can be also used, although no consensus yet exists
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on how to code them (Stevens, 1991). Methods for delimiting continuous characters
in discrete codes vary depending on the research tradition of the systematist and the
problem: some have argued for exclusion of these characters, others for arbitrary

delimitation, others for using mathematical rules for delimitation, and yet others for

the use of continuous coding scales (Stevens, 1991).

Determination of Polarity

Once states have been defined for characters, their polarity must be
considered: which state is to be treated as plesiomorphic and which, apomorphic? The
most important methods for determining the polarity of character states are outgroup,
paleontological, and ontogenetic comparison. Each method has its strengths and
weaknesses. Each can explain certain types of data and each has methods for
explaining conflicting data. For all of the methods, conflicting data can be explained
through the use of homoplasy (seemingly equivalent characters can be defined as non-

equivalent).

Outgroup Method

The outgroup method assumes that homologous transformations result in
variation in characters found only within the ingroup. De Queiroz (1985) writes:
Given the existence of a monophyletic group within which occur alternative
characters, a phylogenetic character transformation must have occurred within
the group. (This logic only applies to cases in which the characters vary
among the taxa whose relationships are being investigated, not within them)
Thus the character found both inside and outside of the group is
plesiomorphic; the character found only inside of the group is derived. (pp.
285-286).
The outgroup method can account for conflicting data by reevaluating whether
some outgroups should be considered ingroups or vice versa. The key to successful

use of the outgroup method is to have well resolved groups.
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Paleontological Method

The paleontological methods uses data from fossil to determine the polarity of
characters. "Given alternative homologous characters whose existence is documented
in fossils, the character found in the oldest fossil is plesiomorphic, the alternative
derived [i.e., apomorphic]." (de Queiroz, 1985, p. 286).

The paleontological method can account for conflicting data through appeals
to the incompleteness of the fossil record. The oldest fossil in the fossil record may
not represent a direct ancestor of the ingroup. Fossils can greatly improve the
resolution of plesiomorphic character states if the fossils are close in temporal
position to ancestors of recent species and if a significant percentage of the characters

can be unambiguously coded (Huelsenbeck, 1991).

Ontogenetic Method

The origin of ontogenetic comparison is found in von Baer's second law of
development which states that less general characters are derived from the most
general ones (Gould, 1977; de Queiroz, 1985). Nelson (1978) elaborated this
pﬁnciple calling it the biogenetic law: "Given an ontogenetic character
transformation, from a character observed to be more general to a character observed
to be less general, the more general character is primitive [ancestral], the less general
advanced [derived]" (p. 327). De Queiroz (1985) has extended this principle to a
wider range of cases: "given that ancestral characters are retained in descendant
ontogenies, ancestral characters are more general than derived characters” (p. 289).
Related to this methodology, there has been extensive discussion regarding the use of

ontogenetic transformations as characters, rather than for polarity determination and
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questioning the appropriateness of these factors to serve both as characters and as a

method for determining polarity (de Queiroz, 1985).

Phylogenetic Tree Construction

The goal of phylogenetic analysis is to create a branching diagram, called a
phylogenetic tree, that requires the fewest number of changes in state, i.e. is most
parsimonious, in order to explain the distribution of apomorphic character states
among the taxa under consideration. Phylogenetic tree construction results from the
interaction between the methods used to generate possible trees and the criteria used
to determine which trees are most parsimonious.

The goal of phylogenetic tree construction is to postulate or recognize
common ancestors of recent and fossil species. This process is based on the
assumption that there is only one true phylogeny (Brooks & McLennah, i991).
Genealogical descent produces a hierarchy among recent and fossil organisms at least
parts of which are discoverable and effectively representable by a branching diagram
(Forey et al., 1992).

The primary mechanism of the tree construction process is Hennig's auxiliary
principle: Never assume parallel or convergent evolution; always assume homology
in the absence of contrary evidence (Wiley et al., 1991). Each character potentially
defines two homologous groups: general homologies which share a character in the
plesiomorphic state and special homologies which share it in the apomorphic state.
Only special homologies, groups defined by shared apomorphic characters, are used
as evidence of common ancestry or relationship.

All homologies should covary with each other and with evolution (Forey et
al., 1992; Brooks & McLennan, 1991). Character congruence is the decisive criterion

for distinguishing homology (synapomorphy) from non-homology (homoplasy)
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(Brooks & McLennan, 1991). Homoplasies—characters shared in the apomorphic

state for reasons other than homology—should be random and should, therefore,
covary neither with each other nor with evolution.

The groupings defined by two characters can be combined into a single
hypothesis of relationship if that information allows for the complete inclusion or the
complete exclusion of groups that were formed by the characters (Brooks &
McLennan, 1991). Incomplete overlap of groupings leads to the generation of two or
more hypotheses of relationship, since the information cannot be directly combined
into a single hypothesis.

Parsimony is the principle invoked by systematists to argue that given two
competing phylogenetic hypotheses, the simpler should be chosen. Parsimony is the
assumption of homology whenever possible and application of homoplasy only when
necessary. It is only through the assumption of homology that similarities among
organisms can be explained (Farris, 1982). Without this assumption, it is impossible
to resolve higher taxa. The goal of the use of parsimony is to maximize character
congruence (Brooks & McLennan, 1991).

A variety of forms of parsimony exist which correspond to various algorithms
for determining parsimony. Wagner parsimony (Kluge & Farris, 1969) uses ordered
characters (change from one character to another implies change through intervening
characters in the series) which can reverse. Fitch parsimony (Fitch, 1971) uses
unordered characters that can be allowed to reverse. Dollo parsimony (Farris, 1977)
does not permit parallelisms and allows only single reversals. Each of these forms of

parsimony makes particular assumptions about the nature of evolution.
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Toward a Theory of Expertise in Phylogenetic Analysis

If experience from the study of expertise in other domains is transferable to
the domain of phylogenetic analysis, then some aspects of expertise in this domain
can be predicted. Phylogenetic analysis represents an expert methodology for creating
representations that are appropriate for making inferences about the data and
constructing solutions. Experts should have content knowledge that can readily be
brought to bear to recognize patterns and note inconsistencies in the data. Experts
should have strategies and heuristics that will allow recognizing the underlying
structure of the problems (distinguishing homologous and analogous structures,
assigning character polarity, recognizing synapomorphies and homoplasies),
generating representations appropriate for discovering solutions (creating
parsimonious trees), and making inferences regarding the generated representations
(recognizing key differences between competing hypotheses). Finally, experts should
also be able to organize their knowledge in ways that allow for efficient information

processing.
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- CHAPTER HO1
METHODOLOGY
Introduction

The purpose of this research was to describe the knowledge, both content and
strategic, and its organization, which experts use to construct phylogenetic trees from
coded and polarized data. To achieve this goal, an analysis of the task of phylogenetic
tree construction was performed. This analysis was used as a foundation to develop a
computer-based problem-solving environment, a rational analysis of phylogenetic tree
construction, and two series of problems: a set of model phylogenetic problems and a
set of research problems.

Subsequently, a group of expert participants were recruited to participate in
the study by thinking aloud while solving the research problems. The think-aloud
protocols and the recorded actions from the problem-solving environment were
collected along with all notes and drawings. The rational analysis and the expert
studies were synthesized to develop a descriptive procedural model of expert

performance for phylogenetic tree construction.
Analysis of Task

The initial task analysis was performed to guide the development of a
problem-solving environment that could be used to study phylogenetic tree
construction for teaching and research. The first step was to decompose phylogenetic
diagrams into their constituent parts. Eldredge and Cracraft (1980) was used as a

guide to define the objects and actions needed to create cladograms and phylogenetic
37
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trees. A broad reading of the literature led to the conclusion that binary characters

were often used by systematists to illustrate conceptual problems and techniques.
Finally, during the development of the problem-solving environment, systematic
biologists were consulted to evaluate the reasonableness of the form of the problems
and the nature of the resultant solutions. None of the biologists who were consulted
about the design of the environment and the problems were participants in the

research.
The Problem-Solving Environment

Scott-Ram (1990) claimed that in order for phylogenetic inference to be
meaningful:
a model of the process of evolution must be constructed, one which is
expressed in the form of a phylogenetic tree (which incorporates a time scale).
With the subsequent conversion of the tree into a classification, various rules
and criteria are adopted which retain the fundamentals of the model of
process. (p. 12)
Below is outlined a process model of evolution that is consistent with diagrams
created by Phylogenetic Investigator. The model presented here, though general,
provides evidence that the environment created is sufficient to represent phylogenetic

hypotheses in general.
A Process Model of Evolution

Evolutionary theory is composed of families of interacting models
(Thompson, 1989). The two most important families can be termed microevolution,
which is concerned with within-species phenomena and macroevolution, which is
concerned with among-species phenomena. Microevolution reflects the population
genetics of a single species while random mutation increases diversity of all

characters and natural selection decreases diversity in a non-random fashion.
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Microevolution can be represented in PI with two nodes, at different periods in time

and at different points along the scale of morphological divergence, that are
connected by a link. Transitions, representing characters which have changed, can be
placed along the link that connects the nodes.

Macroevolution occurs when one species gives rise to two (or more) species.
Speciation requires a process of population splitting that involves geographic and
demographic factors in conjunction with a novel adaptive response (Carson 1985).
Carson (1985) argues that founder events and hybridization disequilibrate a polygenic
balance that exists within species (Carson, 1975; Carson, 1985). During the process of
re-equilibration, two or more species may result through a selective process of
reorganization that acts to constrain diversity with respect to sexual reproduction or
non-sexual aspects of the environment. Other models have been suggested to explain
speciation events, including disruptive selection, parapatric speciation, allopatric
speciation, etc. (Eldredge & Cracraft, 1980; Brooks & McLennan, 1991).
Macroevolution can be represented by linking two (or more) nodes to a node located
earlier along the temporal scale. The arrangement of the later nodes along the axis of
morphological divergence determines whether both nodes are perceived to have
diverged equally from the originating node or whether one node has retained the
plesiomorphic characteristics to a greater extent than the other. Transitions,
representing qharacters which have changed, can be placed along the links that
connect the nodes.

Although micro- and macro-evolution are hierarchically related, one is not
reducible to the other (Eldredge & Cracraft, 1980; Brooks & McLennan, 1991) (See
Brooks & Wiley, 1986, 1988 for an attempt). Macroevolution defines the limits
within which microevolution takes place and microevolutionary processes modify the

constituents that are acted upon by macroevolutionary processes.
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Phylogenetic Investigator

Although there are a number of computer programs for analyzing and
reporting phylogenetic or cladistic data, I elected to create a new program,
Phylogenetic Investigator (PI), rather than using one of the pre-existing programs, for
several reasons. PI is designed to facilitate creative problem solving in phylogenetic
analysis for the purpose of teaching and learning phylogenetic inference. Users can
identify characters and states, polarize characters, and engage in directed-search
phylogenetic tree construction. PI also allows users to (a) make inferences and
represent them one step at a time, (b) vary representational features of their trees
(such as angle of divergence and time between speciation events), (c) create reticulate
tree patterns, and (d) view all of the character transformations at one time. In addition,
PI can generate plausible data stochastically for modeling and practicing tree
construction. Finally, PI can record the actions made in the tree construction process.
No pre-existing program had any of these features.

PI produces diagrammatic hypotheses that illustrate the pattern of
microevolutionary and macroevolutionary events. Hypotheses as constructed by PI
are consistent with the model of evolution described above. The goal has been to
create a flexible environment in which students can explore the full range of
phylogenetic representation. Table 3 describes each component of the model of

evolution in the form in which it is used in PI.

The Design and Features of Phylogenetic Investigator

The intent and design of Phylogenetic Investigator distinguishes it from other

programs used for phylogenetic analysis. MacClade 2.1 (Maddison & Maddison,
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Table 3

Objects, States, and Processes That Underlie Phylogenetic Investigator

Objects

Monophyletic Taxon:

Species:

Character:

Relationship:

A species and all of its known descendant species.
(Represented in PI as an ancestral taxon linked with all
descendant taxa.)

A collection of organisms that maintain a common
equilibrated genetic system. (Represented in PI by a
Node and the Link prior to that node.)

A feature of a species that varies in form among other
species. (Represented in PI by a Character.)

