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Summary@Biological systematics has undergone dramatic changes in the last sixty years. Darwin had already used 

the tree of life metaphor to describe evolution in On the Origin of Species, but it was not until the first rigorous tree 

reconstruction techniques were introduced in the 1950s and 1960s that biologists accepted the idea of basing 

classification strictly on “phylogenetic relationship,” the branching of evolutionary lineages. This was followed by a 

series of groundbreaking advances in DNA sequencing and computational methods for phylogeny reconstruction in the

1980s and 1990s, spurring a flood of empirical studies of the tree of life. At the same time, the power of phylogenies in

addressing questions in comparative biology was discovered in a wide range of disciplines, making phylogenetic 

inference an essential tool across the life sciences. A lot of empirical work still remains to be done before the major 

branches in the tree of life are accurately characterized, but in the more well-studied groups, biologists are now 

shifting their focus from phylogenetic relationships to the dating of the splits in the tree. Computational approaches are

also developing rapidly, allowing the mining of huge genomic data sets in the quest for more accurate evolutionary 

reconstructions. In parallel with these developments, some systematists are preparing for yet another transformational 

change, shifting their attention from the major branches in the tree of life (the major lineages) to the charting of the 

finest twigs and leaves (the species). Advances in both information technology and DNA sequencing are accelerating 

scientists’ efforts to explore the inventory of life on the planet, with the hope of completing our chart of the tree of life 

in time to save biological diversity for the future. Increasingly, people are becoming aware that this is not merely a 

question of ethics but that, ultimately, the survival of mankind may be on the line.

Biological systematics, the science of classifying organisms, has evolved dramatically over the last 

sixty years. In reality, its development has involved a complex and convoluted series of events, but it is 

possible to recognize three major paradigm shifts. The first shift was inspired by a debate over the basic

principles of biological classification, initiated by the German entomologist Willi Hennig in the 1950s. 

In the decades that followed, deliberation led to widespread acceptance of the idea that classification 

should be based strictly on evolutionary relationships. This transformed biological classification from 

art to hard science, setting the stage for the developments that followed.

Already in On the Origin of Species, Darwin had introduced the famous tree of life metaphor 

describing evolution:

The affinities of all the beings of the same class have sometimes been represented by a 



great tree. I believe this simile largely speaks the truth. The green and budding twigs 

may represent existing species; and those produced during former years may represent 

the long succession of extinct species. At each period of growth all the growing twigs 

have tried to branch out on all sides, and to overtop and kill the surrounding twigs and 

branches, in the same manner as species and groups of species have at all times 

overmastered other species in the great battle for life. The limbs divided into great 

branches, and these into lesser and lesser branches, were themselves once, when the 

tree was young, budding twigs; and this connection of the former and present buds by 

ramifying branches may well represent the classification of all extinct and living species

in groups subordinate to groups . . . . As buds give rise by growth to fresh buds, and 

these, if vigorous, branch out and overtop on all sides many a feebler branch, so by 

generation I believe it has been with the great Tree of Life, which fills with its dead and 

broken branches the crust of the earth, and covers the surface with its ever-branching 

and beautiful ramifications.

Following the Hennigian revolution, systematists finally embraced the task of charting Darwin’s

tree of life. This involved inferring the evolutionary relationships among organisms, referred to by 

Hennig as their phylogeny. However, progress was slow because the information mainly came from 

meticulous comparative morphology work. The reconstruction of the structure of the tree involved 

painstaking manual weighting of evidence, character by character, to find the correct branching pattern 

and resolve inconsistencies, following the process known as Hennigian argumentation.

Therefore, the emergence of techniques in the 1980s and 1990s that allowed inference of 

phylogenies with unprecedented efficiency and accuracy was embraced wholeheartedly by systematists

and led to the next major shift in the development of the field. Conceptual, computational, and 

molecular sequencing advances all contributed to this revolution, which spurred a massive amount of 

empirical work on the tree of life. At the same time, the power of phylogenies in addressing questions 

in comparative biology was discovered by a wide range of disciplines, from nature conservation to 

epidemiology, making phylogenetic inference an essential tool across the life sciences.



This wave is still very much in motion today. Numerous systematists are still busy resolving the

gross structure of the tree of life, mainly using molecular data. Important progress has been made, and 

the goal of completing this task once and for all now seems attainable, even though large chunks of the 

tree still remain poorly explored. At the other end of the spectrum, in the best-studied groups, 

systematists are shifting their focus from inferring relationships to dating the splits in the tree. 

Increasingly, biologists are discovering how informative the relative timing of evolutionary events is 

when reconstructing how lineages interacted in the past with each other and their environment. At the 

same time, important computational and sequencing advances are still being made, allowing 

increasingly sophisticated analyses of evolutionary processes and the mining of information in huge 

genomic data sets.

The third major step in the evolution of systematics, still in its infancy, involves a shift in focus 

from the major branches to the minor twigs and leaves in the tree of life. With perhaps less than 20% of

the species on the planet described since the dawn of taxonomy some 250 years ago, it is a formidable 

challenge to systematically chart the finer details in the tree of life. In fact, as it became clear in the 

nineteenth and early twentieth centuries that it would not be possible to complete the inventory of the 

planet in the near future, most biologists lost patience with the endeavor and turned their attention to 

model organisms and the basic principles of biology instead. It was not until the Convention on 

Biological Diversity put species diversity at the top of political agendas again in the 1990s that the 

inventorying efforts were reinvigorated. Much hope is now tied to modern information technology and 

high-throughput sequencing, techniques that make biodiversity inventories and taxonomic research 

more efficient than they have been in the past.

