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Editorial
In scientific circles it is easy to think of 2009 as the Year of 
Darwin. The 200th anniversary of his birth occurred on 12 Feb-
ruary, and the sesquicentennial of the publication of the Origin 
of Species* will take place on 24 November. 

Darwin’s place in history is assured. At his death he was 
interred in Westminster Abbey as a scientific luminary, his 
visage adorns the English ten-pound banknote (replacing that 
of Charles Dickens in 2000); geographical features and living 
creatures bear his name, as do an Australian capital city and 
university, and few, if any, scientifically literate people have not 
heard of him. The one thing that Darwin’s name is inevitably and 
irrevocably associated with, of course, is evolution by natural 
selection – and the ensuing theological controversy attributed 
to his theory. In September 2008 the Church of England issued 
an article saying that the 200th anniversary of his birth was a 
fitting time to apologise to Darwin for ‘misunderstanding you 
and, by getting our first reaction wrong, encouraging others to 
misunderstand you still’.

Darwin’s central achievement so far as modern biologists are 
concerned was not so much the novelty of his ideas (theories of 
evolution and even of natural selection preceded Darwin) as the 
comprehensive presentation of all available evidence for them. 
Importantly, as one of the articles in this issue points out, Darwin 
used a hypothetico-deductive approach in his science and sought 
for mechanisms to explain past events. Contemporaries who 
held similar tentative ideas were convinced by his arguments 
and he was much respected by his peers.

In short, Darwin was the man for the time, thanks to his 
exceptional abilities of observation, experimentation, and 
theorisation. 

It is interesting to speculate, however, that, had Darwin not 
lived, the modern evolutionary-biologist community might 
arguably be pretty much where it is today, owing to the similar, 
though less well-articulated, ideas of contemporaries like Alfred 
Russell Wallace, the subsequent discovery of principles of in-
heritance, the formulation of mathematical models concerning 
speciation, and resolution of the molecular structure and func-
tion of the nucleic acids DNA and RNA. Two colleagues were 

asked what they thought about this possibility. Hamish Spencer 
(University of Otago) replied: ‘I am never sure just how much 
individuals matter in framing debates … I do think having an 
articulate proponent helps enormously. I doubt Wallace would 
have been able to engender the same sort of science that resulted.  
But I do agree that Darwin built far more on what was already 
established and that he needed to be there at that time for his 
work to have the effect that it did. And also, that evolutionary 
biology would have arisen even without him.  To me, his em-
phasis on heritable variation was the crucial novel element, but I 
suspect that everyone has their favourite aspects!’ David Penny 
(Massey University, Palmerston North) replied: ‘Yes, it is very 
interesting what we would have had without Darwin. Wallace 
would still have produced his theory, and I suspect that the ac-
knowledgement that evolution had occurred would be accepted 
reasonably early. But Wallace would not go the whole way with 
human mental states – he accepted virtually everything about 
normal evolution but seemed to be a spiritualist. It is hard to 
know whether the few people that wanted to apply Darwin to 
humans would have acted differently without him. Would they 
have worked on regardless, even if it was an unpopular minor-
ity opinion?’ The one outstanding question that evolutionary 
biologists ask today is: Is there anything in nature that cannot 
be explained by normal micro-evolutionary processes?

In the opinion of many, Darwin introduced a sci- 
entific revolution as great as that of Copernicus. A website 
(darwin-online.org.uk) devoted to his publications, private 
papers, and other Darwiniana has had over 100 million hits 
since October 2006 (it started in 2002). His life and work are 
being commemorated by events around the world. Among the 
foremost of these, run under the auspices of the International 
Union of Biological Sciences (IUBS) and the United Nations 
Educational, Scientific and Cultural Organization (UNESCO), 
are six coordinated ‘Darwin 200 Symposia’ and satellite meet-
ings, held in five areas of the world. The first of them took place 
in Christchurch in February.

This issue of New Zealand Science Review acknowledges 
Darwin’s signal contribution to science. The papers presented 
here are wide-ranging in content and we hope you will find 
them stimulating.  

Dennis Gordon
for NZAS Council

*	 Darwin, C.R. 1859. On the Origin of Species by Means of Natural 
Selection, or the Preservation of Favoured Races in the Struggle 
for Life. London, John Murray. 1st edn. 502 p.
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In this issue
In this issue of the Review there are six papers that celebrate the 
200th anniversary of Charles Darwin’s birth.

In the first paper, Charles Darwin as a scientist, David Penny 
introduces us to Darwin’s scientific ‘modus operandi’ and three 
important aspects of his reasoning: his hypothetico-deductive 
approach, his search for mechanisms to explain past events, and 
his insistence on continuity between humans and a common 
ancestor with apes. In his ensuing analysis, David concludes 
that Darwin worked in a way that is surprisingly consistent 
with the ideas of Karl Popper on how the best scientists work 
– and not, as many consider, as a poor theoriser who simply 
collected a lot of data and just happened to be in the right place 
at the right time.

In Darwin and DNA: explaining the New Zealand flora,  
Richard Winkworth indicates that the origins of the New  
Zealand biota have long been of interest to biologists, from 
the earliest visitors until the present day. The reasons for this 
interest are similar to those that drove Darwin’s research on the 
Galápagos finches – where did our flora come from and what led 
to the diversity of the groups present? However, until recently, 
considerable uncertainty has remained about even broad-scale 
evolutionary patterns. In his article, Richard describes how 
the application of molecular approaches has helped transform 
understanding of evolutionary processes in the New Zealand 
flora as well as how these tools are likely to contribute in the 
future.

Simon Greenhill and Russell Gray, in their paper Darwin, 
languages, and two great Pacific voyages, point out that there 
are numerous parallels between the evolution of languages and 
biological evolution. Their phylogenetic analyses of Austro-
nesian languages show the combined power of computational 
evolutionary methods and large lexical databases to answer 
questions about human prehistory. Just as molecular phylog-
enies is the fundamental framework for studying biological 
evolution, so language trees open up the exciting possibility of 
a Darwinian approach to culture based on rigorous phylogenetic 
methods. Darwin argued that the tree of life covers the surface 
of the earth with its ‘ever-branching and beautiful ramifications’, 
and language phylogenies enable us to answer questions about 
human origins and explore the beautiful ramifications of human 
languages and cultures.

In her paper, Using New Zealand examples to teach Dar-
win’s ‘Origin of Species’:  Lessons from molecular phylogenetic  
studies of cicadas, Chris Simon points out that New Zealand 
is a treasure trove of evolutionary examples and an excellent 
place to study evolutionary biology.

Since 1992 her research group has been studying the evolu-
tion, biogeography, and systematics of the New Zealand cicadas. 
She illustrates how this group of organisms arising from just two 
ancestral colonisation events has spread across the landscape, 

diversified, and provided evidence to support many of Darwin’s 
evolutionary hypotheses. She indicates that many other New 
Zealand organisms illustrate the same phenomena and can be 
used to simultaneously teach Darwinian principles and New 
Zealand natural history and evolution.

In doing so she comments, we can, in Darwin’s own words, 
‘be brought somewhat near to that great fact—that mystery of 
mysteries—the first appearance of new beings on this earth.’

In Darwin, sexual selection, and human evolution, Alan 
Dixson tells us that, in addition to creating the foundations of 
modern evolutionary theory, Darwin was a pioneer in the field 
of sexology. This somewhat radical statement is justified, in 
Alan’s view, by a consideration of his work in The Descent 
of Man and Selection in Relation to Sex, where he applied his 
theories concerning sexual selection in animals to questions of 
human evolution. While Alan believes that this fundamental 
contribution is still relevant today, we now possess much more 
information, and insights gained from studies of fossil records, 
modern developments in molecular genetics, reproductive 
physiology, anthropology, sexological research, and evolu-
tionary psychology. Collaborations between workers in these 
disciplines will be required to achieve greater knowledge of 
the evolution of human reproduction. Cross-cultural studies of 
human sexual dimorphism, sexual selection, and mate choice 
are essential if we are to have any hope of establishing which 
traits are derived from the shared African ancestry of modern 
human populations.

Finally, in her paper on the Evolution of senior secondary 
school biology education in New Zealand : Impact of changes 
in biological sciences from 1878 to 2008, Jacquie Bay points 
out that biological science has undergone exponential growth 
and change in the past 150 years, impacting on society in areas 
of health, horticulture, agriculture, biotechnology, sustainability, 
and environmental management. Similarly secondary school 
biology education has also experienced extensive growth and 
change, influenced by advances in science, technology, peda-
gogy, and educational practice. 

Now, for the 21st century, Jacquie suggests that biology 
education needs to evolve into an environment that will create 
opportunity for the development of life-long science literacy 
capability with the potential to develop advanced understanding 
of science. To achieve this, key stakeholders need to work to 
develop a public understanding of the broad role of education 
and the difference between education that leads to lifelong 
learning capability and traditional education measured by con-
tent knowledge. The key to this is discussion and collaboration 
between science educators, scientists, science-related industries, 
and the community.