A line of continuity that joins an ancestral species with
a descendant species. (Represented in PI by a Link.)

States

Recent:

Fossil:

Postulated:

Plesiomorphic:

Apomorphic:

A species described based on collected specimens.
(Represented in PI by the letter” R" in the taxon
designation).

A species that is described based on fossil evidence.
(Represented by an PI by the letter "F" in the taxon
designation).

A hypothetical species to explain common ancestry.
(Represented by an PI by the letter "P" in the taxon
designation).

The preexisting, ancestral condition of a character.
(Represented in PI by the code "0").

The evolutionarily-novel condition of a character.
(Represented in PI by the code "1").
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Table 3—Continued

Processes

Time: Although taxa are identified with particular points in
time (recent or at some point in the past (fossil)), they
are assumed to have maintained an identity through the
passage of time that can be represented by relationships
and postulated taxa for which direct evidence does not
exist. (Represented in PI by the vertical axis).

Extinction: The process by which species die out: A species always
has an ancestor, but may have no descendants.
(Represented in PI by terminal fossil taxa).

Microevolution: The characteristics of species change over time.
(Represented in PI by the horizontal axis of
morphological change, transitions on links, and the
slope of links).

Speciation: Species can give rise to two (or more) descendants.
(Represented in PI by branching points).

1989) is used as an example in the following sections to illustrate how a research-
oriented program design may not fulfill the needs of beginning learners. Newer
versions of MacClade and a variety of other programs for phylogenetic analysis that
are similar in intent to MacClade (e.g. PAUP (Swofford, 1991), PHYLIP
(Felsenstein, 1993), and others) have similar problems when used with beginners.
Phylogenetic Investigator and MacClade were also conceived for different purposes.
The design of each program reflects those purposes and results in differences between

a user's problem-solving processes and products.

Processes of Phylogenetic Problem Solving

Researchers often work with a family of related problems for which they have

previously considered the relevant methodological issues and assumptions.
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Researchers, therefore, can solve subsequent problems within that family without

revisiting those concerns for every problem. Research programs for phylogenetic
analysis are constructed to take advantage of this fact, which saves time and makes
them more useful. Two ways in which research programs embody assumptions are
the starting point for problem solving and the available tools for manipulating and

analyzing data.

Starting Point

MacClade allows a researcher to begin with a default hypothesis in the general
format which the finished hypothesis will take. The default hypothesis generated by
MacClade 2.1 is a random arrangement of the taxa connected by an arbitrary system
of postulated ancestral relationships. MacClade will generate such a hypothesis even
in the absence of any characters. For an experienced problem-solver who is already
aware of the extent of the search space (the range of acceptable solutions), this
function of MacClade is a useful time-saving feature, but for beginning learners it
bypasses important aspects of the problem-solving process which students should
confront. During the course of problem solving students should ask themselves at
least three fundamental questions: What are good hypotheses like?; Where do

hypotheses come from?; and What is the evidence that supports a hypothesis?

What Are Good Hypotheses Like? At the beginning of the problem-solving
process, students need to question what form a completed hypothesis should take.
Much of the difficulty in problem solving involves determining what the goal is and
what form the solution will take. This is a fundamental question that should be

addressed by examining good hypotheses or having an instructor demonstrate the
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process of creating one. Beginning with a default hypothesis allows students to avoid

asking this question since the basic form has already been established.

Where Do Hypotheses Come From? When faced with the problem of creating
a hypothesis, students must consider what sources of information are necessary and
useful to guide action. There are a number of factors that can be considered in seeking
a beginning point for the development of a hypothesis: What is the range of plausible
hypotheses? What are the constraints that limit the number of possible hypotheses?
Are there patterns or groups of hypotheses? When students are provided with a

default hypothesis, these issues can be largely ignored.

What Evidence Supports a Hypothesis? While constructing hypotheses,

students must ask at each step of the process whether there is sufficient evidence to
warrant adding another link, node, or transition. If a default hypothesis is given to
them in the absence of any evidence, there is little concern for this fundamental issue.

PI does not provide a default hypothesis. This challenges students at every
stage of the problem-solving process to reflect on these three questions and develop
self-monitoring skills to guide the creation of phylogenetic hypotheses. Students must
decide for themselves what general and specific form the hypothesis will take and
what evidence is necessary to justify each aspect of the development of their

hypothesis.
Available Tools

In addition, although less true of MacClade 2.1, other programs often have
features that are superfluous for the types of problems most introductory students
face. Many of the tools, that may be useful to a practitioner, conceal fundamental

conceptual aspects of the problem-solving domain from the user. Algorithms that

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



search the problem space for the most parsimonious trees are often based on
controversial assumptions (see quote by Felsenstein below) and use complex
mathematics that introductory students are unlikely to know in detail. These
algorithms can yield unexpected and contradictory results in some circumstances
(Platnick, Griswold, & Coddington, 1991; Lorenzen & Sieg, 1991; Haszprunar, 1992;
Meier & Whiting, 1992; Lorenzen, 1992), a fact that introductory students may not
know. Felsenstein (1993) expressed it this way:
In most cases my assertions about what are the assumptions of these methods
are challenged by others, whose papers I also cite at that point. Personally, I
believe that they are wrong and I am right. I must emphasize the importance
of understanding the assumptions underlying the methods you are using. No
matter how fancy the algorithms, how maximum the likelihood or how
minimum the number of steps, your results can only be as good as the
correspondence between biological reality and your assumptions!
(discrete.doc p. 3)
Even fairly innocuous tools, like the Ladderize command of MacClade (see below),
can act to constrain student thinking in ways which may be undesirable. An

environment for beginners should require that the problem-solver bring the

assumptions and methodology to the environment rather than the other way around.

Products of Phylogenetic Analysis

Researchers and students set out to explore a domain with different goals.
Researchers seek to apply a particular set of principles to a body of data, while
students seek to compare their own conceptions with a range of principles from across
a domain. Phylogenetic representation in some ways is like a language: diagrammatic
forms take on meaning when interpreted as representing biological phenomena.
Research programs, like MacClade, embody a particular theoretical framework from
within a research tradition. PI seeks to be neutral to research traditions so that student

can explore how they compare with one another, where they overlap, and what
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implications and assumptions each implies. PI permits students to play with a larger
vocabulary in the language of phylogenetic representation.

MacClade produces cladistic hypotheses in a particular form. PI can produce
cladistic hypotheses, but it can also be used to create phylogenetic hypotheses.
Cladistic hypotheses show sister-group relationships among a group of taxa through
the order of branching. Phylogenetic hypotheses show branching patterns of sister
group relationship, but may also indicate ancestor/descendant relationships.
Furthermore, in phylogenetic trees the location of taxa on the diagram, their
proximity to each other, and the slope and length of links may represent theoretical
hypotheses about the taxa, their relationships, and the underlying processes of
evolution.

There is disagreement among scientists about the patterns that result from
evolution and how those patterns should be represented. Cladists largely believe that
fossil species should not be placed as direct ancestors to recent species while
scientists from other research traditions hold that this practice is acceptable in the
absence of contrary evidence (Harper, 1976). PI allows both forms of representation .
Being able to represent both sister-group and ancestor/descendant relationships allows
students to explore how these two forms of representation are related, what they

mean, and when each is most appropriate.

Cladistic Hypotheses. Cladograms illustrate the nested groups that are
expected as the result of evolution. Hennig and the early cladists idealized a particular
form of diagram for representing the relationships created by the evolutionary process
(Hennig, 1966; Maddison, 1989). This form has come to be called the Hennigian
Comb. MacClade produces diagrams that approximate this format and has a tool

(Ladderize) to modify any created diagram to, as closely as possible, assume this
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form. Figure 1 shows a pair of MacClade diagrams that illustrate the ladderized form

and an equivalent form. These diagrams represent the same data and mean exactly the
same thing, from a cladistic standpoint. Cladograms only describe sister-group
relationships. In Figure 1, Rfive is the sister group of Rfour, Rthree is the sister group
to the monophyletic taxon of Rfive and Ffour, etc. Although evolutionary patterns are
the result of ancestor/descendant relationship, cladists argue that phylogenetic
analysis can only result in inferences about sister-group relationships. For that reason,
all organisms whether recent or fossil, are placed along the top and lines that illustrate
the hypothesized relationships are placed below. Location on the diagram conveys no

information—only the pattern of branching is significant.

3
$ H ]
s = é = =
C.1.:1.00
S Taxa
8 Chars
$ i H H z
= & = = =
C.l:1.00
S Taxa
9 Chars

Figure 1.  Equivalent Ladderized (Upper) and Non-Ladderized (Lower) Cladistic
Representations Created Using MacClade 2.1.
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Phylogenetic Investigator can create cladistic representations. Figure 2

illustrates how the hypothesis from Figure 1 can be represented cladistically using PI.

There are differences between PI's cladistic diagrams and those produced using
MacClade. These differences are primarily representational rather than conceptual in
nature. PI's diagrams always contain a species at each branching point and display all
of the character states transitions. Although character state transitions are not shown
in MacClade, most cladists would assume their existence. By not showing them,
however, MacClade does not stipulate their existence. One of the goals of PI is to
present all of the hypothetical entities explicitly where students can evaluate their
significance. This may also facilitate display-based reasoning on the part of students,
as crucial features of the problem and its representation are never concealed from the

problem-solver (Larkin, 1989).

401

50I

Morphological Change

Figure 2.  Cladistic Hypothesis Created Using Phylogenetic Investigator.
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Phylogenetic Hypotheses. Phylogenetic trees can represent both sister-group
and ancestor/descendant relationships. In Figure 3, the taxon FO1 (a fossil taxon) is
represented as the direct ancestor of both RO1 and the monophyletic taxon of R02,
F02, RO3 and R04. In this way, students can construct hypothetical evolutionary
pathways that illustrate how ancestor/descendant relationships could result in
observed patterns of sister-group relationships. In addition, hypotheses can be
represented that illustrate: taxa that appear more closely related; speciation events
resulting from hybridization; variable rates of evolution and speciation; and points in
time when particular evolutionary events are postulated to have occurred. These

hypotheses are described here as "theoretical hypotheses."

Theoretical Hypotheses. Diagrams produced by MacClade are expected to
represent the data in the data table and nothing more. Often, it is useful to modify
representations to include theoretical hypotheses that can be used to explain
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Figure 3. A Phylogenetic Hypothesis Incorporating Fossils as Ancestral (FO1) and
Sister (F02) Taxa.
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differences observed between groups of organisms. These modifications can be added

in artistically during the drawing process so that the diagram represents not only the
data of phylogenetic analysis, but other more speculative observations which the
student has made about the nature of the evolutionary pathways and processes
operating in a particular problem. The observations and hypotheses created in this
way can serve both as points of discussion during the persuasion process and as initial
steps to guide students in gathering more data and extending their study of a group of
organisms. ,

The rate of evolutionary change can be explored using PI by varying the angle
of links between taxa (Figure 4). In some cases, the rate of change appears much
greater between some members of a monophyletic taxon than others. This increased
rate of change can be represented in PI by increasing the angle of a link at the point in
the evolutionary history where the most change appears to have occurred. Figure 4
illustrates this theoretical hypothesis in the link between PD and PE. On the other
hand, some taxa appear to change very little over long periods of time. Terminal taxa
that show this characteristic are sometimes called "living fossils" and can be
represented by linking them to an ancestor with a vertical line. Figures 3 and 4 each
contain a taxon connected to an ancestor using a vertical in line. In Figure 3, this
ancestor is a fossil and in Figure 4, it is a postulated taxon.

Another form of variation in evolutionary rates is the time between speciation
events. The theory of gradualism, that predicts speciation events to be more or less
evenly spaced, has been challenged by a newer theory: punctuated equilibrium
(Eldredge & Gould, 1972). Punctuated equilibrium proposes that speciation events
may occur close together in time separated by long periods with relatively little

change. PI can create hypotheses that illustrate punctuated equilibrium (Figure 5). In
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Figure 5, all of the speciation events that give rise to the terminal taxa are
hypothesized to have taken place between 24 and 26 units of time before the present.
Hybridization presents special problems to phylogenetic systematics (Funk,
1985) and is the most prominent form of a larger problem of reticulating genetic
transfer. Representing hypotheses of complex ancestry has been similarly
problematic, but most solutions involve the generation of a reticulated phylogenetic
tree (Wagner, 1983). No current phylogenetic programs address the construction or
analysis of reticulating trees (Haszprunar, 1992). PI can produce reticulate
representations of phylogeny (Figure 6) and the issues surrounding this topic can be
explored with students. Figure 6 represents taxon R03 as species that arose through

past hybridization between the ancestors of taxa RO1 and R02.
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Figure4. A Theoretical Hypothesis Showing RO1 as a Living Fossil and an
Increased Rate of Change Between PD and PE.