Together, these three major steps have transformed systematics, from verbal classifications 

based on intuitive evaluation of observations to the systematic charting of the tree of life based on 

evolutionary theory. In the following section, we will examine each of these steps in more detail.



The Fundamentals of Biological Classification

To Linnaeus and his contemporaries, it was quite clear that organisms belonged to a finite number of 

“kinds” (species)—like crow, raven, and rook—and that there was a “natural system” of classifying 

them, a system that was hierarchical or treelike (see Box Linnaean taxonomy). Linnaeus was the first to

use a consistent naming system, and he also had a keen eye for important characters that define natural 

groups. For instance, his classification of plants based on their sexual parts was a dramatic 

improvement over preexisting schemes. He was also the first to recognize mammals as a natural group 

defined by the presence of mammary glands. However, Linnaeus never really understood the processes 

that created the system he was trying to describe. As long as the fundamental nature of the system was 

unknown, classification remained more of an art than science.

In the second half of the nineteenth century, it became clear to many biologists that Darwin’s 

theory of evolution would finally make it possible to base the practice of biological classification on 

firm scientific principles. As part of the Modern Synthesis in the 1930s, influential biologists like Julian

Humphries and Ernst Mayr began to formulate such an evolution-based theory of systematics. 

However, it was not until the 1950s, when the German entomologist Willi Hennig set out to describe 

the principles of reconstructing organismal relationships, that the idea of a classification based entirely 

on evolutionary affinity gained momentum.

Hennig distinguished between general and special classifications. Many types of organismal 

classifications are useful in a particular context. For instance, animals can be divided into predators and

prey when discussing their ecology, and plants into those with red, blue, white, and yellow flowers in 

an identification key. However, there is only one classification that works well as a general reference 

system in biology, namely, the one based on evolutionary relationships. The reason is that most 

organismal traits are subject to Darwin’s process of descent with modification; that is, they are 



inherited from parent to offspring in genealogical lines (blood lines). Descent with modification is 

believed today to be the major process behind the evolution of biological traits.

Evolutionary relationships are commonly depicted in a phylogenetic tree or phylogeny, 

essentially a formalization of Darwin’s tree of life (see Box Phylogenetic trees). The tree has a root, 

major branches, twigs, and leaves. The root represents the common ancestor of life, and the branches 

and twigs are evolutionary lineages branching off in different directions. Some twigs are dead and 

represent extinct lineages, while the fresh leaves are the species living today. The species can be 

grouped into higher taxa (singular taxon). If a taxon includes all the species descending from a 

common ancestor, and only those species, it is said to be monophyletic. Think of a monophyletic taxon,

also referred to as a clade, as equivalent to a branch in the tree. The group includes all leaves that 

would lose their connection to the root if you cut that particular branch.

Hennig insisted that only monophyletic groups should be recognized in biological 

classifications. Initially, this was extremely controversial. A famous exchange between Mayr and 

Hennig involved the group Reptilia, which includes snakes, lizards, turtles, and crocodiles. Both Mayr 

and Hennig recognized that crocodiles were more closely related to birds than to other members of the 

Reptilia but Mayr argued that Reptilia should nevertheless be maintained to indicate the uniqueness of 

birds and the similarity among reptiles. Hennig, on the other hand, argued that crocodilians had to be 

grouped with birds because of their genetic relatedness, which meant that Reptilia had to be abandoned.

As biologists looked more and more into the anatomical, physiological, and genetic traits of 

organisms, they became less prone to be swayed by properties that happened to be striking to the casual

observer, such as the superficial similarities among reptilians. This has contributed to the near-universal

acceptance today of monophyly as the fundamental principle of biological classification. Nevertheless, 

many unnatural groupings—like reptiles, invertebrates, plants, and protists—continue to be used even 

by professional biologists. Particularly when communicating with the general public, it is important for 



biologists to point out that such groups do not exist in the tree of life. They are unlikely to disappear 

because they are still of practical use in many situations, in the same way that groups like “yellow 

flowers” and “predators” are useful concepts.

For the most part, it was easy to adapt Linnaean taxonomy to the principle of monophyly, but 

two serious problems arose. The most difficult one was probably the restricted number of ranks 

(phylum, class, order, etc.) in the Linnaean system. The tree of life is so large and contains groupings at

so many different levels that the Linnaean ranks seemed pitifully few in comparison. Since Linnaeus’ 

times, of course, biologists had added a number of minor ranks to the system but that did little to help. 

Although some argued for drastic solutions, like various numbering schemes, many systematists came 

to accept the fact that only a few particularly significant clades in the tree of life would ever be 

formally named and given a rank in the Linnaean system, while others would be associated with 

informal names without rank if they were named at all. In this way, an arbitrary number of named 

levels could be introduced where and when needed.