Allen Petrey
Editor
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	 ‘Here, then, I had at last got a theory by which to work’ 	
				          (Darwin 1969, p. 120)

Charles Darwin has had more impact on biological sciences, 
and society generally, than any other 19th century biologist 
but his ‘modus operandi’ as a scientist is poorly known, and 
often seriously misunderstood. Three important aspects of his 
reasoning – his hypothetico-deductive approach, his search 
for mechanisms to explain past events, and his insistence on 
continuity between humans and a common ancestor with apes 
– are discussed here. His autobiography and letters show that 
he worked explicitly in the hypothetico-deductive model, and 
included statements that theories were essential even to know 
what data to collect; to hold theories only as hypotheses; and the 
necessity to search for data that contradict a cherished theory. 
He built upon the very mechanistic geological tradition of James 
Hutton and Charles Lyell, and thus brought into historical biology 
the search for mechanisms that could be studied in the present 
in order to explain events in the past. His prediction of continuity, 
including in mental powers, between humans and a common 
ancestor with apes is only now coming to fruition. It is important 
to evolutionists, especially in teaching or interacting with the 
public, that Darwin’s mode of working is better known.

The work of Charles Darwin is intensely interesting for 
scientists concerned with innovative science and/or understand-
ing the testability of evolutionary theories. These are important 
scientific questions but also help in both education and involv-
ing the public in discussion of the implications of evolution. 
In many areas of science, major theories have been followed 
by many subsidiary developments and improvements, but in 
evolution there was little major development in theory from 
1859, when the Origin of Species (Darwin 1859) was pub-
lished, until the new synthesis in the 1930s onwards (Mayr & 
Provine 1980; Bowler 1983). Consequently it is natural to ask: 
Was there something about Charles Darwin’s thinking/reason-
ing/knowledge that led him to be so innovative in his thinking 
about evolutionary biology? 

Perhaps the apparent complexity of Darwin’s overall theory 
(Penny 2009a) is one reason why, qualitatively, his thinking was 
not surpassed until the 1930s. In that publication I analyse the 
theory into 20 (simple and testable) components, but we have 
also found it useful (Riddiford & Penny 1984) to consider three 
major aspects:

•	 The microevolutionary processes that can be studied in the 
present (Figure 1, Part A, summarised as ‘natural selec-
tion’); 

•	 Macroevolution in referring to Darwin’s theory of descent 
with modification (Figure 1, Part B); and

•	 The Darwinian hypothesis (Part C) that the processes of 
microevolution are sufficient to fully account for macro-
evolution. 

There are other ways to analyse Darwin’s theory; Mayr 
(1985) considered it as five theories. What is important is that the 
overall theory and its implications appear complex [sic], even 
if the individual ideas are both relatively simple and testable. 
The second aspect in the figure, that evolution has occurred and 
continues to occur, was accepted by most biologists within a 
decade of the publication of the Origin of Species (Hull et al. 
1978). However, the many sub-processes of microevolution 
were not accepted as a necessary part of the mechanism until 
the ‘new Synthesis’ of evolution and population genetics (Mayr 

Charles Darwin as a scientist
David Penny

Allan Wilson Centre for Molecular Ecology and Evolution, Massey University, Palmerston North, New Zealand

David Penny CNZM is Distinguished Professor of Theoretical Biology at Massey University.  
He is a Fellow of the Royal Society of New Zealand and, in 2004, was awarded the Rutherford 
Medal in recognition of his contributions in theoretical biology, molecular evolution, and the 
analysis of DNA information.  
In 2006, he was made a Companion of the New Zealand Order of Merit for services to science. 
He is a former president of NZAS and in 2000 was awarded the Association’s Marsden medal. 
He may be contacted at d.penny@massey.ac.nz

Figure 1. Three main components of Darwin’s theory. They are 
mutually supporting in that, for example, the theory of descent 
is supported by the existence of a mechanism that could lead to 
species modification and divergence; but the theory of descent also 
leads to a search for mechanisms that would result in descent with 
modification. Hypothesis 3 is the one still being debated (based on 
Riddiford & Penny 1984).
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& Provine 1980). However, there have still been doubts, espe-
cially in relation to the origin of humans, that the processes of 
microevolution were sufficient for macroevolution.

It is important that the conclusions about the Darwinian 
reasoning be presented in a way relevant to scientists, and it 
will help them interpreting evolution to others. The three main 
themes considered here are Darwin’s explicit use of hypotheses 
for testing (conjectures and falsification, or hypothetico-deduc-
tive reasoning); his geological background leading him to search 
for mechanisms acting in the present that could explain events 
in the distant past; and his prediction of continuity (including 
mental powers) between humans and a common ancestor with 
apes. Taken together, it is hoped that the analysis presented here 
(and based on Penny 2009b) will help scientists in their own 
work and in presenting evolution to others.

Hypothetico-deductive reasoning
There has often been an assumption that Darwin simply col-
lected data, and almost ‘stumbled’ across his theory. Nothing 
could be further from reality, but the conclusion is often based 
on a well known quote in his autobiography (Darwin 1969) taken 
out of context. The whole statement is given below, but the part 
in bold is usually quoted. It is perhaps best to read the part in 
bold first, and then to go back and read the whole extract.

	 It was evident that facts such as these, as well as many 
others, could be explained on the supposition that species 
gradually became modified; and the subject haunted me. 
But it was equally evident to me that neither the action of 
the surrounding conditions, nor the will of the organisms 
(especially in the case of plants), could account ... I had 
always been much struck by such adaptations, and until 
these could be explained it seemed to me almost useless to 
endeavour to prove by indirect evidence that species had 
been modified.

	 After my return to England it appeared to me that ... by 
collecting all facts which bore in any way on the variation 
of animals and plants under domestication and [in] nature, 
some light might perhaps be thrown on the whole subject. 
My first note-book was opened in July 1837. I worked on 
true Baconian principles, and without any theory collected 
facts on a wholesale scale, more especially with respect to 
domesticated productions, by printed enquiries, by conversa-
tion with skilful breeders and gardeners, and by extensive 
reading (p. 118–119, emphasis added).

Thus the full quotation gives a very different picture from 
just the portion in bold. It is clear that the hypothesis that species 
gradually became modified (evolution) was ‘haunting’ Darwin. 
The extract shows six main points. Darwin had:

•	 concluded that continued and gradual evolution of species 
was possible (and likely), 

•	 rejected Plato’s concept of an ‘unchangeable essence’ for 
species, 

•	 started searching for a mechanism to explain adaptations, 

•	 rejected the direct ‘action of the environment’ as a potential 
mechanism, 

•	 rejected the ‘will of the organism’ as a potential mechanism, 
and 

•	 focused on variation within species and on artificial selection 
for mechanisms. 

Thus he had already identified the question, rejected two po-
tential mechanisms, and was focusing on both natural variation 
and plant and animal breeding for ideas about mechanisms. He 
had already rejected the nemesis of many (but certainly not all) 
earlier biologists – namely, that each species had an unchange-
able ‘form’ or ‘essence’ – a philosophical concept from Plato 
and Aristotle that appears to have entered biology by the early 
18th century. If ‘species’ really did have an ‘unchangeable es-
sence’, then any continued change (virtually by definition) was 
impossible. Thus the full quotation is very informative about 
Darwin’s thinking at the time of starting his Notebooks, and 
certainly shows a far more sophisticated reasoning than just 
‘collecting factlets’.

Indeed, on the very next page of his autobiography, after 
further reading, we find the opening quotation from his auto-
biography: Here, then, I had at last got a theory by which to 
work (p. 120). That statement is worth reading again: ‘I had at 
last got a theory by which to work’. Darwin was certainly not 
suggesting in the earlier extract that ‘collecting facts’ was suf-
ficient for a scientist; rather he was bemoaning that ‘not having 
a theory by which to work’ he was reduced to collecting facts 
(as well as reading widely). However, even in his reading he 
had narrowed down the area (natural variation, and artificial 
selection) where he was looking for information.

The hypothetico-deductive method is now often associated 
with Karl Popper from the mid 20th century (e.g. Popper 1972). 
However, as mentioned above, the ingredients of good science 
were actively discussed 100 years earlier, including William 
Whewell’s advocacy of using different lines of evidence to 
support a theory, his ‘consilience of induction’. The conclusion 
that Darwin worked in a hypothetic-deductive mode is similar 
to that of Ayala (2009), though our interpretation of the main 
extract differs slightly. 

The extent of Darwin’s commitment to predictions and 
testing is discussed elsewhere (Penny 2009b), but a couple of 
quotations from his autobiography (Darwin 1969) help reinforce 
the conclusion. For example: I had, also, during many years, 
followed a golden rule, namely, that whenever a published 
fact, a new observation or thought came across me, which was 
opposed to my general results, to make a memorandum of it 
without fail and at once; for I had found by experience that 
such facts and thoughts were far more apt to escape from the 
memory than favourable ones. Owing to this habit, very few 
objections were raised against my views which I had not at least 
noticed and attempted to answer (p. 123). A similar quotation 
is: I have steadily endeavoured to keep my mind free, so as to 
give up any hypothesis, however much beloved (and I cannot 
resist forming one on every subject), as soon as facts are shown 
to be opposed to it. (p. 141). 