Other possible evolutionary patterns which might be addressed include:

comparisons between the increasing cone of diversity vs. the model of diversification
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and decimation (Gould, 1989), elastic diversification (Stanley, 1977), and comparing

evolutionary vs. non-evolutionary systems (David Cowan, personal communication).
Although I haven't provided the data that students might use to address these issues or
support structuring their representations according to these theoretical frameworks,
the capability to create them is important in order to explore the range of
hypothesizing possible within phylogenetic analysis.

The ability of PI to encompass the full range of phylogenetic representation
allows students to explore the limits of phylogenetic representation and learn what it
means to exceed them. Students are capable of producing trees that contain
impossible or meaningless relationships. But students often bring alternate
conceptions to the classroom and should be able to find ways to represent these ideas

and bring them out into the open where they can be discussed and remediated.
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Figure 5. A Theoretical Hypothesis Showing Punctuated Equilibrium With One
Period of Speciation.
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nclusions

The products and processes of problem solving are intertwined in complex
ways. Students can use a flexible medium like PI to think about macroevolution in
ways that a more constrained medium would not allow. The ability to encompass a
wider variety of hypotheses gives students a greater opportunity to explore the
possible forms that a representation of evolutionary relationships might take. With the
few constraints in the PI medium, students are capable of producing trees that express
their ideas about the evolutionary process. Second, the diagrams place all of the data
where it can be readily seen and even allows students to represent qualitative
judgments about the relationships represented. Finally, as students discuss their
hypotheses, they have a greater opportunity to be reflective about the shortcomings of

any particular representation and explore how else the data might be represented.
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Figure 6. A Theoretical Hypothesis Showing Hybridization.
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These are essential aspects of the persuasion component of the 3 P's (Stewart &
Jungck, 1994).

Students that understand the assumptions of phylogenetic inference and the
range of representational capability within the phylogenetic medium are well
positioned to benefit from subsequent experience with research oriented tools. By
providing an environment where students can explore these assumptions and have
greater control over the resultant phylogenetic representations, PI offers the potential

to improve how phylogenetic inference is taught to beginning students.

Rational Analysis

The goal of the rational analysis was to construct an initial process model that
embodied the principles of phylogenetic inference that was sufficient to construct
phylogenetic trees. As suggested by Larkin and Rainard (1984), this model was
constructed in the form of condition and action couplets that identified the actions that
certain conditions warranted. Table 4 brings together the principles of phylogenetic
analysis into 6 "rules" structured as condition-action couplets that can be applied to
problems of phylogenetic analysis to construct a solution. The term "rule” is applied
here in a very general sense, meaning generalization or principle. I assumed experts
had additional rules to recognize more complex phenomena and construct solutions.

The rules described here can be applied to at least simple problems of
phylogenetic analysis to construct phylogenetic trees. Figure 7 shows a flow diagram
that represents the steps necessary to create a tree for a phylogenetic problem using
these rules. Each condition is illustrated with a representation of the data matrix and a
a box enclosing the relevant group of derived character states. The problem used for

this example is described in greater detail below as Homoplasy 4. The rules of the
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rational analysis served as the first process model used in the analysis of the problem-

solving protocols.

Table 4

A Rational Analysis of Phylogenetic Tree Construction

Condition

Action

If two taxa separated in time share
identical states

If there is (1) a largest group of
taxa or (2) two mutually-exclusive
groups of taxa defined by
apomorphic character states

If a taxon from a group of taxa that
sharesa character in the
apomorphic state has already been
identified with a postulated
ancestor based on another character

If a character is uniquely

apomorphic for some taxa and
shared by others

If a taxon possesses only uniquely
apomorphic characters

If there is a conflict between rules

then they can be linked.

then a common ancestor or
ancestors can be postulated
supported by that character or
characters.

then that character is considered
uniquely apomorphic for that
taxon.

then a transition is placed at the
most recent common ancestor to
those that share it and the reversal
of this character is uniquely
apomorphic for those that do not
share it.

then it can be linked to the most
similar postulated ancestor and
transitions for those uniquely
apomorphic characters can be
placed on that link.

then the rule which will result in
the fewest transitions is selected
unless there is an equal number of
transitions in both cases when both
rules will be accepted resulting in
two equally parsimonious
hypotheses.
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Figure 7.  Applying Rational Analysis in Problem Solving.

Defining the Nature of the Problems

The nature of phylogenetic problems was considered from two standpoints.
First, a series of model problems was constructed that represented the minimum
amount of data to unambiguously define specific forms of solutions. The model
problems were constructed to guide the search for organization of expert knowledge.
Second, a series of research problems was constructed that attempted to survey
problem complexity across numbers of solutions, characters, and taxa. The research

problems were used for gathering data with experts.
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A Typology of Model Phylogenetic Problems

The following problems represent all of the fundamental components from
which more complex phylogenetic trees are constructed. Among the first five, the
fundamental difference lies in the hierarchical scale of the results of a speciation
event: Autapomorphies yield single species, synapomorphies result in a pair of
species, a species and monophyletic taxon, or two monophyletic taxa. The two
homoplasy problems represent tree topologies that result from reversal or
convergence of characters. Each problem assumes Wagner parsimony.

The data sets associated with the following diagrams represent the minimum
amount of data necessary to unambiguously define a particular tree topology or set of
topologies. The Autapomorphy, Synapomorphy 1, Synapomorphy 2, Synapomorphy
3, and Homoplasy 3 problems have 1 topology and 1 optimization. The Homoplasy 1
& 2 problem has 1 topology with 2 character optimizations. The Homoplasy 4
problem has 2 topologies each with 2 character optimizations. Each problem has a set
of recent taxa and a taxon that instantiates the ancestral condition.

The Autapomorphy problem (Figure 8) has 1 taxon, 1 character, and 1
solution (Figure 9) that requires 1 step . This problem demonstrates the essence of the
phylogenetic problem: A taxon at one point in time (F97) is plesiomorphic (0) with

respect to a character of interest (1) while a recent taxon (R85) has the character in the

R85 |
F9? 0O

Figure 8.  An Autapomorphy Data Matrix.
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apomorphic state (1). The problem can be resolved by establishing a link of ancestral-

descendant relationship and placing a transition for the character on the link.

The Synapomorphy 1 problem (Figure 10) has 2 taxa, 1 character, and 1
solution (Figure 11) that requires 1 step. This problem demonstrates the fundamental
assumption of modern phylogenetic tree construction (or what is sometimes called
"Hennig's auxiliary rule"). The two recent taxa (R81 and R83) share an apomorphic
character which is plesiomorphic in the ancestor (F92). A common ancestor can be
postulated, linked to the recent taxa and to the ancestor, and the transition for the

character can be placed prior to the common ancestor.
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Figure 9. A Phylogenetic Tree Representing the Autapomorphy Probiem.
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Figure 10. A Synapomorphy 1 Data Matrix.
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Figure 11. A Phylogenetic Tree Representing the Synapomorphy 1 Problem.

The Synapomorphy 2 problem (Figure 12) has 3 taxa, 2 characters, and 1
solution (Figure 13) that requires 2 steps . This problem illustrates nested characters
(or the inclusion role): character 2's distribution of apomorphies (which defines a
group of R84 and R85) is included entirely within character 1's distribution (which
defines a group of R84, R85 and R89). Being inclusive is one way that characters can
be "consistent" or "compatible." Inclusive characters represent a stronger hypothesis

than exclusive characters.
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Figure 12. A Synapomorphy 2 Data Matrix.
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Figure 13. A Phylogenetic Tree Representing the Synapomorphy 2 Problem.

The Synapomorphy 3 problem (Figure 14) has 4 taxa, 3 characters, and 1
solution (Figure 15) that requires 3 steps . This problem illustrates mutually exclusive
characters (or what is sometimes called "the exclusion rule"). Character 1 (that
defines a group of R80 and R86) and character 2 (that defines a group of R82 and
R84) are exclusive because their distributions do not overlap. Exclusive characters,

like inclusive characters, are "compatible” or "consistent" with one another.
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Figure 14. A Synapomorphy 3 Data Matrix.
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The Homoplasy 1 & 2 problem (Figure 16) has 3 taxa, 4 characters, and a
solution with 1 topology and 2 optimizations that requires 4 steps. This problem
illustrates character optimizations. A character (1) conflicts with two identical
characters (2 and 4) resulting in two different interpretations of the conflicting
character. In the convergence interpretation (Figure 17), the conflicting character is
gained twice (in R88 and R85). In the reversal interpretation (Figure 18), it is gained
once (before PA) and lost once (in R80). (This problem is called Homoplasy 1 & 2
for historical reasons. During the development of the model problems, convergence
and reversal were initially treated as separate phenomena. Use of the current

designation avoids conflict with previous usage that would result from reorganizing

the series.)
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Figure 15. A Phylogenetic Tree Representing the Synapomorphy 3 Problem.

The Homoplasy 3 problem (Figure 19) has 4 taxa, 4 characters, 1 solution

(Figure 20) that requires 5 steps. This problem illustrates homoplasy with a single
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resolution (convergence). Two characters (1 and 3) are exclusive from each other and

inclusive with respect to character 4. Character 2 conflicts with characters 1 and 3, but
only one interpretation is possible in this case. Constructing this solution as a reversal,
would be less parsimonious than the convergence optimization (3 steps would be

required to explain the homoplasious character).
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Figure 16. A Homoplasy 1&2 Data Matrix.

20]

PA
30

401

SOI
F99

Morphological Change

Figure 17. The Convergence Character Optimization for the Homoplasy 1&2
Problem.
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The Homoplasy 4 problem (Figure 21) has 3 taxa, 3 characters, and a solution

with 2 topologies, that each have 2 optimizations, that requires 4 steps. This problem

illustrates multiple topologies. It is similar to the Homoplasy 1 & 2 problem, except
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Figure 18. The Reversal Character Optimization for the Homoplasy 1&2 Problem.
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Figure 19. A Homoplasy 3 Data Matrix.

that there are now only two characters (2 and 3) that conflict with each other. In the
Homoplasy 1 & 2, the two identical characters unambiguously define the tree's
structure. In this case, either character is "equally believable" resulting in two

arrangements of the taxa, each with two character interpretations. In solution 1,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



20]

30}

40}

SOI

Morphological Change

Figure 20. A Phylogenetic Tree Representing the Homoplasy 3 Problem.

1
R8O |
R83 |
R85 |
F96 0O

O——-—0|N
0O0——| W

Figure 21. A Homoplasy 4 Data Matrix.

character 2 puts 83 and 85 together (Figure 22) and in solution 2, character 3 puts 80
and 83 together (Figure 23). Each topology also has 2 character optimizations for the

homoplasious character that can be represented as either a convergence or a reversal.
Research Problems

For the purposes of this study, a problem is defined as (a) a task in which a
solver (b) explores a specific environment using permissible operations to (c) attain a

specified goal from (d) a specified initial state (Reif, 1983; Collins, 1986). In this
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Figure 22. Solution 1 of Two Equally Parsimonious Solutions for the Homoplasy 4

Problem.
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Figure 23. Solution 2 of Two Equally Parsimonious Solutions for the Homoplasy 4
Problem.
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study a problem is: (a) the task of phylogenetic tree construction; (b) using
permissible operations governed by the problem-solving environment provided by
Phylogenetic Investigator or the representational capabilities of the participant using
paper and pencil; (c) to attain the goal of construction of one or more most-
parsimonious phylogenetic trees for each problem; and (d) from the specified initial
state of the set of taxa, characters, and states presented in each research problem.