A related difficulty, of course, was how to determine the rank of a particular monophyletic 

group. Hennig suggested that rank be determined by age. A family, for instance, would always be a 

clade originating in a particular, predefined time interval, while a genus would be a younger clade (see 

Figure 1.1). This would make ranking decisions objective and comparable. In practice, however, his 

system was never adopted, partly because of the difficulties in dating clades, and partly because of the 

substantial changes required to bring the current system in line with his idea. For instance, the order 

Primates, to which we belong, is of approximately the same age as the insect genus Drosophila, and the

differences are even more dramatic when bacteria are brought into the picture. For these reasons, many 

biologists favor a pragmatic view, in which an important guiding principle is to introduce the minimum

number of changes in ranks and names when bringing an old classification in line with the principle of 

monophyly. Another well-established principle is to restrict formally named and ranked groupings to 



those that are biologically significant or easy to identify.

Some systematists think that these ad hoc solutions are insufficient and that it is time to adopt a 

new set of classification rules that are better adapted to recognizing evolutionary relationships. Named 

the phylocode, these rules are based on two important ideas. First, they completely do away with ranks.

This solves the problem with the small number of Linnaean ranks, and effectively removes the notion 

that groups of a particular rank, family for instance, are comparable across lineages. Second, the 

phylocode anchors clade names differently than the current system. While each name of a taxon in the 

current system is ultimately defined by a single type specimen, a phylocode name is defined by listing 

two or more included taxa (“the least inclusive clade containing A and B”), or by listing an included 

taxon and an excluded taxon (“the most inclusive clade containing A but not B”). In this way, the 

phylocode definitions provide an unambiguous way of circumscribing named clades.

Although it may be too early to call this debate, it does seem that the phylocode group faces an 

uphill battle. The advantages of the phylocode simply do not outweigh the cost of abandoning a system 

that has been in active use for 250 years. Informal naming of clades already offers many of the 

advantages of a rankless system without requiring changes to the existing nomenclatural codes. 

Furthermore, the lack of rigorous circumscription of higher clades, although imprecise, does allow 

some flexibility in modifying old classifications to reflect new phylogenetic results, which may be 

perceived as an advantage. Finally, many biologists fail to engage in this debate at all because it is so 

obvious that a formal verbal classification will never be more than an imperfect representation of the 

true reference system, the tree of life.

The basic unit in biological classifications is the species, the leaves in the tree of life. Some 

systematists view species as just another set of clades, equivalent to higher taxa, which means that the 

tree of life branches all the way out to individual organisms. However, the mainstream view is that the 

species is a fundamentally distinct biological entity. Although evolutionary biologists have proposed 



and discussed a dizzying number of different species concepts, the majority include some notion of 

reproductive or genetic isolation between species, an idea that goes back to Ernst Mayr’s biological 

species concept. A related idea, which adds a historical perspective, is that species define the boundary 

between branching phylogenetic lineages and reticulate genetic exchange within lineages (see Box 

Species concepts and the tree of life). If we look at an evolutionary lineage at a particular point in time, 

it falls into a large number of subgroups at different spatial scales (subspecies, populations, demes, 

family groups), each of which could potentially evolve into a separate lineage in the future. It is 

impossible to determine with certainty which of these will become extinct, which will blend again with 

other subgroups, and which will develop into new lineages. It is only when looking backward that the 

separate lineages that we would call species can be safely identified.

Systematists sometimes use the term cladogenesis to describe the lineage origination events, but

speciation is the term used by most evolutionary biologists. Many studies of speciation appear to 

support Mayr’s idea that some period of geographic isolation (or occasional temporal or microhabitat 

separation) is important in producing enough genetic differences between populations to ensure that 

they remain permanently separated. Upon secondary contact, such genetically different populations 

may produce hybrids with lower fitness, in which case natural selection tends to drive them apart 

(reinforcement). In recent years, there has been a tremendous amount of theoretical and empirical work

on alternative mechanisms of speciation, for instance, on models where genetic events, such as 

conflicts between selfish elements, produce immediate barriers to genetic exchange.

There has always been a lively debate on the extent to which hybridization and other processes 

of genetic exchange between lineages affect the treelike pattern generated by speciation. Some 

bacteriologists in particular seem to believe that horizontal gene transfer has been so rampant that they 

question the tree of life metaphor itself. We now know that most bacterial genomes contain a mosaic of 

genetic material with different evolutionary origins. However, it remains to be shown that this is not the



result of a comparatively small number of horizontal transfers, identifiable against a background of 

normal treelike relationships.

In sexually reproducing organisms, it is also well known that individual genes may have a 

history that differs from the history of the species to which they belong, a phenomenon referred to as 

mismatch between the gene tree and species tree. The most common cause is lineage sorting, which 

results from the fact that, after speciation, daughter lineages keep only a subsample of the genetic 

diversity present in the mother lineage (see Box Species trees and gene trees).

Lineage sorting is most likely to produce mismatches between gene trees and species trees 

when the time between speciation events is short. Nuclear genes are also more likely to be affected than

organellar (mitochondrial and plastid) genomes, because the latter are inherited from only one of the 

parents, which results in a smaller effective population size and hence more rapid fixation of single 

variants. On the other hand, organellar genomes may be more readily exchanged across lineages 

through hybridization, increasing the frequency of mismatches for these markers.