Darwin’s autobiography was mostly written nearly 20 years 
after the Origin of Species was published. However, it was not 
just Darwin being ‘wise after the event’; writings from earlier 
periods show similar statements. The following are from 1856 
to 1857. To one correspondent he wrote: My determination 
to put difficulties, as far as I can see them, on both sides is a 
great aid to candour; because I console myself, when finding 
some great difficulty, in endeavouring to put it as forcibly as I 
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can (p. 80–81). Another letter includes both falsifiability and 
testing aspects of theories: You say most truly about multiple 
creations & my notions; if any one case could be proved I 
should be smashed: but as I am writing my Book, I try to take 
as much pains as possible to give the strongest cases opposed 
to me, ... (p. 178). Later again: It is my intention to give fully 
all the facts in favour of the eternal immutability of species & 
I have taken as much pains to collect them, as I possibly could 
do (p. 236). (All extracts are from Burkhardt & Smith 1990.) 
The Origin of Species itself has the powerful statement: If it 
could be demonstrated that any complex organ existed which 
could not possibly have been formed by numerous, successive, 
slight modifications, my theory would absolutely break down. 
(Darwin 1859, p. 189). ‘My theory would absolutely break 
down’ is another example of how he considered his theory to 
be falsifiable – and therefore scientific. It is worth noting here 
that there is nothing in the above statement that assumes equal 
rates of change, just ‘numerous successive slight modifications’ 
– there is certainly no ‘phyletic gradualism’ in that statement.

Thus it is clear that Darwin was consciously aware of the 
importance of theories, and the testing of theories, even while he 
was still developing his theory of evolution by natural selection. 
Not only did Darwin consciously work in a hypothetico-deduc-
tive model but he also sought evidence that could potentially 
falsify his hypotheses. From the modern viewpoint it is difficult 
to imagine any scientist in the 19th century being more ‘Pop-
perian’, although that approach has a long history in science 
– there is nothing to limit it to the 20th century. 

Geology and mechanisms for explaining 
the past
The next question is the source of Charles Darwin’s very 
mechanistic approach to historical biology – his searching for 
mechanisms that might explain past biology. We saw in the 
earlier extract that, even by the time he started his notebooks, 
he was looking toward domestication and to plant and animal 
breeders for ideas on the processes that might be involved. In 
the 1830s there was already a healthy debate within geology 
(Rudwick 2008) on the extent that past geological events could 
be explained by mechanisms that can be studied in the present. 
The largest single influence on developing Darwin’s search for 
mechanisms was Charles Lyell (1797–1875) and his Princi-
ples of Geology (Lyell 1830–33), and during the voyage of the 
Beagle he had the opportunity of evaluating Lyell’s approach. 
Lyell’s subtitle in the first edition (An attempt to explain the 
former changes of the earth’s surface, by reference to causes 
now in operation) puts his mechanistic approach right into the 
front page of his work. Lyell himself followed another earlier 
Scottish geologist, James Hutton (1726–1797); both advocated 
studying mechanisms that could potentially explain geological 
events that had occurred in the past – they were mechanistic 
rather than descriptive. 

For several years after the voyage of the Beagle (1831–35) 
Darwin primarily considered himself a geologist (Herbert 2005), 
rather than a biologist. The following six points support this: 

•	 Darwin wrote the three books on the geology of the voy-
age (Geology of South America, Coral Islands, Geology of 
Volcanic Islands), but only edited the Zoology publications 
and was not involved with Botany publications.

•	 His letters during the voyage of the Beagle show confidence 
on geological subjects, but show concern about the inad-
equacy of his biological collecting (Sulloway 1985).

•	 Some of his geological letters had already been published 
before his return from the voyage (Barrett 1977).

•	 On his return from the voyage he joined the Geological 
Society of London (rather than the Linnean or Zoological 
Societies) and was an active participant in this Society. He 
presented papers, published in its journal, was elected to its 
Council, and became its Foreign Secretary.

•	 Darwin’s early papers were almost exclusively on geology 
(see Barrett 1977; Penny 2009b). 

•	 Soon after the return of the Beagle he became a close as-
sociate of the leading geologist, Charles Lyell, and was a 
frequent visitor to his London home.

Indeed, Darwin published little on biological topics until the 
1850s (though he was working on subjects such as barnacles, 
fertilisation of orchids, pigeon breeding, climbing plants, dif-
ferent forms of flowers in the same species, and earthworms). 
However, the outline of his evolutionary theory, with its search 
for mechanisms that would lead to change, was developed in 
1838, and he wrote extensive ‘Abstracts’ in 1842 and 1844. 

To the young Darwin, being a geologist was not as restricting 
as we might think today, given our higher specialisation within 
science. Lyell’s Principles of Geology was in three volumes, 
and the second was mainly on biological factors that might 
help understanding of, for example, the reduced rate of ero-
sion resulting from the presence of plant cover. Lyell’s second 
volume considered the stability of species and, until recently, 
had probably the most detailed account in English of Lamarck’s 
evolutionary theory (which Lyell certainly rejected). The rest of 
the volume discusses biogeography, mechanisms of dispersal 
of plants and animals, the potential for increase in population 
numbers, the regulation of population numbers, estimates of 
the rates at which species became extinct, etc. Indeed these are 
important precursors to much of Darwin’s reasoning in transfer-
ring the mechanistic approach of Lyell from Geology into Biol-
ogy – even though at the time Lyell rejected evolution. Lyell’s 
understanding of ecology and biology was strongly influenced 
by the Swiss botanist Augustin de Candolle. 

The influence of de Candolle can be seen in many extracts 
from Lyell: … the most fertile variety would always, in the end, 
prevail over the more sterile (p. 34); Unhealthy plants are the 
first which are cut off by the causes prejudicial to the species, 
being usually stifled by more vigorous individuals of their own 
kind. ... In the universal struggle for existence, the right of the 
strongest eventually prevails (p. 55–56); All plants of a given 
country ... are at war, one with another. The first which establish 
themselves by chance in a particular spot, tend ... to exclude 
other species, the greater choke the smaller, the longest livers 
... the more prolific.... In this continual strife, it is not always 
the resources of the plant itself ... Its success depends, in a great 
measure, on the number of its foes and allies among the animals 
and plants inhabiting the same region (p. 131). (All quotes are 
from volume 2 of Lyell 1830–33)

These extracts, including intra- and inter-specific competi-
tion and the universal struggle for existence, are taken out of 
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Figure 4. Phylogeography of Maoricicada campbelli based on mitochondrial DNA (COI, A6, and A8 genes); (a) Cladogram showing the 
geographical locations of the main clades in New Zealand. Some branches are collapsed to show that speciation events of northern 
South Island and North Island lineages are so close together in time as to be indistinguishable.  Note that clade SA-B is divided into three 
parts connected by dashed lines. Abbreviations include:  COI (cytochrome C oxidase subunit 1 gene), A6/A8 (ATPase subunits 6 and 8, 
respectively), NMK (Nelson + Marlborough + Kaikoura), SA-A (Southern Alps A), etc.  (b) Bayesian phylogenetic tree, three partitions, 20 m 
generations, 10% burn-in.  (c) Maximum likelihood phylogenetic tree, HKY+I, 100 bootstrap pseudoreplicates.  *, Nodes with > 50% support 
where support is not otherwise given.  Clade colours in (a) correspond to those in (b) and (c).  Inset photo is of a male of M. campbelli 
from Fox Glacier.  Reprinted with permission from Hill, K.B.R.; Simon, C.; Marshall, D.C.; Chambers, G.K.  2009.  Surviving Glacial Ages 
within the Biotic Gap:  Phylogeography of the New Zealand cicada Maoricicada campbelli. Journal of Biogeography 36: 675-692.
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Figure 5.  Molecular clock tree for Maoricicada campbelli showing maximum and minimum estimated dates of divergence 
of main clades in millions of years.  Graphs above the tree show a representation of the glacial-interglacial cycling during 
the Quaternary [adapted from figure 5F in Carter (2005): composite natural gamma curve (API gamma units, y-axis reversed) 
plotted against age; upper and lower graphs, respectively, correspond to minimum and maximum age of splits estimated in 
our analyses (shown at the bottom of the tree)].  Shaded areas represent the start of the increased glacial-interglacial cycling 
amplitude at mid-Pleistocene, c. 1 Ma, and the extremely cold glacial maximum at c. 0.43 Ma, respectively.  Abbreviations:  C. 
(Canterbury); NI (North Island); SI (South Island); NMK (Nelson + Marlborough + Kaikoura); SA (Southern Alps).  Reprinted 
with permission from Hill, K.B.R.; Simon, C.; Marshall, D.C.; Chambers, G.K.  2009.  Surviving Glacial Ages within the Biotic 
Gap:  Phylogeography of the New Zealand cicada Maoricicada campbelli. Journal of Biogeography 36: 675-692.
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Darwin began his scientific career as a geologist and some of 
his earliest observations concern the effects of glaciation on the 
landscape of Great Britain. As he began to think more and more 
about the evolution of species, his background knowledge of 
geology made it obvious to him that in glacial times, species 
ranges would necessarily change. 

This statement could be directly applied to New Zealand 
Maoricicada. All but one of the extant species exist in tundra-
like or arid habitats and the majority are found on mountains. 
Undoubtedly, these mountain cicadas must have been forced 
from their isolated mountaintops onto a common lowland 
tundra during the last glacial maximum (LGM) and those that 
preceded it. This may account for the ancient hybridisation 
events discussed above.