In constructing the set of research problems, I sought to use the primary
factors tha.t govern complexity to elicit as many strategies and heuristics as possible.
In addition, I created problems to examine the revision of existing trees under a
variety of circumstances and a series where fossil evidence was available in a variety
of different relationships with the ingroup. The number of the series represents the
order in which the set of problems was constructed during the development of the
problems

Complexity was viewed as related to numbers of solutions, characters, and
taxa. Table 5 presents a summary of the research problems. Series 1 was composed of
problems with 5 taxa, 5 characters, and different numbers of solutions. Series 4 was
composed of problems with 5 taxa and a single solution, but with different numbers
of characters (10, 15, or 20). Series 5 was composed of problems with 10 characters
and a single solution, but different numbers of taxa (6, 8 and 10).

Each problem in Series 2 dealt with revision under a variety of circumstances.
In each, the participant would solve a problem that had 5 characters and 5 taxa and
then reexamine the problem with additional data. Additional data could take the form
of a taxon (in problems 2.1, 2.3, and 2.4) or 2 characters (in problem 2.2). The
revisions required included simple addition of taxa to a tree, significant restructuring

of an existing tree, and increases or decreases in the number of valid solutions.
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Table 5

Summary of Research Problems

Series 1 (Ambiguity axis): 5 taxa, 5 characters held constant

Problem Variables
1.1 1 solution 1 optimization
1.2 1 solution 2 optimizations
1.3 2 solutions 2 optimizations
14 3 solutions 2 optimizations
1.5 4 solutions 2 optimizations

Series 2 (Revision problems): 5 taxa, 5 characters held constant

Problem Variables
2.1 1 new taxon that "fits" with previous taxa
2.2 2 new characters result in restructured tree
2.3 1 new taxon results in more valid solutions
24 1 new taxon results less valid solutions

Series 4 (Character axis): 5 taxa, 1 solution held constant

Problem Variables
4.1 10 characters
4.2 15 characters
4.3 20 characters
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Table 5—Continued

Series 5 (Taxon axis): 10 characters, 1 solution held constant

Problem Variables
5.1 6 taxa
5.2 8 taxa
53 10 taxa

An effort was made to ensure that the problems also contained all of the
fundamental problem types identified in the typology of problems. Autapomorphies
appear in 2.2 and 2.4 Synapomorphy Problems 1, 2, and 3 appear in research problem
1.1. A Homoplasy 1 & 2 type problem appears in 1.2. A Homoplasy 3 type problem
appears in research problem 2.2. A Homoplasy 4 type problem appears in research
problem 1.3.

A set of imaginary taxa (R80-R89) were used to construct each problem. Each
problem consisted of a set of polarized binary characters for a randomly selected
group of taxa combined with an outgroup taxon F98, which was always composed
solely of zeros. The problems were constructed using a word processor and then
tested using PAUP (Swofford, 1991) to ensure that they possessed the desired
characteristics. Each unique topology contained within a solution for a problem is
identified by a solution number. These numbers are arbitrary for all purposes here and
reflect the order in which topologies were reported by PAUP.

There was no clear precedent to guide how complex problems would need to
be in order to challenge experts nor was it clear how many problems an expert would

be able to solve before becoming fatigued. I therefore constructed more problems
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than I thought could likely be solved, tried to bracket complexity on each axis, and
then used the performance of the first participant to guide reducing the problem-set to
a manageable body. Time and fatigue proved to be a considerable factor. Series 3
(dealing with use of fossil evidence) was dropped and series 4 and S (complexity
across numbers of characters and taxa) were reduced to single problems. In those
cases the most complex examples were retained, as S1 had demonstrated that they
were solvable, though challenging.
Problem 1.1 (Figure 24) has a whole-group synapomorphy defined by

character 1. Character 5 is nested within two identical characters, 3 and 4, which are
exclusive from character 2. This results in a single tree with no homoplasy. The single

most parsimonious solution (Figure 25) requires 5 steps.

SPC

1
R8O |
R89 |
RE1 |
R82 |

i
0

R86
F98

co—-o0o0o-—|N
O~0—~—-0|w
O—0—=—0|
o—0-—0o0o|wu

Figure 24. The Data Matrix for Problem 1.1.

Problem 1.2 (Figure 26) has no evident whole-group synapomorphy.
Character 4 is nested within identical characters 1 and 2, exclusive from 5. Character
3 requires homoplasy. Character 3 can be constructed either as two multiple gains
(Figure 27) or be postulated as a synapomorphy for the whole group with a loss in
common ancestor of 84 and 86 (Figure 28). Both arrangements represent a single

most parsimonious solution that requires 6 steps.
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Problem 1.3 (Figure 29) has no evident whole ingroup synapomorphy.
Characters 3 and 5 are identical and exclusive from 2. Characters 1 and 4 conflict
with each other, resulting in two equally parsimonious solutions. In solution 1 (Figure
30), character 1 defines a group of R85 and R87 and in solution 2 (Figure 31)
character 4 defines a group of R85 and R84 . For each solution, the conflicting
character can be optimized as either two gains or a gain and a loss. The 2 most

parsimonious solutions require 6 steps.

Morphological Change

Figure 25. The Most Parsimonious Solution for Problem 1.1.

SPC

R89
R81
R83
R84
R86
Fag

oO——-000| &

C—=—0—=0)] —
O—=—0—-0| N
000 —=——| W
0O00—0-—| WU

Figure 26. The Data Matrix for Problem 1.2.
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Morphological Change

Figure 27. One of Two Equally Parsimonious Character Optimizations for Problem
1.2: The Convergence Option.

RB6

Morphological Change

Figure 28. One of Two Equally Parsimonious Character Optimizations for Problem
1.2: The Reversal Option.
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SPC

1 2 3 4 5
R83 O | 0 0 O
R81 O | 0 O O
R8? | 0 I 0 |
R84 O O I I |
RS 1 0 1 | 1
FG8 0 0 0 O O

Figure 29. The Data Matrix for Problem 1.3.

A8?

Morphological Change

Figure 30. Solution 1 of Two Equally Parsimonious Solutions for Problem 1.3.

Problem 1.4 (Figure 32) has no evident whole-ingroup synapomorphy.
Characters 3 and 5 are identical and exclusive from character 2. Character 1 conflicts
with character 4. Character 4 conflicts with all other characters. Three topologies are
possible: Solution 1 (Figure 33) involves homoplasy in 4 and 1 (4 gained in R83 and
the common ancestor of R89 and R81, and 1 either gained in R86 and R81 or gained
in the common ancestor of R86, R89 and R81 and lost in R89); solution 2 (Figure 34)

involves homoplasy in characters 2 and 4 (character 2 gained in R80 and R83,
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R84

Morphologicel Change

Figure 31.  Solution 2 of Two Equally Parsimonious Solutions for Problem 1.3.

SPC

R83
R8O
R86
R89
R81
Fa8

O———00| W
O——00-—-|+&
O——=—00|u

0O—0-—00]| —
0000~ —| N

Figure 32. The Data Matrix for Problem 1.4.

character gained in the common ancestor of R83, R89, R81, and R86 and then lost in
R86); and solution 3 (Figure 35) involves homoplasy only in character 4, which
requires 3 gains (in R83, R89, and R81) or two gains and a loss (gained prior to the
common ancestor of R89, R86, and R81 and lost in R86). The 3 most parsimonious
solutions require 7 steps.

Problem 1.5 (Figure 36) has no evident whole-ingroup synapomorphy.

Characters 3 and 5 are identical and exclusive from 2. Characters 1 and 4 both

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



74
conflict with each other and with all other characters. There are 4 most parsimonious

solutions. Two solutions assume character 2 to be true and the other two require

Morphological Change

Figure 33. Solution 1 of Three Equally Parsimonious Solutions for Problem 1.4.

Time

o] RB6

304

40}

SOI

Morphological Change

Figure 34. Solution 2 of Three Equally Parsimonious Solutions for Problem 1.4.
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homoplasy in character 2. Rearrangements among taxa within R82, R88 and R83
under each condition of character 2 result in the other topologies. In the first of these
solutions (Figure 37), character 4 is used to group R88 and R83 with character 1
either appearing as two gains (in R88 and R82) or as a gain in the common ancestor

of R83, R88, and R82 and then a loss in R83. In the second solution (Figure 38),

Morphological Change
Figure 35. Solution 3 of Three Equally Parsimonious Solutions for Problem 1.4.

character 4 is hypothesized to transform after the divergence of R84 and then to
reverse in R82. In the third solution (Figure 39), character 2 groups 84 and 86,
character 1 is used to group R88 and R82 with character 4 either appearing as two
gains (in R88 and R83) or as a gain in the common ancestor of R83, R88, and R82
and then a loss in R82. In the fourth solution (Figure 40), character 1 is hypothesized
to transform after the divergence of R86 and then to reverse in R83. The 4 most

parsimonious solutions require 8 steps.
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SPC

1 2 3 4 65
R82 | 0 I 0O |
R86 O | 0 | O
R84 | | 0 O O
R&8 1 0 I | |
RB3 0 O I | |
F@8 0 0 0 0 O

Figure 36. The Data Matrix for Problem 1.5.

Problem 2.1 (Figure 41) has no evident whole-ingroup synapomorphy.
Characters 2 and 4 are identical and nested within character 5 which is exclusive from
1. Character 3 is gained in the common ancestor of R85 and R86 and homoplasiously
in R88. The single most parsimonious solution (Figure 42) requires 6 steps. Upon
revision (Figure 43), a taxon, R87, has been added which has apomorphies for

characters 2 and 5, but not for character 4. This taxon fits between R89 and R82

R83

Morphological Change

Figure 37. Solution 1 of Four Equally Parsimonious Solutions for Problem 1.5.
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(Figure 44) and fixes the order in which characters 2 and 4 were transformed. The
single most parsimonious solution still requires only 6 steps.

Problem 2.2 (Figure 45) has no evident whole ingroup synapomorphy.
Character 4 is an autapomorphy. Character 3 defines a group of 4 taxa with characters
1 and 5 nested within 3 and exclusive from each other. Character 2 must be gained
homoplasiously in R81, R80, and R88. The single most parsimonious solution (Figure

46) requires 7 steps. Upon revision (Figure 47), this problem contains 2 additional

R82

Morphological Change

Figure 38. Solution 2 of Four Equally Parsimonious Solutions for Problem 1.5.

characters: character 6 groups R84, R81, and R88; and character 7 groups R81 and
R88. These two characters result in the placement of R88 as a sister group to R81
with characters 1, 2, and 3 being homoplasious (Character 1 is gained in the common
ancestor of R81, R88, and R84 and then lost in R88. Character 2 gained in the

common ancestor of R81 and R88 and also in R80. Character 3 becomes a whole
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ingroup synapomorphy which is lost in R88.) The single most parsimonious solution

(Figure 48) requires 10 steps.

Time

R82

Morphological Change

Figure 39. Solution 3 of Four Equally Parsimonious Solutions for Problem 1.5.

R83

Morphological Change

Figure 40. Solution 4 of Four Equally Parsimonious Solutions for Problem 1.5.
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SPC 1 2 3 4 5
R88 0 | | | |
R8BS 0 0 0 O |
R85 | 0 | 0 O
RE2 0 1 0 | |
R86 | O | 0 O
FB8 0 0 0 0 O

Figure 41. The Data Matrix for Problem 2.1.

Problem 2.3 (Figure 49) has no evident whole ingroup synapomorphy.
Character 5 defines the largest group of taxa and includes characters 2 and 4, which
are identical and character 3, which is exclusive from 2 and 4. Character 1 requires
homoplasy and must be gained in R88 and R80. The single most parsimonious
solution (Figure 50) requires 6 steps. Upon revision (Figure 51), this problem

contains an additional taxon (R89) which has apomorphies for characters 1 and 4.

Morphological Change

Figure 42. The Most Parsimonious Solution for Problem 2.1.
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Figure 43. The Data Matrix for Problem 2.1a.

This results in two most parsimonious solutions. In the first (Figure 52), character 4
groups R89, R88 and R86; character 5 appears homoplasiously prior to the common
ancestors of R84, R81 and R80, R86; and character 1 appears in the common ancestor
of R80, R89, R88, and R86 and is then lost in R86. The second solution (Figure 53)
has R89 appearing on the same branch as R80 and homoplasiously acquiring

character 4. The two most parsimonious solutions require 7 steps.