Other processes that cause mismatches between gene trees and species trees include gene 

duplication and gene loss (see Box Species trees and gene trees). Some recent studies suggest that 

duplication and loss of single genes or small sets of genes have been very common in the evolution of 

organisms. There is also growing evidence suggesting that whole-genome duplications have occurred 

in some lineages. The take-home message for the phylogeneticist interested in species trees is to base 

analyses on multiple genes, including both organellar and nuclear markers, whenever possible, and 

reconcile any mismatches among gene trees before drawing conclusions about the structure of the 

species tree.



Recovering the Branching Structure

Interestingly, methods of phylogenetic inference had two entirely separate origins. Willi Hennig’s 

ideas, originally formulated in 1950, became influential among traditional systematists. They involved 

a new way of looking at how similarities were used for inferring relationship. Long before Hennig, 

biologists realized that related organisms were likely to be similar to each other, so the obvious way of 

inferring phylogeny was to quantify the degree of overall resemblance. It was also widely recognized 

that similarities due to independent acquisition, convergence, should be filtered out if possible. For 

instance, wings in bats and birds are derived independently, so the presence of wings should not be 

used to group bats and birds together. Only similarities inherited from a common ancestor, homologous

traits, should be considered. However, Hennig went further in his analysis and pointed out that some 

homologous similarities can also be misleading. Within the context of a study group, Hennig 

distinguished between primitive (plesiomorphic) and derived (apomorphic) homologous similarities, 

and showed that only the latter indicate true evolutionary relationship.

Assume, for instance, that we are interested in reconstructing relationships among four species: 

man, chimpanzee, dog, and, kangaroo (see Figure 1.2). We might observe that the dog and kangaroo 

have tails, while man and chimpanzee lack them. We can speak of a character “tail” with two states: 

“present” and “absent.” Because the most recent common ancestor of these four species had a tail, 

presence is plesiomorphic (primitive) while absence is apomorphic (derived). Shared absence of the tail

is thus a good indicator of phylogenetic relationship, suggesting that man and chimpanzee are more 

closely related to each other than either is to the dog or kangaroo. The fact that dog and kangaroo both 

have a tail says nothing about their relationships in this context.

Hennig restricted himself to verbal argumentation, but from the mid-1960s onward, his ideas 

inspired work leading to the development of quantitative parsimony methods of inferring phylogenetic 



trees. Simply stated, a parsimony method finds the tree that can explain the evolution of the observed 

character states in the smallest number of steps. Hennig’s plesiomorphies and apomorphies simply 

correspond to the states before and after such an evolutionary step. However, the parsimony principle 

went beyond Hennig’s original work and provided reasonable solutions to problems such as the 

separation of apomorphies from plesiomorphies and the resolution of conflict among putative 

apomorphies.

At about the same time, many molecular biologists had realized that evolutionary history was 

written into proteins and DNA molecules as well. Some of their early work focused on the evolution of 

amino acid and nucleotide sequences and resulted in the completely independent discovery of the 

parsimony method. They were also interested early on in developing more sophisticated statistical 

approaches to the phylogeny problem, but the computational challenges were difficult. Felsenstein 

became the first to successfully apply maximum likelihood inference to standard molecular data around 

1980; Bayesian inference was not introduced until the mid 1990s by Rannala, Yang, and others.

The introduction of PCR and other advances in DNA sequencing methodology resulted in a 

gradual shift among phylogeneticists from morphological data and other types of information to DNA 

sequences in the 1980s and 1990s. Phylogenetic inference is now overwhelmingly based on DNA 

sequences. While a vocal minority has stubbornly maintained the superiority of parsimony, molecular 

phylogeneticists have increasingly turned their attention to statistical methods in the last decade. This 

has been driven partly by simulation studies showing the superiority of parametric statistical methods 

in many situations, and partly by computational advances that allow statistical inference on data sets 

containing hundreds to thousands of sequences. Nevertheless, parsimony and simpler methods of 

phylogenetic reconstruction remain the preferred choice in some situations, particularly when speed is a

major issue.

So far, the evolutionary models used in statistical phylogenetics have been extremely simple, 



assuming a homogeneous, stationary process applying to all lineages and sites. It has also been 

standard practice to deal with the frequent insertion and deletion of small sequence segments (indels) 

during evolution by an ad hoc procedure, in which indels are first determined during an alignment step,

and then fixed in the phylogenetic analysis step. This state of affairs is now changing rapidly. The 

Bayesian MCMC framework in particular has made it easier to implement far more complex and 

realistic models, inspiring explosive development in this direction. Just a few recent results of this work

include: (1) a range of relaxed clock models, allowing evolutionary rates to vary across lineages; (2) 

models allowing heterogeneity across sites and lineages in the evolutionary process; (3) models 

addressing insertion and deletion as well as substitution, allowing analysis of sequences without 

aligning them first; and (4) models accommodating dependence among sites due to the three-

dimensional structure of the encoded protein or RNA molecule. Over the next decade, more and more 

of these new models should find their way into standard molecular phylogenetic analyses.