Kikihia may have survived on the South Island during the 
LGM at lower elevations in coastal areas. At this time, the 
Southern Alps were covered by glaciers; pollen and macrofossil 
evidence suggest that the surrounding mid-elevation landscape 
was a tundra-like biome with shrubs, tussock, herbfields, and 
no trees (Alloway et al. 2007). At lower elevations in the lee of 
the alps in the southeast, dry open grasslands with rare shrubs 
predominated and there is some evidence of rare forest near 
hills. In the windward lowlands on the northwest coast of the 

South Island, there is evidence for a shrubland–grassland habitat 
with patches of Nothofagus and rare podocarps. Adjacent to the 
current northwest coast, on lowlands revealed by lowered sea 
levels, tall podocarp, broadleaf, and beech forests have been 
reconstructed (Alloway et al. 2007).

There has been debate on the extent of forest refugia on the 
southern half of the South Island during the LGM (Leschen 
et al. 2008, Marshall et al. 2009). To help determine whether 
there were forests large enough and temperate enough to serve 
as refugia, Marshall et al. (2009) examined phylogeographic 
patterns of Kikihia subalpina, the only forest-specialist Kikihia 
on the South Island. Evolutionary trees constructed from mito-
chondrial DNA data (Figure 8) suggest that the northern half of 
the South Island has many old and diverse lineages while the 
southern two-thirds of the South Island was colonised rapidly 
just after the LGM in two waves. One wave moved quickly down 
the west coast and the other swept south on the east side of the 
main divide. Although there is no evidence for glacial refugia 
suitable for Kikihia subalpina, studies in progress suggest oth-
erwise for small bark- and litter-dwelling beetles (K. Marske, 
T. Buckley, R. Leschen pers. comm.) and for a dry-forest fern 
(Shepherd et al. 2007).

Figure 6.  Song divergence between (a) northern South Island + North Island and (b) Otago 
populations of Maoricicada campbelli.   Otago populations commonly exhibit more cue notes 
per unit time and ‘phrase grouping’ [indicated by dotted lines in (b)] and their pre-cue gaps 
(x) are about equal in duration to the post-cue gaps (y).  The non-Otago song has longer 
post-cue gaps.  The song cue is known to trigger the wing-flick response in sexually receptive 
females and may be important in species recognition. Reprinted with permission from Hill, 
K.B.R.; Simon, C.; Marshall, D.C.; Chambers, G.K.  2009.  Surviving Glacial Ages within the 
Biotic Gap:  Phylogeography of the New Zealand cicada Maoricicada campbelli. Journal of 
Biogeography 36: 675-692.
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Figure 7. Restriction of geographic overlap (sympatry) to Kikihia lineages with divergence times greater than approximately 2 Ma. Taxa 
grouped within a given grey shaded box are non-overlapping or adjacent and form hybrid zones upon contact. Taxa from different shaded 
boxes or unboxed lineages are commonly overlapping or sympatric in distribution. The vertical dotted line approximates the ‘sympatry 
threshold’.  Simplified geographic distributions of species within each boxed group I-V are shown in accompanying maps.  Distributions 
of the remaining species are summarised verbally as follows:  K. horologium is found in subalpine areas of South Island. K. longula is 
found only on the Chatham Islands. K. cutora exulis is found only on the Kermadec Islands.  K. convicta is found only on Norfolk Island. 
Species labeled “Wide N.I.” are widely distributed on North Island and frequently found in sympatry.  The chronogram was obtained 
from relaxed-clock dating using the Kikihia mtDNA dataset. Reprinted from Marshall, D.C.; Slon, K.; Cooley, J.R.; Hill, K.B.R.; Simon, 
C.  2008. Steady Plio-Pleistocene diversification and a 2-million-year sympatry threshold in a New Zealand cicada radiation. Molecular 
Phylogenetics and Evolution 48(3): 1063. Copyright 2008 with permission from Elsevier.

Concluding comments 
New Zealand is a treasure trove of evolutionary examples and 
an excellent place to study evolutionary biology. This review 
illustrates how one group of organisms arising from just two 
ancestral colonisation events has spread across the landscape 
and diversified and provided evidence to support many of Dar-
win’s evolutionary hypotheses from the Origin of Species. Many 
other New Zealand organisms illustrate these same phenomena 
and have been reviewed comprehensively in this anniversary 
year (Wallis & Trewick 2009, Morgan-Richards et al. 2009). 
By studying the evolution, genetics, and systematics of New 
Zealand organisms we can, in Darwin’s own words (Darwin 
1845, pg. 378), ‘be brought somewhat near to that great fact 
– that mystery of mysteries – the first appearance of new beings 
on this earth.’
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Figure 8. (a) Kikihia subalpina sampling localities.  Colours correspond to haplotype associations noted on the phylogenetic tree.  For 
locality codes see the original publication. (b) HKY85+I maximum-likelihood phylogenetic tree with nodal support values from 100 bootstrap 
replicates and geographic haplotype associations grouped by colour-shaded boxes.  A molecular clock analysis found the root position 
to lie between the North Island and South Island clades.  Strict molecular clock date estimates and 95% confidence intervals are shown 
for the most recent common ancestor of the root, the North Island (NI) clade, and the South Island (SI) clade.  Also shown (in italics) is 
the date of the North Island/South Island population split, estimated from the gene tree root divergence time by correcting for ancestral 
genetic polymorphism. (c) K. subalpina male on native vegetation at Waimate, South Island. Reprinted with permission from Marshall, 
D. C.; Hill, K. B. R.; Fontaine, K.; Buckley, T.; Simon, C.  2009.  Glacial refugia in a maritime temperate climate: Cicada (Kikihia subalpina 
complex) mtDNA phylogeography in New Zealand.  Molecular Ecology 18: 1995–2009.
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In addition to creating the foundations of modern evolutionary 
theory, Darwin was a pioneer in the field of sexology. Surprising 
and shocking as this statement would have seemed to his con-
temporaries in Victorian times, it is justified by a consideration 
of his work on The Descent of Man and Selection in Relation 
to Sex. His studies of sexual selection in animals led Darwin 
(1871) to posit that sex differences in body size and weaponry 
occur because males of certain species compete for access to 
mates, and thus derive a reproductive advantage from traits 
such as greater strength and aggressiveness. However, he also 
stressed that ‘there is another and more peaceful kind of contest, 
in which the males endeavour to excite and allure the females 
by various charms.’ It was on this basis that he sought to explain 
the evolution of extravagant secondary sexual adornments and 
courtship displays as, for example, in the Argus pheasant and 
peafowl. He was also intrigued by sex differences in human 
physique, secondary sexual adornments and behaviour; thus 
Darwin attempted to apply his theories concerning sexual selec-
tion in animals to questions of human evolution.

At the time when the Descent of Man was written, no homi-
nid fossils were known aside from a few Neanderthal specimens. 
Yet Darwin, like his champion Thomas Henry Huxley (1863), 
was aware that the great apes constitute our closest relatives 
among the extant primates. Darwin considered the African 
apes (chimpanzee and gorilla) to be especially important in 
this regard, and he proposed that human beings had originated 
in Africa. It is now known that humans and chimpanzees share 
a common ancestor, which existed approximately 7–8 million 
years ago. An extensive tree of fossil hominids is now known, 
firmly rooted in Africa, including australopithecines of the 
genus Australopithecus and the genus Paranthropus, as well 
as the earliest members of the genus Homo (e.g. H. habilis, H. 
rudolfensis and H. ergaster – Figure 1). The first anatomically 
modern humans are also of African origin; fossils of H. sapi-
ens from Omo Kibish in Ethiopia have been dated to 195 000 
years ago.

Many of the australopithecines that preceded the emergence 
of the genus Homo are thought to have been sexually dimorphic 
in body size, with males being markedly larger than females. If 

this interpretation of fossil evidence is correct, it might indicate 
that inter-male competition, for access to females, was important 
in the mating systems of our precursors. However, it is exceed-
ingly difficult, from fragmentary evidence, to identify the sexes 
of fossil hominids, and calculations of their body weights are 
also highly problematic. Thus, data on sexual dimorphism in 
body size among ancestral hominids are incomplete and the 
subject of continuing debate (e.g. Reno et al. 2003).

Comparative studies of humans and the extant non-human 
primates can be helpful in addressing questions about sex differ-
ences in body size as they relate to mating systems. Body-size 
sexual dimorphism is most pronounced in polygynous species, 
such as the gorilla, where a single large male associates with 
a small group of females for reproductive purposes. It is least 
pronounced in monogamous forms like the gibbons, which live 
in small family groups. However, many species of monkeys, 
as well as chimpanzees, live in multimale–multifemale groups. 
Intra-sexual competition has also led to increased male body size 
under these conditions, although it is not so pronounced as in 
polygynous primates such as the gorilla, the hamadryas baboon, 
or the gelada. There are good reasons to believe, however, that 
humans did not emerge from a background involving a chim-
panzee-like mating system. To understand this, it is necessary 
to say a few words about the subject of ‘sperm competition’ in 
relation to mating systems. This is an important facet of sexual 
selection, which was unknown to Darwin.

Whenever a female mates with two or more males during 
her fertile period, there is the possibility that sperm from these 
‘rival’ males will compete for access to her ova. This is the 
essence of Parker’s (1970) definition of ‘sperm competition,’ 
which he formulated by studying insects, and which was later 
applied to many animal groups including the primates. Thus, 
in chimpanzees, females that are likely to ovulate will mate 
with most non-related males in the multimale–multifemale 
community (Goodall 1986). Sperm competition has resulted 
in selection for reproductive specialisations in males, including 
very large testes, in order that they can maintain high sperm 
counts during multiple copulations. In general, those monkeys 
and apes that have multimale-mating systems tend to exhibit 
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Figure 1.  Approximate time spans and evolutionary relationships of the main hominid taxa. Note that the abbreviation “A” is used for 
the genus Ardipithecus  (i.e. A. kadabba and A. ramidus) as well as for Australopithecus. A reconstruction of Australopithecus africanus 
is also shown; the larger individual on the left is the adult male. From Dixson 2009.

the largest testes sizes in relation to body weight. Conversely, 
among primates whose females mate primarily with single 
partners (i.e. monogamous and polygynous species), sperm 
competition pressures are low, and relative testes sizes are 
reduced (Harcourt et al. 1981).