R86

Morpholagical Change

Figure 44. The Most Parsimonious Solution for Problem 2.1a.
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SPC { 2 3 4 5
R81 | | | 0 O
RO 0 | | 0 |
RE8 0 | 0 0 O
R&6 0 O I | |
R84 | O | O O
FG8 0 0 0 0O O

Figure 45. The Data Matrix for Problem 2.2.

Problem 2.4 (Figure 54) has no evident whole ingroup synapomorphy.
Character 3 is an autapomorphy. There are two most parsimonious solutions one
based on characters 1 and 2 (Figure 55) and the other on characters 4 and 5 (Figure

56). If 1 and 2 are true, 4 must be homoplasiously gained in R81 and R86 and

character 5 must be gained in the common ancestor of R89 and R86 and also in R81.

If 4 and 5 are true, character 1 must be gained in the common ancestor of R82, R89,

Morphological Change

Figure 46. The Most Parsimonious Solution for Problem 2.2.
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SPC
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R86
R84
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Figure 47. The Data Matrix for Problem 2.2a.

R81, and R86 and then lost in R86 and character 2 must be gained in R84 and
R81. The two most parsimonious solutions require 7 steps. Upon revision (Figure 57),
a taxon (R88) has been added with apomorphies for all the characters. This results in
a single most parsimonious solution (Figure 58) where characters 4 and 5 are true.
Character 1 must be gained in the common ancestor of R82, R89, R86, R88 and R81
and then lost in R86. Character 2 must be gained in R84 and R81. Character 3 must

be gained in R89 and R88. The single most parsimonious solution requires 8 steps.

R86

Morphological Change

Figure 48. The Most Parsimonious Solution for Problem 2.2a.
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R81
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R88
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Figure 49. The Data Matrix for Problem 2.3.

Problem 4.3 (Figure 59) has a whole ingroup synapomorphy (character 8).
Characters 6 and 13 are identical and exclusive from 3 and 17. Characters 6 and 13
define R89, R80 and R82 with characters 1 (with Homoplasy in R81), 9 (with
homoplasy in R85) and 10, defining R80 and R82 as sister taxa. All other characters

Morphological Chonge

Figure 50. The Most Parsimonious Solution for Problem 2.3.

are homoplasious (Character 2 can be either gained in the common ancestor of R81

and R85 and also in R89 or gained in the common ancestor of the whole ingroup and
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lost in the common ancestor of R82 and R89. Characters 4 and 16 can be gained in
R89 and R80 or gained in common ancestor of R82 and R89 and lost in R82.
Characters 5 and 15 must be gained in R85 and R89. Character 7 can be gained in

R89 and R82 or gained in common ancestor of R82 and R89 and lost in R80.

SPC

R84
R86
R81
R80
R88
R89
Fg8

O———000| =
oco—o0o-—-0of| N
0000—-0—|®
O—-—00-0| &
0O0O—~0D———| WU

Figure 51. The Data Matrix for Problem 2.3a.

20

303

Morphological Change

Figure 52. Solution 1 of Two Equally Parsimonious Solutions for Problem 2.3a.
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Morphological Change
Figure 53. Solution 2 of Two Equally Parsimonious Solutions for Problem 2.3a.

Character 11 must be gained in R82 and R81. Character 12 must be gained in R81
and R89. Character 14 can be gained in R89 and R82 or gained in common ancestor
of R82 and R89 and lost in R80. Character 18 must be gained in R81 and R80.
Character 19 must be gained in R82 and R85. Character 20 must be gained in R80

and R85.) The single most parsimonious solution (Figure 60) requires 34 steps.

SPC {1 2 3 4 5
RB6 | 0 O | |
R89 | 0 | 0O |
R&1 O | O I |
R84 0 | 0O 0 O
R82 | 0 0O 0 O
FG8 0 0 0O O O

Figure 54. The Data Matrix for Problem 2.4.
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Figure 55. Solution 1 of Two Equally Parsimonious Solutions for Problem 2.4.
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Figure 56. Solution 2 of Two Equally Parsimonious Solutions for Problem 2.4.
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Problem 5.3 (Figure 61) has no evident whole ingroup synapomorphy.
Characters 3 and 6 are identical and characters 8 and 10 are identical. Characters 5 is

exclusive from character 1 with the exception of R87. Character 5 includes nested

SPC {1 2 3 4 5
R6& | 0 0 | |
R89 | 0 | 0 |
R8T 0 | 0 | |
R84 0 | 0 0 O
R82 | 0 0 0O O
Re8 I I I 1 |
FB8 0 0 0 O O

Figure 57. The Data Matrix for Problem 2.4a.

Morphological Change
Figure 58. The Most Parsimonious Solution for Problem 2.4a.

characters including: character 7 (which splits off R89), character 2 (which splits off
R88), character 4 (which splits off R87), and, with some homoplasy, characters 8 and
10 (which split off R86 and appear before the common ancestor of R82 and R80).

Character 1 has characters 3 and 6 nested within and, with some homoplasy, character
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9 (which appears before the common ancestor of R81 and R84). Characters 1, 8, 9
and 10 require homoplasy. Character 1 must be gained homoplasiously in R87.
Characters 8 and 10 must be gained homoplasiously in R84. Character 9 must be
gained homoplasiously in R80. The single most parsimonious solution Figure 62)

requires 14 steps.

SPC 1 2 3 4 5 6 7 8 9101112 13 14 15 16 1?7 18 19 20
RBR@ o0 | o+ 1 I 1 I o0 O I I I + 1 0 O0O0O
RO | o0 OV O I O I ¢+ 1 OO0 1 001 O 11 01
R81 { 1 |1 oo0oo0O1 OOI 1 | O00O0O0TI1 I 00O
R2 | o oo o0 I I I I ¥ ¢+ O1 I 0OO0OOCTI1I O
RS o I I oV 0O 11 I OCOOOCI O 1 O 1 1
F8 0 0 0 0 0 0 0 0 0O O O OO OOODOUODTU OTG O

Figure 59. The Data Matrix for Problem 4.3.

R82

Morphological Change
Figure 60. The Most Parsimonious Solution for Problem 4.3.

The problem set as constructed contained a number of shortcomings. All of

the problems show complete resolution (i.e. result in dichotomous branching). An
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axis of degree of resolution might have been another area to examine. The characters
in problems 1.3, 1.4, and 1.5 were not sufficiently randomized. Some participants

may have not approached these problems independently. Also, Problem 1.2, which

SPC 1 2 3 4 5 6 7 8 910
RB1 | 0 0 0 0 0 0 O | O
R82 O | 0 I | 0 I 1 0 1
R83 | O | 0 0 | 0 0 0 O
R84 | 0 0 0 0 O O I | |
RS | 0O I 0 0 | 0 0 0 O
R8& ©0 | 0 | | 0 I 0 0 O
R8? | | 0 0O | O | O O O
RE8 0 0 0 O | O | O O O
R 0 0 O O | O O 0O O O
R8O O I O I 1 O t 1 1 1|
FG8 0 0 0 0 0 0 O O 0 O

Figure 61. The Data Matrix for Problem 5.3.
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Figure 62. The Most Parsimonious Solution for Problem 5.3.
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90
was intended to show only a character optimization, can be seen as requiring two

topologies, depending on the role F98 is assumed to play with respect to the ingroup.
Finally, in retrospect, it appears that complexity in phylogenetic problems is more
complex than originally conceptualized.

Complexity, as originally conceptualized, was the result of increasing
numbers of solutions, characters. and taxa. Each of these factors contributes to the
depth or breadth of search required during problem solving. The number of solutions
determines the depth of search during solution assessment. The number of characters
determines the depth of search required during character assessment. The number of
taxa determines the breadth of search during character assessment. In addition,
however, the amount of homoplasy greatly contributes to complexity of problems
irrespective of the number of solutions. One of the most commonly used measures of
homoplasy is the consistency index (CI): the ratio between the number of transitions
and the number of characters on a tree. This value, however, is the same across all
topologies, and some topologies were found much more often than others. A better
measure of the difficulty in finding solutions may be the ratio of non-homoplasious
characters to potentially signal bearing characters (total number of characters minus
autapomorphies and whole ingroup synapomorphies). This topic is elaborated below

(page 192).

Data Gathering

Before the start of data gathering, the problem-solving environment was
reviewed by two expert phylogenetic biologists for content and structure and the
proposal was approved by the Western Michigan University Human Subjects
Institutional Review Board (Appendix B). Data gathering began on March 9, 1995

and continued until November 22, 1995. Data analysis began as soon as the first set of
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data had been collected, was conducted concurrently with data gathering until the last

participant's data had been collected, and continued until March, 1996.

Participants

Recruitment efforts for this study focused on individuals with advanced
degrees, who used phylogenetic analysis as a regular part of their professional
occupation. Although an effort was made to find individuals across research
traditions, all of the participants recruited belonged to the phylogenetic cladistic
tradition. Seven of the nine participants were male and all but one participant was
Caucasian. The subjects varied with respect to age and position. Three were relatively
young and just embarking on their careers, three were middle-aged and well-
established in their careers, two were in administrative positions past the mid-points
of their careers, and one was an emeritus scholar.

Participants were initially recruited to participate in the project by posting an
article (Appendix C contains the article) describing the project and the need for
participants to several internet discussion groups (bionet.molbio.evolution,
sci.bio.evolution and the Darwin-L mailing list), publicizing a world wide web site
with the a description of the project and copies of the research software, and through
targeted email to several researchers who seemed particularly appropriate. Two
participants, both doctoral students at a large museum, volunteered via email as a
result of this posting. The first participant suggested two people, faculty members of a
nearby university, who might be good candidates. Both were contacted via email
(Appendix D contains a sample message) and one agreed to participate. I then
generated a list of potential participants by reviewing the relevant literature and
contacted each directly via email. One did not respond. Another responded and

indicated interest, but said they were too busy. Another expressed initial interest, but
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subsequently failed to reply to email. I then contacted a faculty member at a

university, who agreed to participate and who subsequently suggested someone as a
contact at a second large museum and several other potential participants. I emailed
the contact person who agreed to participate and who also suggested several more
people at the same institution. Seven people at this museum were contacted by letter
and 3 agreed to participate. One suggested an alternate, a postdoctoral associate at the
museum, who was contacted via email and who then agreed to participate.

In the Results, each participant is referred to by a number (1-9). When referred
to singly, this number will be preceded by the letter "S", for Scientist, e.g., S1. When
referred to in groups, the numbers will be contained in parentheses after the term
participants, e.g., participants (1, 2, 3). The descriptions below have been arranged
randomly to conceal the identities of individuals.

One participant was an emeritus faculty member at 2 major university. This
person was active in phylogenetic research in botany and had a long record of
publication in phylogenetic biology.

Another participant was a faculty member of a large, prestigious natural
history museum. This person was not currently active in phylogenetic research, but
had published many articles in phylogenetic biology both of original research and of a
more conceptual nature.

Another participant was a doctoral student studying at a major university. This
person was conducting phylogenetic research in zoology toward their dissertation at a
large museum of natural history. This person had published at least one article in
phylogenetic biolbgy.

Another participant was a recent graduate of a doctoral program at a major

university. This person had conducted phylogenetic research for their dissertation and
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had been accepted for a postdoctoral research position at a large, prestigious museum
to conduct phylogenetic research in zoology.

Another participant was a faculty member at a major university. This person
was active in phylogenetic research in zoology, had published many articles and
collaborated on several books in phylogenetic biology, including an important
methods text, and was a founding member of a phylogenetic professional society.

Two participants were zoology department chairs at a large, prestigious
natural history museum. Both had long records of research and publication in
phylogenetic biology.

Another participant was a postdoctoral research associate at a large,
prestigious natural history museum who had conducting phylogenetic research in
botany for their dissertation and was currently active in systematic, although not
primarily phylogenetic, research.

Another participant was a faculty member of a large, prestigious natural
history museum. This person was active in phylogenetic research in botany, had
published many articles and collaborated on several books in phylogenetic biology,
including an important methods text, and was a founding member of a phylogenetic

professional society.