As more and more of the branching structure in the tree of life has been resolved, systematists 

have increasingly turned their attention to estimates of divergence times. Early attempts at dating were 

based on a single calibration point and the assumption of a homogeneous rate of change across the tree,

the strict molecular clock. Now, it is standard practice to use multiple calibration points and various 

types of relaxed clock models. Although ancient DNA retrieved from fossil specimens can be 

informative in some cases, the calibration points are predominantly based on morphological study of 

the fossil record. This is one of many reasons why comparative morphology remains essential in 

assembling the tree of life. Recent dating work has focused on replacing the ad hoc procedure of 

obtaining calibration points from the fossil record with a new approach, total-evidence dating, in which

fossils and extant taxa are analyzed together, accommodating uncertainty in the placement of fossils 

using the available morphological evidence.

Recent advances in DNA sequencing techniques, often referred to as next-generation 



sequencing, have made it possible to obtain partial or entire genomes faster and cheaper than ever 

before. With the availability of genomes from a wide range of organisms, phylogenetic methods have 

also found new uses. For instance, phylogenetic analyses have shown that most genomes contain large 

families of related genes derived from a single ancestral gene through gene duplication. Phylogenetic 

techniques applied to a set of genomes can also be used to characterize the evolutionary signature of 

different genes. For instance, this approach can be used to identify genes or gene regions undergoing 

positive selection, that is, pieces undergoing accelerated change. In human pathogens, such gene pieces 

often correspond to targets of the human immune system. Accelerated change is also associated with 

positive selection for genes expressing traits favored by breeders in domesticated organisms. In both 

cases, comparative analyses can pinpoint regions of interest for further study. Such phylogenetic 

mining of genomes is referred to as phylogenomics.

Charting the Twigs and Leaves

Most biologists agree today that the number of described species, less than 2 million, constitutes a 

minor fraction of the actual biological diversity of the planet, which is commonly estimated to be 

somewhere in the range of 5 to 30 million species. At current rates of discovery, this means that it will 

take another 200 to 1,800 years before the inventory of life on Earth is completed. In the last few 

decades, an increasing number of prominent biologists have argued that this is unacceptable. The effort 

needs to be significantly accelerated if we wish to respond effectively to the rapid loss of biological 

diversity caused by our own species. Climate change and overfishing have made it painfully clear in 

recent years that conserving biological diversity for the future is not only justified by ethical 

considerations and long-term sustainability issues; changes in biological diversity can have severe 

societal impacts in the short term, as well.

There are basically two ways to accelerate the inventory of the planet. From a scientific 



perspective, the best way is probably to have international consortia of scientists focus on the world 

flora or fauna of one organism group at a time. The National Science Foundation in the US has taken 

this approach with its recent Planetary Biodiversity Inventories (PBI) initiative and its long-standing 

Partnerships for Enhancing Expertise in Taxonomy (PEET) program. The alternative method is to 

complete the inventory of all groups, one geographical area at a time. Such efforts have been termed 

All Taxa Biological Inventories (ATBI). Well-known ATBIs include those focused on the Great Smoky 

Mountains and parts of Costa Rica.

Perhaps the most ambitious ATBI so far is the Swedish Taxonomy Initiative. Launched in 2002 

and fully funded from 2005, the project aims to complete the inventory of the flora and fauna of 

multicellular organisms in Sweden within twenty years. Widely held to be one of the best known floras 

and faunas of the world, the Swedish biota was believed to be an easy target. However, ten years into 

the project, it is clear that the task is nevertheless going to be significant. The biggest challenges appear

to be among the insects, constituting about half of Swedish macroscopic diversity. At the start of the 

project, about 24,700 species were known; five years later, another 1,900 species had been added, 

about a third of which were new to science. It is now estimated that the total Swedish insect fauna 

comes in at around 31,000 species.

Completing the biodiversity inventory of a significant geographic area is not only important 

from a societal perspective; it also allows us to address fundamental scientific questions that have been 

difficult to tackle previously. In many ways, ATBIs can be compared to genomic sequencing efforts. 

Once the species of an area (a biome) are known, we can study the composition of the biome, as well as

its structure and function in a way that was not possible before. One may even talk about this as a new 

science, the science of biomics.

For instance, the majority of the currently known Swedish insect species are hymenopterans 

(wasps, ants, and bees) or dipterans (mosquitoes, gnats, and flies) and about a third of them are 



parasitoids, species in which the young stages feed on a single host individual, usually another insect, 

which is eventually killed (Figure 1.3). Judging from the new species that have been added so far in 

the Swedish ATBI, the true fraction of parasitoids is likely to be higher, as is the proportion of 

hymenopterans and dipterans. These patterns contrast markedly with tropical insect faunas, where 

beetles (Coleoptera) are dominant and parasitoids are less numerous. Various explanations have been 

offered for these differences, but the discussion is premature. The insect faunas are simply not known 

well enough, particularly in the tropics, to even assume that these differences are real and not the result 

of biased sampling. We will not be able to answer questions like these until the charting of the finest 

twigs and leaves in the tree of life is more complete across the globe.

To successfully accelerate the inventory of the planet, the process of discovering and describing

new species must be streamlined. Even though it is true that so-called DNA barcoding of species 

(sequencing of a few molecular markers particularly informative about species identity) and high-

throughput sequencing are playing increasingly important roles, the need for traditional morphology-

based taxonomic work is unlikely to go away. One reason is that biodiversity monitoring is done so 

well by amateur naturalists. They are available in the sheer numbers needed to monitor biodiversity 

broadly; they work for free; and their identifications can be extremely reliable if they have access to 

good identification keys in their native language. Amateur naturalists are also some of the best 

champions for biological conservation. Web portals collecting observational data, such as the Swedish 

“Artportalen” (www.artportalen.se), have demonstrated some of the potential of empowering the 

amateur naturalists. Currently, more than half the records served by the Global Biodiversity 

Information Facility (GBIF) are observations, and that proportion is quickly growing.