Human relative testes size is quite small (Figure 2), as is 
consistent with an evolutionary past involving either polygyny 
or monogamy (or both) and a relative absence of significant 
sperm competition. Although some evolutionary psychologists 
argue that sperm competition has played an important role in 
human evolution (e.g. Baker & Bellis 1995; Shackelford & 
Pound 2006), a large body of evidence derived from work on 
comparative anatomy and physiology does not support this 
conclusion. Thus, a range of traits including sperm morphology, 
and the structures of the accessory reproductive glands and the 
penis, align H. sapiens with those primates that display the least 
evidence of sexual selection via sperm competition (Table 1).

Figure 2. Relative testes sizes in human populations worldwide, as 
compared to the great apes. ○ = Homo. Data are for 14 populations 
and more than 7000 men; ◊ = Gorilla. Both the lowland and mountain 
forms are shown; □ = Pongo. The Sumatran and Bornean species 
are plotted separately; ∆ = Pan. Both the chimpanzee and bonobo 
are shown. From Dixson 2009.

Table 1. Summary of genital traits which have undergone sexual 
selection in males of those primate species that exhibit large 
relative testes sizes and pronounced sperm competition, but which 
are poorly developed in H. sapiens. It is thus unlikely that sperm 
competition has played any significant role in human evolution.

Trait	 Effect of sexual selection	 Source

sperm	 increased volume and	 Anderson & Dixson 2002
midpiece	 mitochondrial loading

vas	 increased muscularity	 Anderson et al. 2004
deferens

seminal	 increase in size	 Dixson 1998a
vesicles

seminal	 more pronounced	 Dixson & Anderson 2002
coagulation

penile	 increased complexity	 Dixson 1998b, 2009
morphology

It is most unlikely, therefore, that human ancestors would 
have had multimale–multifemale mating systems like those of 
chimpanzees. Monogamy and/or polygyny are much more likely 
candidates as regards the origins of human mating systems; 
indeed, in the majority of recent cultures, these types of mating 
systems have been documented (Ford & Beach 1951; Murdock 
1981). The likely importance of polygyny during the evolution 
of human sexual behaviour becomes clearer when we revisit the 
classical approaches to sexual selection formulated by Darwin, 
in the light of modern research on human sexual dimorphism 
and mate choice. As can be seen in Figure 3, men and women 
are sexually dimorphic in a variety of traits, including body 
size and composition, as well as having distinctive secondary 
sexual adornments, including prominent breasts in females, 
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and facial hair in males. It is likely that both natural selection 
and sexual selection have impacted on the evolution of many 
of these sex differences.

The ratio of male:female body weight averages 1.1–1.2 in 
human populations; this sex difference is larger than in monoga-
mous non-human primates, but much smaller than in highly 
polygynous species such as the gorilla, in which males are more 
than twice as large as females. Human body composition is 
highly sexually dimorphic, however, so that the proportions of 
muscle and adipose tissue (fat) differ markedly between men and 
women (Clarys et al. 1984). Men have up to 50% more muscle 
in their bodily constitution than women, and they are physically 
much stronger. Cross-cultural studies of female preferences for 
male somatotypes show that mesomorphic (muscular) and aver-
age physiques are rated as most attractive by women (Figure 4). 
Women also show a fundamental preference for a male partner 
taller than themselves (Pawlowski 2003) and there is evidence 
that taller men have greater reproductive success (Pawlowski et 
al. 2000). Thus, although traits such as male height and muscu-
larity may have been profoundly influenced by natural selection 
in relation to endurance running and persistence hunting during 
emergence of the genus Homo (Bramble & Lieberman 2004), 
it is also probable that sexual selection has played an important 
role in their evolution. Sexual selection may have favoured such 
traits because they served as ‘honest signals’ of a male’s ability 
to protect and to provide for his prospective mates.

The overall distribution of fat in the female physique has 
also been subject to sexual selection as well as natural selection 
during evolution of the genus Homo. From puberty onwards, fat 
is laid down, under the influence of oestrogen, in the breasts, 
hips, thighs, and buttocks of young women. This produces a 
‘gynoid’ fat distribution and an ‘hourglass’ female body shape, 
reflective of health, youth, and reproductive potential. These 
fat reserves are essential to support the heavy physiological 
demands women experience during pregnancy, lactation, and 
protracted periods of infant care. Women with narrow waists 
and large breasts have significantly higher levels of salivary 
oestradiol than others during the mid-phase of the menstrual 
cycle (Jasieńska et al. 2004). The waist-to-hip ratio (WHR), 
measured by dividing the circumference of the waist by the 
hips, provides a simple index of fat distribution in relation to 
female health and attractiveness (Singh 2002). Healthy young 
women in their reproductive years tend to have a low WHR, 
in the range 0.67–0.8 (studies in Finland: Marti et al. 1991). It 
is probably significant, therefore, that in many human cultures 
men rate images of women with low WHRs (0.6, 0.7, or 0.8) as 
being most attractive (Fig. 4). These findings apply to diverse 
populations: in Africa (Marlowe et al. 2005; Dixson et al. 
2007b), China (Dixson et al. 2007a), New Zealand, and the USA 
(Dixson et al. 2009), as examples. Again, the possibility exists 
that sexual selection has favoured the evolution of the female 
hourglass shape, because it provides cues concerning female 
reproductive potential. Men attend to such cues in making their 
initial judgments of female attractiveness.

Sex differences in human facial morphology are also relevant 
to discussions of the origins of human mating systems, and 
the likely importance of polygyny during hominid evolution. 
In women, the jaw and chin tend to be smaller than in men, 
the eyes are larger in relation to surrounding features, and the 
complexion tends to be lighter. Law-Smith et al. (2006) have 

shown that these features are related to oestrogen levels, so that 
women whose faces are rated as most attractive also have higher 
follicular phase levels of oestradiol 17β. In men, by contrast, 
higher levels of testosterone, secreted by the testes from puberty 
onwards, result in greater growth of the jaw and chin, while the 
brow ridges often enlarge somewhat, so that the eyes appear 
narrower and more deep-set. Moreover, growth of the male 
beard accentuates the size of the lower face. Darwin considered 
that the beard had evolved owing to sexual selection in human 
ancestors and that ‘our ape-like progenitors acquired their beards 
as an ornament to charm or excite the opposite sex’. Research 
currently in progress at Victoria University of Wellington is 
examining these questions. However, work to date indicates 
that the beard is probably much more relevant to judgments of 
male age and social status, than it is to attractiveness (Barnaby 
Dixson pers. comm.). Interestingly, comparative measurements 
of sexually dimorphic visual adornments in monkeys, apes, and 
humans have shown that the most striking masculine adornments 
occur in species that have polygynous mating systems. The 
human male also scores highly for such traits, and this may be 
indicative of sexual selection acting within ancestral polygynous 
precursors (Dixson et al. 2005).

Finally, it is useful to note Darwin’s (1871) views on sex 
differences in the human voice and the size of the larynx. He 
noted that ‘man appears to have inherited this difference from 
his early progenitors. His vocal cords are about one-third 

Figure 3. Images depicting a mesomorphic masculine somatotype 
and an hourglass feminine somatotype (waist-to-hip ratio, WHR = 
0.7) together with a list of the morphological sex differences that 
occur in Homo sapiens. From Dixson 2009.
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Figure 4.  Upper:  Back-posed images of male somatotypes (A, ectomorphic; B, mesomorphic; C, average; D, endomorphic) used in 
cross-cultural studies of masculine physique and sexual attractiveness. These particular images were used for work in Cameroon. Lower: 
Back-posed images used in cross-cultural studies of female waist-to-hip ratio (WHR) and attractiveness. This version of the images, 
varying in WHR between 0.5–1.0, was used in Cameroon. From Dixson 2009. 

longer than in woman, or than in boys.’ It is now known that 
individual variation in pitch of the male voice correlates with 
differences in circulating testosterone (Nieschlag 1979). Women 
find deeper male voices to be pleasant and attractive, as well as 
more dominant (Feinberg et al. 2005; Puts et al. 2006). Again, 
the non-human primates provide us with a valuable compara-
tive perspective. Specialisations of the male vocal tract (larynx, 
hyoid, and vocal sacs) are most pronounced in monkeys and 
apes that are polygynous rather than among those that have 
monogamous or multimale–multifemale mating systems (Fig. 
5). Males of polygynous species also have deep-pitched vocal 
displays (e.g. the ‘long-call’of the male orang-utan and the 
‘roaring’ of the male king colobus). It is likely that sex differ-
ences in the human larynx and vocal pitch were also affected 
by sexual selection in polygynous ancestors, early in hominid 
evolution, well before the advent of language.