Procedures

A checklist was created to define and standardize the procedures used for each
research session (See Appendix E). After setting up the equipment, participants were
asked to sign a Letter of Consent (See Appendix F). I then demonstrated the program
by presenting a model problem (after the first subject, I consistently selected
Homoplasy 3), asked the participant what moves he or she would make to solve the

problem, and then demonstrated how to perform those moves using Phylogenetic
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Investigator. In these demonstrations, I avoided prescribing how the participant
should solve problems or conceptualize the goal state. Participants that were
uncomfortable using the computer problem-solving environment were encouraged to
use paper and pencil for problem solving. After demonstrating PI, I read a set of
directions (Included in Appendix F: Research Checklist) that was adapted from
Larkin and Rainard (1984).

After completing the practice, a series of problems was provided and the
participant solved each in turn, using either Phylogenetic Investigator or paper and
pencil, and their think-aloud remarks were tape-recorded. Phylogenetic Investigator
automatically time stamps and records each action taken within the problem-solving
environment. Each topology generated within PI was exported as a file before other
topologies were constructed. After problem solving, all notes and drawings were
collected.

The problems were presented in the same order across participants. Several
factors were considered in developing the order of problem presentation. It was
unclear how much time would be required to complete the problems and so each
series was ranked in terms of importance. Series 1, 4 and 5 were considered most
important, followed by series 2 and 3. Experience with the first subject showed that it
was unrealistic to attempt to use series 3. Series 4 and 5 were particularly time
consuming and were reduced to single problems. S1 had proven to be capable of
solving the most complex examples from those series (4.3 and 5.3), so they were
selected. Series 1 was presented in a graded order based on the number of topologies
in the solution. Each problem in series 2 represents qualitatively different phenomena
and so the order of those problems was not considered significant, although what was
considered to be the easiest problem from series 2 was placed first to introduce the

revision problem type. The subjects were not informed about the rationale for how the
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problems were ordered. Speculating about the order of the problems while solving

problem 2.3, S7 said, "I think you do these so you that you have a hard one and then
you have a little break." Other than recognizing overt features of problems (e.g.
difficulty or numbers of characters and taxa), no subject made comments that implied
recognition of the underlying dimensions. There was no evidence that hypotheses
about the order of problem presentation was used by any subject to constrain the
problem space.

There was variability among participants with respect to problems attempted
and problems completed (Table 6). Participant S1 attempted and completed series 1,
2,4, and 5. Afterwards, series 4 and 5 were reduced to single problems (4.3 and 5.3).
S2 attempted and completed 1.1, 1.2, 1.3, 1.4, 2.1, 2.1a, and 2.2. S2 attempted, but
did not complete 4.3, 4.1, 5.1, and 2.2a. Participants (3, 4, 5, 7) attempted and
completed series 1, series 2, 4.3, and 5.3. Participants (8, 9) attempted and completed
series 1, series 2, and 5.3. Participants (6, 8, 9) attempted 4.3, but did not complete
asolution. Participant S6 attempted and completed series 1 and 5.3, but sufficient time
was lacking to attempt series 2.

If a participant paused in their think-aloud protocol during problem solving,
the experimenter would prompt the participant to continue speaking. Initially a phrase
suggested by Larkin and Rainard (1984) was used: "Can you tell me what you're
thinking?" This proved to elicit introspective comments. Subsequently the
experimenter used the phrase, "Keep talking?" as a less intrusive way to encourage
participants to continue thinking aloud without eliciting introspection.

In some cases, especially in the case of clerical activities and with respect to
clerical errors, the experimenter intervened in problem solving. For cases in which
participants (2, 4, 5, 7) consistently redescribed data the experimenter facilitated the

redescription process to reduce clerical errors. Similarly, when a participant's spoken
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remarks clearly conflicted with their actions, the experimenter brought the conflict to

the attention of the participant and requested clarification.

After completion of each problem, the experimenter asked clarifying questions
and requested that the solver explain the significance of various actions and provide
rationales for the use of particular strategies or heuristics. In addition, at the end of the
problem-solving session, the experimenter asked the participant whether the kind of
thinking that they engaged in through the use of PI was a realistic characterization of
their expertise in phylogenetic tree construction. Those remarks were summarized
separately from the problem-solving data to evaluate the validity of Phylogenetic

Investigator.
Data Analysis

Four types of research data were collected with each participant: (1)
transcripts of the of the think-aloud protocol; (2) a list of actions in the problem-
solving environment, time stamped and recorded by the computer; (3) any notes or
drawings generated by the solver; and (4) any comments from the retrospective
interview. The transcripts, actions, and notes were considered in artificial units called
frames. A frame consisted of that portion of each of the three types of data associated
with a unique inference in the problem-solving process. A unique inference represents
a feature of either the matrix or tree that the participant referred to as the basis for
taking some action. Actions initially were seen as either moving lines in the matrix or
drawing some element or elements of a phylogenetic tree. In the course of analysis,
actions came to include restructuring hypotheses prior to engaging in construction or
reconstruction of a phylogenetic tree. The frames were then examined for evidence of
the use of three major categories of problem-solving heuristics identified by Reif

(1983): data redescription, solution synthesis, and solution assessment. Initially,
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frames were coded according to the rational analysis. During the course of data

gathering and analysis more detailed models were developed and used to interpret
new data and to reinterpret the earlier data. These more detailed models facilitated
identifying strategies and heuristics. Each frame was studied for evidence of: the
application of content knowledge, the use of strategies and heuristics, and forms of
knowledge organization.

The data from participant S2 were not included in the model. This participant
approached the problems in a fashion that was fundamentally different from the other
participants and his data were not directly comparable. Therefore, the results for S2

are described separately.

Development of a Model of Expert Performance

One goal of this research was to construct a model that embodied the most
consistent and regular aspects of experts' strategic knowledge. This model was
conceptualized as an organized network of procedures that could bring together the
consistent activities used by each participant and the common activities used by all.
The model was constructed by seeking to explicitly relate verbal behaviors and
problem-solving activities to elements and properties of the task (van Someren,
Barnard, & Sandberg, 1995). The components of such a model do not necessarily
correspond directly with the psychological components of experts' mental models, but
this should not be necessary for the purposes of describing desired performance.

The transcripts were collected over a period of 10 months. As each set of
transcripts was transcribed, it was studied using the most recent model to evaluate the
explanatory power of the model to describe the phenomena occurring within the

transcripts. The set of condition action statements comprising the rational analysis
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was used as the first model. Each revision extended the model to account for the
regular and consistent components of problem solving that each participant used.

The model was elaborated through approximately four major iterations in
order to produce a final account of expert phylogenetic tree construction. All models
after the rational analysis were organized as flow diagrams. The order in which
components were used was not entirely consistent, but some important relationships
between components seemed best described in this form. The main features of the
second model were: (a) a distinction between reasoning occurring in the matrix versus
in the tree; (b) a component for building "character compatibility"
(inclusion/exclusion) hypotheses involving comparison of characters and recognition
of identical and "compatible" (inclusive/exclusive) characters; and (c) a distinction
between tree building, character optimization, and topological optimization. The
subsequent model: (a) expanded on the notion of matrix versus tree-based reasoning;
(b) elaborated the structure of "character compatibility” (inclusion/exclusion)
hypotheses as groups of characters; (c) developed the idea of the role of conflicting
charaéters in the evaluation of "character compatibility" (inclusion/exclusion)
hypotheses; and (d) described the model component involved in translating those
characters into taxa.

The final model still makes distinctions between inferences occurring in the
matrix and the tree, but makes more important distinctions based on what kinds of
hypothetical entities are used to guide tree construction. "Consider
inclusion/exclusion” is one of three components that deal with knowledge
representations. The term "inclusion/exclusion" was used to replace "character
compatibility" to improve clarity and avoid conflicts with previous uses of that
terminology in the systematics literature. The term "character compatibility" has been

used to describe a parallel cladistic methodology based on finding trees solely on a
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criterion of "character compatibility", rather than parsimony. In addition, this form of

character compatibility does not rest purely upon the recognition of
inclusion/exclusion patterns: other factors can result in character incompatibility
(Meacham & Estabrook, 1985). The other two components that deal with hypothetical
entities describe the role of parsimony and the role of order in the matrix. Model
components associated with comparisons among taxa as well as characters have been
added. A section of the model now accounts for restructuring the matrix during
problem solving.

The final model was used to evaluate differences across problem solvers and
across problem types with respect to content knowledge, strategic knowledge, and
knowledge organization. In addition, this model was also used to distinguish between
general strategies consistently used by at least one participant as a predominant
feature of their problem solving (which were incorporated in the model) and less

generally used heuristics.

Intercoder Reliability

The final model was evaluated for intercoder reliability with the help of an
associate. The associate, Dr. Robert Hafner, had participated in the development of
the model and was familiar with the problems and the nature of the problem solving.

Two sets of protocols were assembled. Both sets contained transcripts in
which participants had used the duplicated taxa strategy (S7), the consider order
strategy (S8), and the inclusion/exclusion strategy (S1 and S4). Participants S7 and S8
were selected because they were the only participants to use their respective
strategies. Two-thirds of the participants (1, 3, 4, 5, 6, 9) used the inclusion/exclusion
strategy. S1 and S4 were randomly selected to provide transcripts illustrating that

strategy for evaluating intercoder reliability. The first set contained the protocols from
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solving problem 1.2 and the second from problem 2.1 These problems were selected
because they represent nearly identical problems (5 taxon problems with 1
homoplasious character).

Using the first set of protocols, the associate and I applied the components
predicted by the model until agreement was reached regarding how each component
was to be applied. Subsequently, the second set of example protocols was coded by
each coder, compared, and the percent correspondence calculated (73%). Afterwards,
the differences were evaluated and, where possible, reconciled. Three points of
difference resulted from divergent interpretations regarding instances in which the
participant appeared to jump from one section of the model to another. These
differences were resolved by reaching agreement about consistent application of the
model. Some difficulties regarding the application of the "consider order" component
of the model could not be resolved based on this sample of data. After reconciling

differences, the percent correspondence was recalculated (93%).
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CHAPTER IV
RESULTS
Introduction

This study used Phylogenetic Investigator to describe the content knowledge,
strategic knowledge and organization of knowledge in expert phylogenetic tree
construction. I have come to see phylogenetic tree construction as a body of methods
for translating between two forms of data representation: the data matrix and the tree.
These methods are the strategic knowledge. The form of this knowledge can be
represented as potential courses of action that derive from insights about the structure
of the relationships among taxa and characters. These insights could be considered
content knowledge, but they have been described here in connection with the strategic
knowledge they underlie. Using this distinction, content knowledge plays little role in
phylogenetic tree construction as represented by the task used for this study, although
some participants provided insight into how content knowledge might be brought to
bear under actual circumstances of phylogenetic inference. Finally, experts used
several methods to organize their knowledge during tree construction. The methods
by which knowledge organization take place are described with the other components
of strategic knowledge and then the implications of these methods and their
associated knowledge structures are discussed separately.

This chapter deals extensively with problems, participants, taxa, and
characters. Problem references always contain a decimal in them: e.g. problem 2.4.
Participants are referred to in two ways. Singly, participants are referred to with the

capitol letter "S" (for "scientist") followed by a numeral, e.g. S4. In groups, the term
102
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"participants" followed by a series of numbers in parentheses is used, e.g. participants

(1, 2, 3, 4). In cases of several groups of participants being described in a section,
subsequent subgroups may be referred to using a term that indicates the relationships
between groups of participants or between one subgroup and the whole, e.g., the
others (5, 6, 7). Taxon designations always have either the letter "R" or "F" before a
number between 80 and 98. Characters are single digits and, where unclear, the word
"character" is used to clarify that the number used represents a character. Sets of
characters (usually inclusion/exclusion groups) are enclosed in curly brackets, e.g. {1,
2, 3}. To represent the structure of inclusion/exclusion hypotheses, the characters are
grouped using parentheses and the entire hypothesis is enclosed in curly brackets,
eg.,{(1,2,4)(3,5)}.

This chapter reports the results of the project in six major sections: (1) the
performance and adequacy of phylogenetic investigator; (2) the strategié knowledge
of experts; (3) the content knowledge of experts; (4) the knowledge organization of
experts; (5) success, across participants and problems, and errors in problem solving;

and (6) results pertaining to participant S2.
Phylogenetic Investigator

Phylogenetic Investigator (PI) was constructed as an environment to facilitate
posing and solving phylogenetic problems and generating results useful for
persuasion. In using PI for this study, I was concerned that it present the task in a
form that would permit the participants to display expert performance. This concern )
primarily encompassed the nature of the problems, the presentation of the data, and
the ability to represent solutions.