Given the continued need for traditional taxonomic work, there is currently a flurry of activities 

aimed at facilitating and accelerating the taxonomic workflow. For the most part, these efforts are 

aimed at leveraging the Web and modern information technology to develop cybertaxonomy. For 



instance, animal taxonomists are considering a proposal to make it mandatory to register new scientific 

names in an online database, ZooBank (zoobank.org). Taxonomists are also placing more and more of 

their descriptions of new taxa in online journals with open access and are considering ways of making 

the descriptions machine-readable, so that various mashups, such as dynamic identification keys and 

species web pages, can be produced automatically. The descriptions themselves are now increasingly 

being linked to Web resources, such as image repositories (MorphBank, morphbank.net; DigiMorph, 

digimorph.org) and specimen record databases available through the GBIF portal (www.gbif.org). A 

sign of the times is the spectacular success of the online journal Zootaxa (mapress.com/zootaxa). In 

2010, only ten years after its launch, more than 20% of published animal names appeared in this single 

journal. There are now a number of other online taxonomic journals, and it will not be long before 

paper-only publication of new taxa will be a thing of the past.

Outlook

The last fifty years have seen unprecedented progress in systematics, but it will probably be at least 

another half century before the dust settles and biologists will start to feel comfortable with their 

general reference system, the tree of life. Many of the major branches in the tree have still not been 

convincingly resolved, and divergence time estimation, which is infinitely harder than phylogenetic 

inference, is still in its infancy. For the most part, statistical phylogenetic analyses still rely on very 

simple evolutionary models, and there will be some time before the more realistic models now being 

considered become part of the standard toolset. At the same time, new DNA-sequencing techniques 

allow entire genomes to be used for phylogenetic inference, resulting in a new set of computational 

challenges that have yet to be adequately addressed. Finally, even with the rapidly growing number of 

cybertaxonomic tools, charting the twigs and leaves of the tree of life will probably occupy systematists

for decades to come.



In short, this is a good time to become a systematist. There are still enormous gaps in our map 

of the tree of life but, at the same time, we can clearly see the dawn of a new era in comparative 

biology, an era when we can draw from the entire diversity of life, like no other generation of biologists

before us, in addressing the fundamental questions in biology.

Basic Bibliography

Felsenstein, J. 2003. Inferring Phylogenies. Sunderland, MA: Sinauer Associates.

Hennig, W. 1966. Phylogenetic Systematics. Chicago, IL: University of Illinois Press.

Wiley, E. O. and Lieberman, B. S. 2011. Phylogenetics: Theory and Practice of Phylogenetic Systematics. 2nd edition. 

Hoboken, NJ: Wiley.

Winston, J. 1999. Describing Species. New York, NY: Columbia University Press.

Yang, Z. 2006. Computational Molecular Evolution. Oxford Series in Ecology and Evolution. Oxford, UK: Oxford 

University Press.



UNB1

Linnaean taxonomy

Linnaeus classified organisms into species. He grouped species into genera, genera into orders, and orders into classes in 

each of the animal and plant kingdoms. Each higher group (genus, order, or class) was named using a single capitalized 

Latinized word, while species were consistently named using a two-word phrase, a binomen, consisting of the capitalized 

genus name followed by a specific epithet. Biologists later added three more major ranks – domain, phylum, and family—as

well as a number of minor ones, including superfamily (just above family), subfamily (just below family), and tribe 

(between subfamily and genus).

The practice of biological classification was eventually codified in the International Code of Zoological 

Nomenclature (ICZN) and the International Code of Botanical Nomenclature (ICBN). There is also an International Code 

of Nomenclature for Cultivated Plants, which may be used for “additional, independent designations for special categories 

of plants used in agriculture, forestry, and horticulture” according to the ICBN. Bacteriologists eventually decided that the 

ICBN was not adequate for their purposes, so they set up a separate International Code of Nomenclature of Bacteria (ICNB)

in 1958. Since they do not form a natural part of the tree of life like free-living organisms do, viruses are named using a 

different set of principles, controlled by the International Committee on Taxonomy of Viruses.

All in all, there are therefore five different codes used in biology. In recent years, there has been some discussion 

about merging the zoological and botanical codes, since they maintain a completely artificial division of the eukaryotic part 

of the tree of life causing serious problems in the classification of many unicellular organisms. Even if a complete merger 

may not happen in the near future, many botanists and zoologists now favor changes to make the codes more similar.

With some exceptions, the botanical and zoological codes both go back to landmark works by Linnaeus—for 

animal names, the tenth edition of Systema Naturae, which appeared in 1758; for plant names, the first edition of Species 

Plantarum, published in 1753. Bacteriologists eventually decided that most of the old bacterial names were useless, so they 

decided to make a fresh start on January 1, 1980, with the publication of a foundational document, Approved Lists of 

Bacterial Names. Older bacterial names that are not included in these lists have no standing in the new bacterial 

nomenclature.