The fundamental contribution made by Darwin to our un-
derstanding of sexual selection and human evolution is still rel-
evant today. However, we now possess much more information, 
and insights gained from studies of the fossil record, modern 
developments in molecular genetics, reproductive physiology, 
anthropology, sexological research, and evolutionary psychol-
ogy. Collaborations between workers in these disciplines will 
be required to achieve greater knowledge of the evolution of 
human reproduction. Cross-cultural studies of human sexual 
dimorphism, sexual selection and mate choice are essential if we 
are to have any hope of establishing which traits are derived from 
the shared African ancestry of modern human populations.
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Biological science has undergone exponential growth and 
change in the past 150 years. These changes have included the 
nature of biological knowledge, organisation of the discipline, and 
the process of biological research. As a result, secondary school 
biology education has also experienced extensive growth and 
change, influenced by advances in biological science, technol-
ogy, pedagogy, and educational practice. Advances in science 
and technology leading to growth in understanding of biology 
have impacted on society in areas of health, horticulture, agricul-
ture, biotechnology, sustainability and environmental manage-
ment. The complexity of the biological concepts that 21st century 
society engages with, and the relevance of biology to daily life 
mean that development of functional biological literacy is more 
complex and potentially more important than ever before. New 
Zealand has a national curriculum statement that is intended as 
a guiding framework from which communities will set their own 
school and classroom curricula. Collaboration between teachers, 
scientists, and communities is required to explore what this will 
evolve to mean for biology education in 21st century New Zealand 
schools. While moving forward, it is valuable to look back and to 
consider where we have come from and how the pathway thus 
far can assist as we shape the pathway forward.

Introduction
Science entered the formal educational curricula of Europe and 
the United States during the 19th century. New Zealand, strongly 
influenced by colonial roots from the United Kingdom, followed 
this trend. The Education Act of 1878 established a right to a 
place for science in most New Zealand primary and secondary 
schools. Early 19th century education was based on the classical 
model (DeBoer 1991) and required significant convincing of 
the worth of science both intellectually and practically to see 
this change occur. The 19th century was a period of extensive 
growth for science, assisting in the argument for change. Sci-
entific knowledge [was] integrated and made significant by the 
enunciation of four fundamental principles: the atomic concept 
of Dalton (1808) brought order to chemistry; the cell concept of 
Schwann (1839) and the evolutionary ideas of Darwin (1859) 
paved the way for more meaningful study of living things; and 
finally the concept of energy, arising particularly from the work 
of Joule (1843) and W. Thompson (1847), provided the key to 
many practical and theoretical problems and led to spectacular 

advances in physics (Searle 1958). Proponents of science edu-
cation in the 19th century (many of them scientists themselves) 
argued that scientific knowledge was important for economic 
prosperity, and the development of skills of observation and 
inductive reasoning (DeBoer 1991). However the value of 
education was judged on intellectual merit as much as practical 
worth. It was argued that the intellectual challenge offered by the 
development of skills of inductive thinking would be achieved 
through laboratory investigations and inquiry in science which 
would develop an attitude of independence in students, ... ena-
bling them to participate more fully and effectively in an open 
democratic society (DeBoer 2000). The arguments that were put 
forward by scientists such as Huxley, Tyndall, Spencer (DeBoer 
1991) and others were not significantly different from those that 
we propose today Science is able to inform problem solving and 
decision making in many areas of life ... By studying science 
students ... use scientific knowledge and skills to make informed 
decisions ... (NZ Ministry of Education 2007). 

However, early 19th century science education did not 
include biology. When the struggle for recognition of the sci-
ences in the school curriculum occurred, biology was not yet 
ripe, but physics and chemistry were (Chelmsford 1933). Nine-
teenth-century biology was still focused on observation of form 
and was ill equipped to develop understanding of function. In 
contrast, greater conceptual advances in chemistry and physics 
obtained through experimentation were providing explanations 
of phenomena, and when linked to technology, important devel-
opments that would affect the economic well-being of society.1 
The chemistry, physics, and technology required to develop un-
derstanding of function at a molecular, cellular, and even organ 
level and explain the cause of diversity was not yet available. It 
was not until the second half of the 19th century that biologists 
would start to realise ... that only by experimental methods can 
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we hope to place the study of zoology on a footing with the sci-
ences of chemistry and physics (Coleman 1971). 

Development of biology and its effect on 
biological education
When science education was introduced in the mid-19th century, 
biology was lacking in overall conceptual advance. Neverthe-
less, the knowledge of biodiversity, structure, and to a lesser 
extent, function that was available was to provide the basis 
of the biological revolution in the last half of the 19th century 
(Moore 1993) that shaped the development of biology education. 
Recognition of the commonalities of the requirements of life, 
and understanding of the variation possible in structures that 
served these functions increased detail of classification.  The 
integration of this knowledge with Darwinian ideas of evolution 
saw concepts of homology and analogy further developed, and 
the introduction of ideas of convergent and divergent evolution. 
Technological progress allowed the understanding of the cell to 
advance from Schleiden and Schwann, 1839, proposing that all 
organisms were made of cells, to Virchow’s hypothesis omnis 
cellula e cellula, 1855, all cells come from cells. Weismann 
then linked the cell and evolution in 1880, proposing that all 
cells living today can trace their ancestry back to ancient times. 
This simply implied what is now known, that the cell contains 
inherited information that comprises instructions for growth, 
function and development. Further developments in micro-
scope technology, combined with the discovery of the selective 
character of dyes on tissues by Sorby, allowed vital advances to 
occur. Central to these was the concept that the nucleus was a 
permanent feature of the cell. The first observations of chromo-
somes and the process of mitotic cell division were described 
by Schneider in 1873 and given in detail by Fleming in 1882. 
Meiotic divisions were described in the late 1880s (ibid). 

Throughout the early history of biology education in New 
Zealand it is clear that what was taught in schools lagged behind 
current scientific knowledge. At the introduction of science to 
New Zealand schools in 1878, primary-school science included 
the study of the natural world in Object Lessons and Elementary 
Science (AJHR 1879). In secondary schools, biological science 
was largely represented by the study of botany, described as 
being lifeless ‘book and chart’ study (Searle 1958). However, 
not all schools offered this, with physics and chemistry dominat-
ing early New Zealand secondary science education. Zoology, 
agriculture, physiology, and hygiene emerged as additional 
subjects in the lower classes of secondary schools in the early 
20th century, but were not commonly found in senior secondary 
education (AJHR 1914). Evidence from examination papers 
(NZEI 1902, 1903, 1905, 1907) suggests that the courses of-
fered were generally confined to classification, life histories, 
form and to a lesser extent function in plants and animals. A 
small amount of ecology was explored with botany in terms 
of the study of natural habitats. Experimental biology was not 
apparent. Practical work in botany and zoology was confined 
to observation of form and function. Cell biology in the form of 
observation of tissues appears in the late 19th–early 20th century, 
almost 60 years after Schwann’s work. Assessment was confined 
to knowledge-based questions, with links to practical observa-
tions that would have been made during classes: Explain the 
naked eye and microscopic characteristics of a muscle such as 
the biceps, and explain how movements of limbs are affected 
by means of the muscle (NZEI 1905).

Biology as a subject (rather than zoology and botany) en-
tered the New Zealand curriculum in 1934,2 achieved through 
changes to external examinations. Biology and General Science 
were introduced as subjects in the new 1934 School Certificate3 
(SC) examination as a result of petitions to the University Senate 
by the New Zealand Horticultural Institute, which argued that 
there should be a place for biology and general experimental 
science equal to that given to chemistry and physics in second-
ary education (Searle 1958). Still focusing on form rather than 
function, the biology examination was split into zoology and 
botany, but did contain some cell biology, requiring students 
to have an elementary knowledge of protoplasm, the cell as a 
unit of living tissue, and knowledge of plant and animal cells 
(NZ Department of Education 1934). It was not until 1945 that 
the requirements of the New Zealand SC biology syllabus in-
cluded the process of mitosis and meiosis in addition to general 
knowledge of the cell (NZ Department of Education 1945). This 
gives a time lapse between initial discovery of the process of cell 
division and its inclusion in New Zealand secondary education 
of more than 50 years.  

The Thomas report of 1944 (NZ Department of Education 
1944), aimed primarily at addressing curriculum concerns 
and ensuring equality of opportunity for all pupils in second-
ary schools, was the catalyst for the integration of botany and 
zoology within the biology course at SC level. It was at this 
point that the emphasis of the New Zealand biology curriculum 
moved from form to function (Searle 1958). Although biology 
was being offered in some sixth-form courses as early as 1940, 
it was not until 1951 that zoology and botany were replaced by 
biology in the University Entrance (UE) examinations. Similar 
changes took place in Britain by the late 1950s. This move to-
wards biology as a subject was as a result of major advances in 
molecular biology. Concepts of cellular function, metabolism, 
cellular energetics, and heredity that are central to both plant 
and animal studies were clearly established. The reorganisation 
of the discipline that resulted from this encouraged the need for 
life sciences to incorporate the relevant biochemistry and the 
reductionist/experimental approach (Jenkins 1979). Not only 
did the structure of the subject change, but the approach to 
practical work became experimental. 