The participants fell into two groups with respect to their view on the

adequacy of the problems. Some participants (1, 3, 4, 5, 6, 7) seemed comfortable
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solving problems for which only coded and polarized character states were available.
Others (2, 8, 9) felt that the lack of context regarding the characters and taxa in these
problems made them seem unrealistic at times. Although only three participants (2, 4,
7) actually solved these kinds of problems by hand on a regular basis, all of the
participants agreed that solving these kinds of problems represented an important
aspect of phylogenetic thought. S8 particularly liked the revision problems, saying:

In some respects this is a more realistic problem because this is one of the

problems we keep running into all the time. Adding additional taxa or adding

additional characters. This is the sort of thing I keep on doing.

Participants agreed that it was important to understand how to solve these
problems by hand even if software was typically used for analysis. Almost all of the
participants (1, 3,4, 5, 6, 7, 8, 9) indicated that in their research they typically used
Swofford's (1991) software package Phylogenetic Analysis Using Parsimony (PAUP)
either for the entire problem-solving process (1, 3, 5, 6, 8, 9) or to confirm solutions
arrived at by hand (4, 7). S1, who was typical of participants who used PAUP to
perform phylogenetic inference, said, "if you don't understand the stuff that I've been
forced to do here, then you really don't understand how your trees are produced [using
PAUP] either." S8 made similar statements, but qualified them saying:

the creating of the diagrams is a very valuable exercise, as pattern recognition,

but the biology of it only when used for hypothesis testing, because the

diagram itself, we were sitting here talking about something which was
basically contentless. No more content than you have in the standard
algorithms in higher mathematics.

Participants (2, 4, 7, 8, 9) preferred using paper and pencil to create initial
representations over drawing them in PI. Two others (5 and 6) began by using PI, but
as the problems became complex, also chose to use paper and pencil to create initial
representations. Only S1 and S3 exclusively used PI for solving the problems.

Participants (1, 3, 5, 6, 8, 9) used PI's ability to reorder rows in the data

matrix. Two participants (8, 9) who did not use the environment to create
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representations, did reorder the matrix. S8 said, "The feature that's very useful in this

program is the fact that you can sort the lines." Some participants (1, 4, 6, 8, 9)
desired the ability to move columns as well as rows. S6, while solving problem 1.5
said, "And I can't move these characters. That's defeating one of the main ways I do
things, you know, is I sort the data, and I can't sort it in the XY." In order to
accommodate this participant, the data were exported into a word-processing program
to facilitate moving columns of data as well.

The fact that several participants chose to use paper and pencil indicates that
the representational capabilities of PI do not facilitate expert performance in
phylogenetic tree construction. Participants chose to use paper and pencil for several
reasons. Experts come to the problem-solving process with a suite of skills developed
over many years and PI required them to learn new skills. Some participants (2, 8)
were not familiar with the Macintosh and its interface and several more (4, 7, 9) felt
uncomfortable using an unfamiliar computer program. S4 said:

I mean I wouldn't mind at some point in the future coming back and doing this

with the computer, but I'd have to be more comfortable with the actual

instructions for making the nodes and links and things and when I felt more
fluent with that, then I could, like with MacClade or PAUP, where I feel more
fluent with it, I can sit and talk and work with it at the same time, but so much
of what I do involves teaching and even when I'm sitting down with some of
my students and working on a research project, its still a learning
environment, so I'd have to feel a little more comfortable with that.
Others (6, 9) felt the drawing environment constrained their ability to think visually.
S6, describing the constrained representational medium, said, "The thing is you can't
really add stuff using this thing. [It makes it hard to] sort of doodle." S9 explained it
this way:
I can find it very difficult [to solve problems] sort of in mid-air. If I can have a

piece of paper and a pencil to sort of focus my thinking, I find it a lot easier,
even if I don't write anything on the paper.
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Similarly, S5 said, "I find that using programs like that, I mean they're great, I'm not

at all anti-computers, but for some things its just easier to draw it ... If I was tryiﬁg to
do a publication quality figure or something, I find computers very handy for that."

S7 offered a unique reason for her method of paper and pencil representations:
it left a "paper trail" or record of the problem solving which made it easier to go back
and check the solution and problem-solving process. S7 also indicated that she had
previously solved problems by reorganizing the data matrix, but that she no longer
did this:

At one point when I first started doing this, I used to cut out strips of paper

and move them around, the way you can move lines around, so I did that at

the beginning, but then I progressed, sort of, but I hate to use the word

"progressed” but I just changed the way I did it. ... I would literally cut the

matrix into strips back before, we used to do these on punch cards, you know,

so it was really hard to do any kind of manipulation and so I would cut 'em out
and move 'em around until I lined 'em up, but I ultimately went to this because

it was easier to leave a paper trail. I can go back ... and keep track of what I

did.

Although PI's representational abilities did not facilitate expert performance in
phylogenetic tree construction, none of the experts faulted its ability to present data or
to create realistic phylogenetic trees. The ability of participants to use a familiar form
of representation when necessary, i.e. paper and pencil, provides confidence that the
data gathered for this study are representative of the participants' typical

performances. The implications of this research for future development of PI are

discussed in the next chapter.
Strategic Knowledge

Strategic knowledge occurs in three hierarchical levels of organization along a
dimension of scope of effect. Some phenomena are primarily local, affecting only a
small part of the tree or total problem-solving process. Other phenomena were more

global and dealt with effects at the level of the whole tree or problem-solving effort.
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Those methods that were consistent procedures in at least one participant's approach,

were used to construct a procedural model of phylogenetic tree construction. The
individual components of this model comprise the middle level of the hierarchy of
strategic knowledge. For example, the process for comparing characters (a component
of the model) is one form of strategic knowledge. Above the level of components are
what I have chosen to call "strategies" that represent more global approaches to
problems and can often be represented as particular pathways through the model.
Comparing characters is part of a strategy of using inclusion/exclusion analysis to
define the structure of a phylogenetic tree. Below the level of the model components
are what I've chosen to call "heuristics" that are more local in their scope of effect.
These are different ways of approaching, implementing, using or combining
components of the model. For example, the "compare characters" model component
can heuristically be applied systematically or more opportunistically, by letting the
eye range across the matrix.

The model and its components are described below. Heuristics are described
in the context of their associated model components. Subsequently, I describe the

important strategies, illustrate how they are employed, and explain why they work.

A Procedural Model of Expert Phylogenetic Tree Construction

The model (Figure 63) is organized into several spaces: the upper half deals
with observations, inferences, and actions within the data matrix while the bottom
half deals with observations, inferences, and actions within the tree environment. In
between and on the right, are the hypothesis consideration components that mediate

between these two spaces. "Consider order” deals primarily with the data matrix and
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is placed near the top close to the matrix oriented components. "Consider character

compatibility" uses inferences from and results in actions in both the matrix and tree
environments and is placed in the middle. "Consider parsimony" takes place almost
exclusively in the context of inferences in the tree environment and is placed near the
bottom, close to the tree components.

As indicated in the previous chapter, the model was constructed as a flow
diagram to indicate the most common pathways between components. Participants
did not always generate verbalizations for every component on a pathway through the
model. This might occur for two reasons: they were not processing information in a
verbal form while in a component of the model or they did not use the entire pathway
indicated. The pattern of verbalizations provides support for both conclusions. Pauses
in verbalizations and consistent patterns of verbalization support the conclusion that
participants might move through a series of components without verbalizing every
one. In addition, participants often retained impressions of the tree or matrix that
allowed the participant to jump directly from one region of the model to another

without making a complete pass through the model from the beginning.

Components of the Model

This section provides (a) a listing of the participants that used each component
of the model; (b) a brief description of the component; (c) one or two examples from
transcripts that illustrate either the component being used, or an introspective
statement by a participant describing its use; (d) a statement that explains how the
component contributes to problem solving; and (e) descriptions of associated
heuristics. The organization of the model and linkages between components represent
common pathways used by participants. In fact, participants often jumped from place

to place and so the model does not always work smoothly as a strict flow diagram.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



110
Another way of representing these pathways might be a set of condition action

statements as described by Larkin & Rainard (1984). I settled on the flow diagram
because, although participants did not follow such patterns strictly, some patterns of
flow between components did seem to be evident and the flow diagram seemed to

capture the nature of these relationships most effectively.
Look at Matrix

All participants used this component. Problem solving always began by
looking at the matrix. All participants went on to make inferences about relationships
among characters or taxa in the matrix, except for S7 who systematically translated
each character into the tree environment. The matrix contains the data for the problem

and looking at the matrix is necessary for problem solving.
Make Inference About Matrix

Participants (1,3,4,5,6,8,9) used this component. Problem solving begins with
inspection of the matrix. Participants (3, 5, 7, 8) tended to examine the matrix
systematically: for example, S7 looked at each character individually to recode the
data into individual character trees. Participants (1, 4, 6, 9) were more likely to let
their eye range over the matrix looking for patterns. S4 said, "I can see patterns
looking at the matrix ... I chunk it up, it's more analogous to factoring, you know
look for chunks and subchunks and do those." Most participants (1, 3,4, 5,6, 7,9)
focused primarily upon the characters (in columns), but some participants (3, 6, 8, 9)
also sought patterns among taxa (rows). Making inferences in the matrix represents
describing the local phenomena of relationships among characters and taxa. The
inclusion/exclusion and order of divergence tree construction strategies organize these

local inferences into global hypotheses that can guide tree construction.
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Look at Columns

Participants (1,3,4,5,6,8,9) used this component. Columns contain information about
characters. Columns are inspected individually and compared. S9, while solving
problem 4.3, recognized that she was looking sometimes at columns and sometimes at
rows, and said, "I need to switch back from thinking horizontal to seeing vertical."

Looking at columns focuses attention on the evidence for structure in the tree.

Look at Single Characters

Participants (1,3,4,5,6,8,9) used this component (Figure 64). Verbalizations
that illustrated inspection of individual characters were associated with systematic
inspection of the matrix. For example, S5 (1.1) said, "OK, so again, its sort of the
brute force thing, I just sort of go through each character." All participants made
inferences based on individual characters, but did not actively examine individual
characters, instead letting the eye range over the data. Identifying some single
characters (whole ingroup synapomorphies and autapomorphies) can be considered
immediately and therefore simplify the remaining data. In addition, the most inclusive

character is often a useful starting point for character compatibility analysis.

Count Apomorphies

Only participants (3, 6, 8) systematically counted the number of apomorphies
in characters. In problem 1.3, S8 said, "I'm counting the number of 0's for each
character starting from number 1." The number of apomorphies indicates the number
of taxa that are affected by an inference about any particular character. The relative
numbers of apomorphies among characters is a factor of the importance of characters

in defining the overall structure of a tree.
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Look at single
characters

..

Count apomorphies

Identify most Identify least
inclusive inclusive

N\

Identify
autapomorphies

dentify whole ingroup
synapomorphies

Figure 64. Model Components Associated With "Look at Single Characters".

Identify Most Inclusive

S3 used this component. S3 was the only participant who evidenced a
systematic search for the most inclusive and least inclusive characters. Participants
who used character compatibility (1, 3, 4, 5, 6, 9) often used most inclusive characters
for beginning character compatibility groups and all participants recognized whole-
ingroup synapomorphies, which is a type of most inclusive character. In this case S3
was solving problem 5.3 when he said, "The most inclusive is character 5." The most
inclusive character defines the largest possible set of taxa without homoplasy and
represents a natural starting point from which to make an assessment of whether the

other characters support or reject this set.
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Identify Whole-Ingroup Synapomorphies

Participants (1, 3, 4, 5, 6, 8, 9) used this component. Whole ingroup
synapomorphies do not contribute information to determining the branching pattern
within the ingroup. S8 expressed this clearly while solving problem 4.3, saying,
"Character 8 is an apomorphy for the whole set and thus is trivial in separating them.
It doesn't do anything for you." A whole ingroup synapomorphy can be translated
directly into the drawing environment as a node linked to the ancestral node with a
forward transition for the character on the link. This translation can occur

immediately because no other character can conflict with this inference.
Identify Least Inclusive

Only participant (3), like with "Identify most inclusive", systematically sought
this feature. For example, in problem 5.3 S3 said, "then for the least inclusive,
character 3 puts [R] 83 and [R] 85, character 6 puts [R] 83 and [R] 85 together,
character 8 puts [R] 82 and [R] 84 together." Although no other participants made
verbalizations associated with seeking or finding least inclusive characters, all the
participants recognized autapomorphies, which are a subset of least inclusive

characters.
Identifv Autapomorphies

Participants (1, 3, 4, 5, 6, 7, 8, 9) used this component. All the participants
recognized autapomorphies as characters which were useless for determining the
branching patterns within the ingroup. Solving problem 4.2, S1 said, "Oh! Here's a

useless character — character 4, we can ignore that for the rest of the discussion.
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That's nice." Autapomorphies, being uniquely derived characters, cannot conflict with

other characters, and are always represented as a transition immediately prior to the

taxon which possesses it.