The most important principles in the zoological, botanical, and bacterial codes are priority and typification. Priority

ensures that, under normal circumstances, the oldest name is the only valid name for a taxon. Typification means that a 

specimen (holotype) deposited in a public museum collection, or occasionally an illustration or even a trace of the 

specimen, is used to guarantee stability in the application of the name. All codes also have provisions for determining what 

constitutes a valid publication of a new name. For instance, all names of bacteria must be published in a single journal, the 

International Journal of Systematic and Evolutionary Bacteriology, and they must be associated with a type culture. In 

botany and zoology, names have to be published in printed works with sufficient circulation.

Interestingly, the zoological and botanical codes are primarily concerned with the lower levels of classification. 

The zoological code deals only with names from superfamily down to subspecies. The botanical code provides 

recommendations for the naming of taxa above the family level, but enforces no binding rules.



UNB2

Phylogenetic trees

Phylogenetic trees describe the relationships among evolutionary lineages (phyletic groups); they are hypotheses about the 

structure of pieces of the tree of life. They have a root, a series of typically dichotomous branchings, and end in a set of 

leaves (Figure a). The root is where the phylogeny connects to the rest of the tree of life. The leaves often correspond to 

species but may be higher taxa if the phylogeny describes internal branchings in the tree of life. In most phylogenetic 

analyses, the tips are exemplar specimens representing a species or higher taxon of interest.

Biologists often refer to the branching points as nodes and the lines connecting them as branches (see Figure 1a). 

The leaves and the root are essentially special kinds of nodes. A subtree rooted at a particular branch is referred to as a 

clade. The nodes represent lineage splitting or speciation events. The splitting process is sometimes referred to as 

cladogenesis. The branches represent evolving lineages between speciation events; the accumulation of changes along them 

is termed anagenesis. Phylogenies are always directional, in the sense that time flows forward as one moves from the root 

toward the leaves.

Branch length in phylogenetic trees can be arbitrary, proportional to the amount of evolutionary change that 

occurred on the branches, or to their time duration (Figure b). A phylogenetic tree with arbitrary branch lengths is called a

cladogram, while a tree with branches proportional to evolutionary change may be referred to as a phylogram. A tree with 

branches proportional to time units is a clock tree, a linearized tree, or an ultrametric tree. In such a tree, the dates of 

splitting events can be determined in relative time units, which can be translated to absolute times given a suitable 

calibration method.

Biologists usually draw phylogenies with the root downward, so that they resemble real trees, or with the root to 

the left (or right) so that the names of the leaves can be printed horizontally. The branches can be slanted (see Figure 1a) or 

horizontal (see Figure 2b); occasionally other forms are used as well. A popular way to represent large trees is to use a circle

in which the root is central and the leaves are peripheral.

Mathematicians and computer scientists often draw trees with the root at the top (like biologists do when they 

represent verbal classifications graphically). Mathematicians also use a slightly different terminology. To them, a tree is 

typically defined as an undirected graph, which has a set of vertices (called nodes by biologists) connected by edges (called 

branches by biologists). By designating one vertex in such a graph as the root, we obtain a directed graph that a biologist 

would recognize as a possible representation of an evolutionary tree.

Many phylogenetic inference methods produce unrooted trees (undirected graphs, or trees in the mathematical 

sense) (Figure c). Graphs resulting from such analyses are typically rooted afterward between the study group and one or 

more outgroups, which are external reference groups included in the analysis to help determine the position of the root, and 

hence the direction of evolution.

The basic principle of modern classification is to recognize only monophyletic groups. A monophyletic group 

corresponds to a clade and includes an ancestor and all of its descendants (Figure d). In phylogenetic analyses, it is often 

found that previously recognized groups are not monophyletic. They may form a grade of lineages leading to a terminal 

clade that is excluded. Such a group would be referred to as paraphyletic. Occasionally, a previously recognized group 

consists of taxa that are completely unrelated, a polyphyletic group.



UNB3

Species concepts and the tree of life

In a diploid organism, each parent has two gene copies. It will sometimes pass one copy and sometimes the other to its 

offspring. If we follow this process across generations, we find an apparently reticulate pattern connecting the individuals 

genetically (Figure a). However, if we focus on the fate of an individual gene copy, we will discover that its history is 

described by a tree (thick black lines in Figure a). The splits in this gene tree correspond to DNA replication events in 

parents that pass on a particular gene copy to more than one offspring.

Unless different genes (residing at different sites, or loci, in the genome) are linked by being adjacent to each other 

on the same chromosome, they tend to be inherited independently, which means that their gene trees will not be the same. 

Thus, in the absence of assortative mating, the gene trees together form a network that, over time, braid the genetic heritage 

of individuals into a cohesive evolutionary lineage.

At the same time, a number of processes tend to break the genetic bonds holding evolutionary lineages together 

(Figure b). For instance, a small group of individuals may become isolated on an island. Initially, we do not know what 

fate has in store for the islanders. The isolation may be incomplete, in which case the group may evolve some unique 

characters but nevertheless remain linked to the evolutionary trajectory of the main lineage. Alternatively, they may be truly 

isolated for some time but then either merge again with the main lineage or go extinct without leaving any descendants. In 

rare cases would the island individuals evolve into a completely separate, viable evolutionary lineage.