Despite these advances in the structure of New Zealand 
secondary-school biology courses, the concepts of heredity and 
evolution were not seen in these courses until the 1950s. The 
birth of modern genetics came as a result of recognition of the 
work of Mendel (1865) by deVries and Correns in 1900, and 
the impact of this on the meaning of Darwin’s (1859) Origin 
of Species. By 1903, Sutton, using a comparison of cytological 
and genetic evidence, proposed that the heredity units respon-
sible for the observations in Mendel’s work were in fact parts 
of the chromosomes (Moore 1993). The concept of sex-linked 
inheritance was proposed by Morgan in 1910 through his work 
with Drosophila and was followed by theories of linkage (Stru-
vent 1913), crossing-over (Müller 1915) and non-disjunction 
(Bridges 1916). However, as with concepts of the cell, there is 
a considerable lag between the development of understanding 
in the scientific community and the inclusion of these concepts 

2	 School Certificate level only. Zoology and Botany continued as 
separate subjects until 1953 at University Entrance (sixth-form) level 
(Searle 1958, p. 48.

3	 Fifth form (or in modern equivalent New Zealand Year 11) 
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in the school biology curricula. New Zealand was not alone 
in the exclusion of the teaching of heredity and evolution in 
the first half of the 20th century. While these concepts are not 
evident in New Zealand biology curricula in the 1930s and 40s, 
they were also absent from SC biology courses in Britain at the 
time, possibly in response to societal and political events: In 
excluding ... it is possible that the majority of science masters 
were seeking to dissociate themselves and their Association with 
the more contentious, even sensational, issues associated with 
applications of genetics ideas to human society (Jenkins 1979). 
Concepts of heredity are first evident in the 1945 New Zealand 
SC syllabus for human biology but heredity is not specified in 
the SC biology or general science syllabuses at that time. Men-
delian genetics and heredity enter the biology curricula at UE 
level in the 1950s and at SC level in the 1960s. By the 1960s, 
the UE biology prescription also included concepts of heredity, 
an examination of Darwinian principles, and population genetics 
(Miller et al. 1963).

While biology education in the period from 1878 to 1950 
was slow to establish and lagged significantly behind in terms of 
understanding of biological concepts, the period from 1950 saw 
the beginning of the rapid advances in molecular biology enter-
ing the school curricula at a much swifter pace. Scientifically, 
advances in understanding of the structure and function of genes 
led by Avery’s discovery of the ‘blue-print’ nature of DNA in 
1944 were followed by the unravelling of the structure of DNA 
by Watson and Crick in 1953 and the explanation of the process 
of protein synthesis by the end of the decade. By the mid-1960s 
the structure of DNA was incorporated into New Zealand UE 
biology courses. By the 1970s, SC biology and general science 
had incorporated the concepts of DNA structure and function, 
with protein synthesis included at UE level. 

By the 1970s, biology was being presented as a series of top-
ics, within which the processes of life and levels of organisation 
were explored. The underpinning of evolution was evident, with 
major functional life processes being studied and comparisons 
explored between these in various organisms, showing evo-
lutionary patterns. The influence of the discovery and inquiry 
based teaching models of biological science curriculum study 
(BSCS) in the United States and Nuffield in the United Kingdom 
were evident (BSCS 1993). The completion of this shift in the 
teaching approach that started in the 1960s fully established 
function or process as the primary concern of biology educa-
tion rather than form. It presented the study of structure in the 
context of understanding how an organism survives within its 
environment rather than as a means to an end. 

The influence of biotechnological development on under-
standing at a molecular level from the 1970s onwards was 
rapid. While it brought advances to society, it also initiated 
interactions with complex molecular biology into daily life 
and introduced significant social and ethical issues such as the 
use of DNA, reproductive and genetic-engineering technolo-
gies. The impact of these developments on biology education 
triggered the Science, Technology & Society movement of the 
1970s that influenced New Zealand education in the 1980s, 
bringing socioethical issues into the biology classroom. In the 
early 1980s, molecular technologies such as DNA fingerprinting 
were presented as examples of applications of biotechnologies, 
but were not specifically stated in curriculum statements or 
examination syllabi. Current Issues in Biology were added to 

the New Zealand University Bursaries examination syllabus 
in 1987. Incidence and control of human disease, biological 
control and conservation issues are examples of early topics, 
with issues such as the development and use of gentically 
modified organisms entering the topic range in the early 21st 

century. Alongside the relevant biological concepts, students 
were required to consider the social, ethical and biological 
implications of the issue chosen. The 1994 New  Zealand  cur-
riculum (NZ Ministry of Education 1993a, 1993b) reflected 
this change with statements in both the biology and science 
documents that formally included socio-ethical issues relating 
to biology. The advent of the National Certificate of Educational 
Achievement (NCEA) at Level 3 in 2004 saw this aspect of the 
course continue to develop, with the addition of understanding 
of economic or environmental implications and a requirement to 
present differing opinions providing an opportunity for further 
development of understanding of the ethical implications and 
the relationship between biology and society.

A change to the University Bursaries examination prescrip-
tion in 1998 saw bio- and molecular technologies enter the 
syllabus as a compulsory section, looking at techniques and 
their application (NZ Qualifications Authority 1998). With this 
arose the challenge for modern biology curricula relating to the 
breadth of this area of biology. The array of potential techniques 
and applications that could be used to assist students to develop 
an appreciation of the role of molecular biotechnology is exten-
sive. While initially assessment of understanding of a selection 
of these applications occurred via external examination (Univer-
sity Bursary, 1998–2003; NCEA Level 3, 2004–2006), it became 
clear that the use of internal assessment, enabling teachers to 
facilitate learning that allowed development of understanding 
of selected examples, would be more appropriate (NZ Quali-
fications Authority 2008). This also assisted in addressing the 
issue of presentation of applications such as stem cell research 
or xenotransplantion, understanding of which requires the 
development of related background biological knowledge not 
contained in the general Level 3 biology course. Alongside this 
sits the major dilemma for 21st-century biology curricula: in a 
subject that is as vast as the study of living organisms, what 
is considered fundamental for the development of biological 
understanding and literacy, both for those who will go on to 
use science in their daily lives and those who will go on to use 
science in their chosen professions? 

Changing purpose of biology education
Advances in biology as a science, changes in the issues facing 
society, and changes in educational ideologies have altered the 
emphasis, approach to, and purpose of biology education. Two 
themes relating to the purpose of science education, although 
significantly modified over the past century, are recurrent. They 
are the development of scientific literacy (science for all) and 
the potential development of understanding for future scientists. 
Education for the development of future scientists led to the 
content-driven curricula of the early and mid-20th century, de-
spite the ideologies proposed by Huxley that the development of 
inductive reasoning through engagement in scientific investiga-
tion was one of the most important facets of science education 
(DeBoer 1991). Hipkins et al. (2002) proposed that even in 
modern New Zealand classrooms delivery of content to develop 
future scientists is the implicit driver of science teaching. While 
the quest for some functional biological literacy has been evident 
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in biology education from its inception, the understanding of 
biological literacy has evolved significantly from a simplistic 
view of knowledge of useful content, to understanding of biol-
ogy as a process and the development of an ability to engage 
in understanding of the impact of biology on society. The focus 
of much of the science taught in New Zealand schools in the 
first half of the 20th century was content-driven, and ignored the 
process of biology.  However, it is interesting to note that the 
enacted curriculum may not truly have reflected the intentions 
of the early proponents of science education: The teaching of 
elementary science ... shall be sufficient for and applied to the 
purposes of illustrating the laws of health, the structure and 
operation of simpler machines and philosophical instruments, 
the simpler processes of agriculture ... (AJHR 1897). In 1901, 
the Inspector General of Schools wanted to make all aspects of 
secondary education more practical and close to the everyday 
experience of the students, in order to make education more 
useful to the State (AJHR 1901). These comments reflect a 
desire to educate for scientific literacy, in terms of an ability to 
use knowledge of science in daily life.  

Current economic and social issues continue to influence 
biology education and drive the need for a population that is 
able to follow science and scientific debates (Millar & Osborne 
1998). The added challenge for the 21st-century classroom is the 
complexity of the science underpinning issues such as genetic 
engineering and climate change. The focus therefore changes 
from the development of a scientific literacy that simply pro-
motes application of understanding of concepts, to the devel-
opment of understanding of the nature and process of science. 
The explicit addition of the Nature of Science strand in the 1994 
New Zealand curriculum statement and its place of prominence 
and broader meaning in the 2007 statement have provided a 
structure that has the potential to support the development of 
increased biological and scientific literacy. The programme for 
international student assessment study (OECD 2006) proposed 
that, in addition to including knowledge of and about science, 
scientific literacy should also include aspects of individuals’ 
attitudes towards science and response to issues of science. The 
development of an ability to judge the work of scientists, decide 
whether or not to trust the views of scientists, and respond to the 
findings of science is essential as the level of conceptual biologi-
cal and scientific knowledge required to participate in debate 
of issues in 21st--century society is well beyond most citizens. 
It is this complexity that challenges 21st-century biology and 
science education. The New Zealand curriculum recognises this 
and establishes clearly the role of understanding of the nature 
of science in equipping students for a world in which they will 
interact with science which is as yet unknown.  