Compare Characters

Participants (1,3,4,5,6,9) used this component (Figure 65). Participants (3, 5,
6) appeared to actively hold single characters in mind while comparing them to all
others. For participants (1, 4, 9) this process seemed to occur as a very general pattern
recognition activity where the impression of a sequence of 1's and 0's would be held
in mind as the eye passed over the rest of the data. The particular features that were
most often recognized are described below. S9, solving problem 1.5, made this
introspective comment: "I think the first thing I'm doing when I look at these sets of
characters is actually looking for any groups of characters that are congruent. And/or

identical."”

Compare characters Identify identical

.
Identify
inclusive/exclusive
Identify conflicting

Figure 65. Model Components Associated With "Compare Characters".

When there were a large number of characters (especially problem 4.3), two
participants (4, 5) created a list of the taxa claimed by each character and as each new
character was added, they compared it with the previously considered characters for

identity and compatibility. This heuristic greatly facilitated the construction of a
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character compatibility hypothesis. Only one other participant (S1) found a correct

solution to this problem.

Identify Identical

Participants (1,3,4,5,6,9) used this component. Identical characters have the
same distribution of 1's and 0's. Solving problem 1.5, S6 said, "I'm looking for
patterns of identity in them. Anything that makes the problem to be of less generality.
Either characters or taxa that are near duplicates of one another.” Identical characters
were almost universally sought by the participants. Recognizing identical characters
not only identifies strong support for a single node, but it also simplifies the number
of patterns that need to be accounted for during hypothesis construction. Identical
characters were used by several participants (1, 4, 5, 6, 9) as the basis for beginning
an inclusion/exclusion hypothesis. (S7 also identified identi_ca1 characters, but did so
by comparing the set of taxa defined by the characters with already drawn character

trees.)

Identify Inclusive/Exclusive

Participants (1, 3, 4, 5, 6, 9) used this component. Characters are inclusive
when the distribution of 1's for one character is a subset of another character and
exclusive when they describe mutually exclusive groups. In this example from
problem 1.2, S1 observes, "the characters 1, 2,4, and 5 are compatible with each
other." Participants often used the term "compatible” to refer to whether or not two
characters were inclusive or exclusive with respect to one another. For the purposes of
describing this relationship, the term "inclusive/exclusive” is used because the term
"compatible" has a prior history of use in the systematics literature that is different

from the use here. Characters that were exclusive, but that between them did not
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account for the entire ingroup were often identified as inclusive/exclusive, but in

some situations, were overlooked.

Identify Conflicting

Participants (1,3,4,5,6,9) used this component. Characters conflict when they
define groups of taxa that incompletely intersect. Character conflict was evaluated at
two levels: the first involved conflict between individual characters and the second
was between characters and an inclusion/exclusion hypothesis. In this example S3
describes conflict between characters:

There's conflict between character 1 and character 4 which I would first guess

would probably make 2 parsimonious reconstructions, 2 equally parsimonious

reconstructions dealing with those two. Nothing conflicts with character 2.

Characters that conflict with the current inclusion/exclusion hypothesis must
be explained either through homoplasy or as part of an alternate hypothesis.

Evaluating the extent to which other characters conflict with an inclusion/exclusion

hypothesis is the basis upon which they are evaluated.
Look at Rows

Participants (3,6,8,9) used this component (Figure 66). Participants (3, 9) used
a quick examination of rows as a heuristic to reorganize the matrix to facilitate pattern
recognition of characters. Only S8 and, to a lesser extent S6, used this as a primary

means of making inferences about phylogenetic relationships.

Identify Identical

Participants (6,8,9) used this component. For some (6, 8), this represented a

fundamental flaw in the data: if you can't tell taxa apart then they aren't really separate
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taxa. Typically, this information was used to organize the matrix. S8 , while solving

problem 1.1, said:
the next thing I'm looking for is there are basically two identical here, there

are two identicals, R81 and R86 are identical, there is a 10111, 10111, so they
are identical taxa, so you can cut those out.

“~
Identify similar
Count apomorphies

Identify identical

Figure 66. Model Components Associated With "Look at Rows".

The recognition of identical taxa has direct implications for the tree. No other
evidence can contradict the fact of identical taxa and so this inference can be acted
upon immediately. Identical taxa will always be sister taxa sharing a recent common
ancestor. When constructing a phylogenetic tree, S8 often didn't make separate
branches for identical taxa. They would be placed together at the end of a single line

to indicate that they could not be distinguished.

Identify Similar

Participants (3,6,8,9) used this component. Those participants who actively
reorganized the matrix often placed similar taxa together as well as identical taxa.
While solving problem 1.5, S8 said, "These two, [R] 83 and [R] 88 in this case, are
very similar and are separated only by an apomorphy in character 1. Similar taxa will

usually appear as sister taxa in the most parsimonious tree.
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Count Apomorphies

Only participants (6,8) used this component. The number of apomorphies per
taxon was typically used to reorganize the order of taxa in the data matrix: taxa
having many apomorphies were placed at the top and taxa with few at the bottom.
When homoplasy is low, the number of apomorphies will be strongly correlated with
the order the taxa will have diverged from the outgroup. In this example from
problem 5.3, S8 is counting apomorphies:

R81 has only 2 apomorphies. 2 has ... 6, I'm assuming there are some in

between. [R] 83 has ... 3 [R] 84 has ... 4. [R] 85 has ... 3. [R] 86 has ... 4 [R]

87 has ... 4. [R] 88 has 2. [R] 89 has 1. OK. [R] 80 has ... 7, what am I saying?
[R] 80 has 7.

Modify Matrix

Participants (1,3,5,6,8,9) used this component (Figure 67). In the version of PI
used for this research, the only movements that could be made in the matrix were
repositioning rows. S6, while solving 1.5, said "One of the main ways I do things, you

know, is I sort the data."

Modify matrix

/

ort by apomorphies
Group similar

Minimize gaps

Figure 67. Model Components Associated With "Modify Matrix".
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Participants (1, 6, 8, 9) expressed an interest in being able to reorder

characters as well. For example, S6 said, "Can I sort rows and columns in the matrix
here or not?" Reordering rows facilitates using the matrix to represent hypotheses of

relationship and evaluating differences between taxa.

Sort by Apomorphies

Participants (3, 6, 8) used this component. This components has two levels of
consideration. S8 counted the number of apomorphies systematically and tended to
organize the matrix with the taxa with the most apomorphies at the top. For example
in problem 1.3, S8 said, "[R] 81 must the pinnacle.” Those with the fewest were
placed at the bottom. For example, S3 said while solving problem 2.1, "I consider [R]
89 to be the most primitive." Sometimes participants would move taxa to the top or
bottom because they "looked" apomorphic or plesiomorphic. When homoplasy is low,
the number of apomorphies will be strongly correlated with the order the taxa will

have diverged from the outgroup.

Group Similar

Participants (3,6,8,9) used this component. Taxa which had identical or just
similar distributions were often placed together. S9 said while solving problem 5.3,
"[R] 80 move that to between [R] 89 and [R] 82, yes, I thought so, its very similar to,
[R] 80 and [R] 82 are very similar." Although participants made clear distinctions
about finding identical or similar taxa, they tended to act the same in both cases with
respect to organizing the matrix. Identical taxa, and usually similar taxa, are sister

taxa and grouping them together serves to organize or "chunk" the data.
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Minimize Gaps

Participants (3,8) used this component. This component represents efforts to
reorganize the matrix so that as many characters in the matrix as possible have all of
their 1's together. S3 said, while solving problem 5.3, "I'm just using a, let's-
minimize-the-gaps-in-the-matrix sort of approach.” The result of minimizing gaps is

that taxa in the matrix are organized to reflect the largest inclusion/exclusion groups.
Consider Order

Participants (6,8) used this component. S8, and in one example S6, used the
order in which taxa appeared in a restructured data matrix as the primary means by
which a phylogenetic tree would be constructed. While solving problem 1.1, S6 said,
" like to this solve this stuff often by not even thinking about steps, just thinking
about who goes next to who." After reorganizing the taxa, those lowest in the matrix
would be the first to branch away from the ancestor and those at the top would be
placed at the upper right-hand part of the tree and characters would be mapped onto
this tree as more of a justification rather than as the primary motivating factor. When
homoplasy is low, the correspondence between the number of apomorphies of a taxon

and its relative position on the tree will be very high and this strategy will work well.
Consider Inclusion/Exclusion

Participants (1,3,4,5,6,9) used this component (Figure 68). This component
describes how participants constructed and used hypotheses about how characters fit
together. These hypotheses involve seeking sets of characters which unambiguously

support discrete features (postulated nodes and links) of a phylogenetic tree. Grouping
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characters organizes, or "chunks," the data and facilitates assessment of the number of

characters that support a hypothesis and those which contradict it.

Enhance patterns in
matrix
Consider \
inclusion/exclusion Evaluate hypothesis

tart new character
group
S

Add to group
¢ Start separate group >

Figure 68. Model Components Associated With "Consider Inclusion/Exclusion”.

Inclusion/exclusion hypotheses appeared to be composed of two or three
groups of characters. A participant would start by finding a most inclusive character
or pair of identical characters and then place nested characters within that group. If
the participant found an exclusive character, it would be used to start a separate
group. Conflicting characters would be placed in a third group. Once all the
characters had been considered, a hypothesis was evaluated by considering how many
characters it could explain without conflict and comparing this to the number of
conflicting characters. In general, the hypothesis capable of explaining the largest
number of characters without homoplasy was selected.

In some cases, hypotheses of inclusion/exclusion were global and represented
complete surveys of the data set. In this example from problem 2.4, S5 identified the

two basic trees to be constructed:
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characters 1 and 2 agree with each other, character 3 agrees with anything
basically, character 4 doesn't agree with 1 or 2 character 5 agrees with 4 but
not with 1 or 2, so here its hard to pick a sort of a set of characters that think
you ought to just go with because there are actually sort of 2 sets and its
basically 1 and 2 vs. 4 and 5 and so what I might actually do is draw trees
based on those two sets initially and see what they say about each other.

Often, however, inclusion/exclusion hypotheses were relatively incomplete and once
a local pattern was found, it was translated into taxa and used to begin tree
construction. For subsequent construction the participant would sometimes return to
further evaluate inclusion/exclusion, but often would consider parsimony to evaluate
where to place missing taxa and characters. S1, while solving 2.1 said:
Characters 1 and 3 they're compatible with each other, but they got outvoted.
... Characters 1 and 3 ... form a clique which is incompatible with the biggest
clique, yeah, can't be most parsimonious, so we have to fit those onto this tree.
Character 3 postulates [R] 88 plus [R] 85 plus [R] 86, oh that puts [R] 85 and

[R] 86 together and character 1 puts [R] 85 and [R] 86 together, oh I see,
character 1 is compatible with everything else

Start New Character Group

Participants (1,3,4,5,6,9) used this component. A new group started when a
participant noticed that characters were either identical or nested. S1, while solving
problem 2.3, said, "I see character 2 and 4 are identical this time and they happen to
be compatible with character 3. And with character 5." Characters 2 and 4 are being
used to start a new character group, and subsequently 3 and 5 are being added to it.
Grouping characters organizes the data and allows a general assessment of the

number of characters that support a hypothesis and those which are against it.

Add to Group
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