Presumably, the budding off of small or large groups of individuals from an evolutionary lineage, or the splitting of

a lineage into subsections, is an extremely common process (see Figure b). Initially, most gene copies will be the same in 

the potential sublineages. It takes a fair amount of time before genetic isolation has resulted in all gene copies becoming 

unique to each lineage, a situation called reciprocal monophyly. In fact, one or more of the emerging lineages may split 

again before this process is complete, causing mismatches between some gene trees and the species tree (see Box Species 

trees and gene trees).

Systematists typically find it reasonable to require genetic isolation over a significant period of time before a 

budding evolutionary lineage is recognized as a separate species. If the period of isolation is too short, the risk is simply too 

high that the lineage will disappear in the near future by going extinct or mixing again with other lineages, and naming it as 

a separate species leads to an awkward proliferation of names. However, this means that a species can only be safely 

identified after it has reached a certain age, by looking backward in time. It will be impossible in most cases to accurately 

circumscribe young species because of the difficulties in predicting whether they will eventually develop into viable 

separate lineages.

Another way of looking at species boundaries is to contrast the reticulate genetic patterns within species with the 

congruent treelike patterns among species. The species boundary lies where these two patterns meet. In principle, it should 

be possible to devise powerful statistical methods that identify this boundary, a task that currently occupies biologists 

interested in using genetic data to circumscribe species.



UNB4

Species trees and gene trees

It is well known that true phylogenetic trees of individual genes may differ from the true relationships of the species in 

which they are found. If the species tree is the primary target of phylogenetic inference, then investigators need to be aware 

of the possibility of such mismatches between gene and species trees.

In sexually reproducing organisms, the daughter lineages resulting from a speciation event will each inherit just a 

subsample of the gene copies present in the ancestral lineage (see Figure 1.1). Over time, the gene copies will evolve in 

different directions in the two daughter lineages, and some copies will become extinct. Eventually, all gene copies in one 

daughter lineage will share a common ancestor that they do not share with the other lineage. When this process has been 

completed for all genes in the genome in both daughter lineages, the daughter lineages are completely reciprocally 

monophyletic (see Box 1.3).

If a lineage splits again before this process is complete, the subsampling of gene copies may result in mismatches 

between gene trees and species trees. This phenomenon is known as lineage sorting. For instance, if we sample three 

individuals representing three separate species and sequence a gene with the history indicated in Figure 1.1, we would 

erroneously conclude that species B was more closely related to C than to A, even though we had inferred the correct gene 

tree. In some cases, we could detect the mistake by sampling more individuals of each lineage; but in other cases, the loss of

gene copies have eradicated all traces of the lineage sorting process, so only the timing of the splits in the gene tree could 

help us.

A different process resulting in similar mismatches involves different genes (different sites) in the genome (see 

Figure 1.2). By gene duplication, an ancestral gene may become represented by two (or more) copies in the genome. In 

some of the daughter lineages, one (or more) of the copies may subsequently disappear through gene loss. If different copies

are lost in different lineages, the true gene tree may no longer reflect the species tree. In practice, it may be difficult to 

distinguish lineage sorting and gene duplication, but if you find paralogs, related gene copies at different sites in at least one

of the genomes, it is clear that gene duplication must have been involved at some point. In asexually reproducing organisms,

lineage sorting does not occur, so gene duplication is the only applicable model.

In both models, it is possible for genes to be transferred across unrelated lineages, which complicates the situation 

further. This can be due to hybridization and introgression, or to horizontal gene transfer caused by a number of different 

processes, such as viral transmission of genetic material.



Figure legends

Figure 1.1@@Adapting the Linnaean system to the principle of monophyly is difficult, because there 

are potentially many monophyletic groups that could be named and because it is difficult to decide on 

the Linnaean rank (order, family, genus, etc.) of the groups that are eventually named. Hennig 

suggested that both problems be resolved by adopting specific time lines identifying groups at different

levels in the Linnaean system. For instance, clades dating back to common ancestors crossing the genus

time horizon would be identified as genera, while the family time horizon would identify families.

Figure 1.2@@Hennigian argumentation. Kangaroo and dog both have a tail, while man and 

chimpanzee lack one. The absence of a tail is a homologous similarity because it goes back to the 

common ancestor of man and chimpanzee, but so is the presence of a tail, being inherited from the 

common ancestor of dog and kangaroo. The critical step is to recognize that only the absence of a tail is

informative about relationships in the group, because it is a shared derived trait, a synapomorphy. Only 

this state represents an evolutionary novelty appearing in the study group. The most recent common 

ancestor of the studied species had a tail, and the tail is therefore a shared primitive trait, a 

symplesiomorphy, and should be disregarded when reconstructing relationships in the study group.

Figure 1.3@@Composition of the Swedish insect fauna known in 2003, before the start of the Swedish

Taxonomy Initiative, in terms of (A) orders and (B) larval or nymphal feeding niches. Despite the fact 

that this fauna is well investigated, thanks to the ongoing inventory effort, it is now known that these 

numbers are significantly biased. Only when the inventories of different biotas are completed over the 

coming decades will such compositional patterns become amenable to rigorous scientific analysis 

within and among floras and faunas.
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