The key to the future success of biology education for New 
Zealand will be improved communication and the development 
of partnerships between science and science education in order 
to facilitate learning that promotes understanding of the nature 
of science. Student-centred open investigations have been a part 
of the New Zealand curriculum since 1994 and have been shown 
to increase understanding of the process of science concepts 
relating to the specific investigation, and motivation to engage 
in science (Bay 1999). However, this is only one aspect of the 
development of understanding of the nature of science. Students 
must also be able to engage in the culture of science and the 
work of scientists. This can be achieved through experiences 

where students enter the culture of scientists either actually, 
through learning experiences within scientific environments, 
or virtually, through either engaging electronically with science 
and scientists or engaging in learning that is based on the work 
of scientists. Studies of Year 13 students who had engaged in 
person with scientists and their work, via a learning situation 
within a scientific research institute designed specifically to link 
the work of the scientists with the concepts that the students 
were engaging with at school, showed that these experiences 
allowed the students to bridge the cultural divide between the 
scientists and the students (France & Bay in press).

Teachers cannot facilitate learning that supports the develop-
ment of understanding of biology if they do not have access to 
current biology and teaching resources that are based on these. 
The history of biology education in New Zealand shows clearly 
that education has constantly lagged behind science. The ex-
perience of the author as a practicing teacher is that teachers in 
New Zealand schools have extremely limited access to current 
science. Traditional models of interaction between scientists and 
teachers are often designed with little understanding or apprecia-
tion of school curricula, teaching methodologies or assessment 
practices. While always interesting, unless influenced by some-
one with extensive knowledge of the school curriculum, these 
are often less than useful. What is required is the collaborative 
development of resources, learning opportunities for students 
and professional learning opportunities for teachers, by teachers 
and scientists working together. Programmes such as the Liggins 
Education Network for Science (LENS) have achieved this by 
investing in the immersion of experienced teachers in science 
institutions with the express role of facilitating the development 
of learning opportunities that can bring schools and scientists 
together. Initial data from evaluations of the LENS programme 
indicate that this is providing an effective bridge that may, 
through partnership between science and science education, 
facilitate improved capability for science education. 

Finally, of course, there is the debate over which core con-
cepts are most important and, within the framework provided by 
the New Zealand curriculum, should be developed within school 
and classroom curricula. This is an ongoing debate that, in a 
subject as vast as biology, will never be fully resolved. However, 
the New Zealand curriculum has highlighted the core areas of 
life processes, ecology, and evolution.  Senior school biology in 
New Zealand has been guilty of extensive detail, particularly in 
evolution and genetics, leading to a content-heavy curriculum 
biased towards these learning areas. While the underpinning role 
of evolution in the development of understanding of biology 
is unquestionable, the current debate over the depth of concept 
understanding required in the senior achievement standards is 
an important one. However, alongside this is the need to create 
the potential for greater breadth in senior school biology courses 
within New Zealand schools (Bay & Stone 2008). We have a 
national curriculum that recognises the diversity of communities 
but a national assessment system that, for students wanting the 
option of studying biology at a tertiary level, is extremely nar-
row. The desire of the universities to limit the courses through 
which students can gain UE and course entrance is limiting the 
scope of education that is being offered in secondary schools. 
While it is undeniable that only a small minority of students go 
on to study science at a tertiary level, it would be unthinkable 
for schools to create courses where students who want that 
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option were denied it. The potential to have larger numbers of 
students developing improved scientific literacy through courses 
that, for example, linked chemistry, environmental science, and 
biology is made difficult through the UE and course entrance 
regulations. There is a need for genuine discussion around the 
role of assessment in secondary schools and the impact of this 
on the ability of schools to encourage development of scientific 
literacy in a broad range of pupils at a senior level.  

Twenty-first-century biology education needs to evolve into 
an environment that will create opportunity for the development 
of life-long science literacy capability with the potential to de-
velop advanced understanding of science.  However, in order to 
achieve this, key stakeholders need to work to develop a public 
understanding of the broad role of education and the difference 
between education that leads to lifelong learning capability and 
traditional education measured by content knowledge. Key to 
the development of innovation in the future of biology educa-
tion is discussion and collaboration between science educators, 
scientists, science-related industries, and the community.
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Obituary

Dame Patricia Rose Bergquist

Dame Professor Patricia Rose Bergquist DBE, MSc, PhD (NZ), DSc, FRSNZ, who died 9 September 2009, 
was an internationally respected authority on anatomy, taxonomy and marine zoology, especially of the Phylum 
Porifera (sponges). Born Patricia Smyth in Auckland on 10 March 1933, she attended Takapuna Grammar School 
and then the University of Auckland, where she graduated MSc Honours before going on to obtain her PhD in 
1961, a year before the university gained its independence from the University of New Zealand. Following her 
doctorate, she studied overseas at Yale University, where she broadened her systematics expertise. 

Pat’s particular interest in marine sponges led to a benchmark series of publications, starting with an overview 
of the behaviour of intertidal sponges published in the NZ Journal of Marine and Freshwater Research in 1967 
and continuing with a series of definitive publications on the Demospongiae in the NZ Oceanographic Institute’s 
memoir series on the Marine Fauna of New Zealand. Her book Sponges, published in 1978, remains the only 
definitive textbook in this area and is a prescribed text throughout the world. Pat felt that a stable framework 
of higher-level classification which would permit recognition of generic relationships and facilitate descriptions 
of new species; she played an enormous role in establishing this. In her research she turned increasingly to 
using chemical attributes to provide systematic comparisons, and became one of very few people who com-
bine a high level of expertise in sponge taxonomy worldwide with a broad interest in marine natural product 
chemistry and a knowledge of sponge histology and developmental biology. For three decades she put this 
knowledge to practical use as a collaborator with the Roche Research Institute for Marine Pharmacology, well 
before university technology transfer offices came into being. She was instrumental in the monitoring survey 
prior to the establishment of the Maui oil field and her studies saw her work throughout the world including the 
Mediterranean, New Caledonia, Antarctica, North America, Australia (especially the Barrier Reef) and many 
offshore islands around New Zealand in addition to our main coastline.

Pat was an innovative educator and researcher on a wide range of topics related to anatomy and develop-
ment. She was the second woman to receive a Personal Chair at the University of Auckland, awarded in Zoology 
for her contributions to marine sciences, and she remained with the university until retiring in 1999. She then 
moved ‘up the hill’ to the Faculty of Medical and Health Sciences as Emeritus Professor of Zoology and Honor-
ary Professor of Anatomy at the University of Auckland. She worked there until the time of her death. Many of 
her postgraduate research students, who remember her fondly as PRB, went on to senior positions throughout 
the world in universities, museums, the marine industry and marine research institutes such as NIWA and the 
Australian Institute of Marine Science. Pat was for a long time Assistant Vice-Chancellor at the University of 
Auckland. She served one term as Deputy Vice-Chancellor, and was on just about every vice-chancellor’s 
committee within the University. At various times she was on the University Council, Research Committee, and 
Finance Committee. As a member of the Appointments Committee and Promotions Advisory Committee she 
played a critical role in making appointments (including Chairs) across the whole of the University.

Pat Bergquist was elected a Fellow of The Royal Society of New Zealand in 1982. She was awarded the 
Hector Medal and Prize of the Royal Society of New Zealand for distinguished contributions to research in 
1989 and the NZ Marine Sciences Society Prize for distinguished contributions to Marine Biology in 1990. She 
was also involved in the Hauraki Gulf Maritime Parks Board and was a founding Member of the Board of the 
Foundation for Research, Science and Technology. In 1994 she was on the review panel set up to examine 
the quality and quantity of research at Te Papa, and their report, An Agenda for Scholarship, went a long way 
towards meeting the challenges of the future for scholarship and research at Te Papa. In 1993 Pat was made 
a Dame Commander of the Order of the British Empire for her contributions to science.

Dame Professor Patricia Bergquist was a very strong, intelligent and forceful personality within New Zealand 
academia but perhaps her greatest tribute is the legacy she leaves, seen in those working in marine biology. 
She is renowned for her academic work, and tributes have flowed in from colleagues and past students from 
across the world. But perhaps the last word is best said by a PhD student at Dalhousie University, Canada, 
as it so typifies the legacy she leaves – ‘I have never met you, but your book was instrumental in fostering my 
fascination with sponges as an undergraduate, and my subsequent PhD work and advocacy to protect deep-
water sponges’.

(Collated with thanks to Associate Professor Louise Nicholson and Professor Colin Green, University of 
Auckland)
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	 	 	 Notice of 68th Annual General Meeting 
of the

New Zealand Association of Scientists 

Tuesday 3 November 2009
Science House, Lecture Theatre, 

Royal Society of NZ, 
11 Turnbull St, Thorndon, Wellington

6.00 pm

AGENDA
1.	 Introduction and apologies
2.	 Minutes of 67th AGM of NZAS
3.	 Matters arising
4.	 Correspondence
5.	 67th Annual Report – President’s address
6.	 2008/2009 Financial Report
7.	 Appointment of Auditor
8.	 Election of officers
9.	 General Business 
	 a.	 Awards
	 b.	 Science Review
	 c.	 Membership
	 d.	 Changes to Rules (previously circulated) 
		  If members have not received an email about the proposed changes 		
		  to the Rules please contact: Fiona McDonald, Secretary, NZAS Council. 		
		  Phone: +64 3 479 7329 	 Email: fiona.mcdonald@otago.ac.nz 
	 e.	 Nomination of Jack Sommer and Ross Moore as Honorary Members

Call for nominations: See http://nzas.rsnz.org/council.html for positions. 
	 We are particularly looking for someone as Vice President and Treasurer.

Other issues: Please let us know of any other issues you might like to bring up. 
	 Contact: fiona.mcdonald@otago.ac.nz


