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Introduction
In the first theme in the course we will be looking at the history of biology as a science. You’ll be surprised to find out that it’s actually a very young science that was only defined at the start of the 19th century. What may surprise you more is that the great scientific revolution of the renaissance had very little to do with the natural sciences and everything to do with the physical sciences of physics, mechanics, mathematics and astronomy. As we cover the material in the lecture we’ll trace the history of “naturalist” thinking from the early Greek philosophers (400 BCE) through to the modern day to understand that most of the big events in biology have happened after 1850 and in the 21st century.

In this first topic we look at natural sciences and naturalists who had an impact on biological thoughts prior to Darwin. We’ll place this in the context of the great chain of being that was first proposed by Aristotle and how essentialism thinking of the natural sciences hindered any significant advances in biology compared to the physical sciences until the 19th century. How biology was done also changes over time and we’ll see how the dichotomy between empirical, experimental, proximate causation and the inductive historical narrative of ultimate causation have been aligned in the experimental method used by biologists today.

A brief history of science and biology before Darwin
To understand why Biology has been described as the science of the 21st century we need to look back at the history of science and advances in biological, or as it was called way back, natural sciences. Biology’s history falls into four major periods starting from 400 BCE until the start of the medieval ages (middle ages) and the fall of Rome as the dominant civilization in 450 CE. Science of the medieval ages differs in the Christian European world, where there is little or no progress, and the Muslim world where the works of the Greek and Roman philosophers are the springboard for the golden age of Islam. Major advances with the scientific revolution of the 16th to 18th century’s herald the start of the Modern age of science in the 19th and 20th centuries.

The modern age is usually divided into its centuries and the innovations in each are listed. But, Douglas Adams, author of “The Hitchhikers’ Guide to the Galaxy” gives us a second thought provoking way to look at this period of innovation based on his four ages of sand (silica/glass). In the first, sand in the form of glass was ground to form lenses that allowed humankind to look out into the distance and observe the universe and the planets of our solar system. Along with these observations are the findings we typically associate with the scientific revolution. Adam’s second age is defined by the use of the glass lenses to look into the smaller world around us and begins with the invention of the microscope in the mid 1670’s. This new tool starts to unravel the detail of the cell, the fundamental unit of all living things. The silica based computer chip of the 1960’s gives science, including Biology, access to computational strengths permitting the analysis of data and asking questions that were, until then, impossible to answer. Mathematical models of biological systems, ecosystem structures, even unraveling the evolutionary history of organisms becomes possible. As the silica chip becomes more affordable it becomes ubiquitous from hotel room doors to the desk of every student and scientist. Adams’s final age of sand is the use of glass in fiber optic cables, allowing the transmission of huge amounts of data and information at lightning speed around the world. But it is more than just the cable; it is how it is woven into the internet. Social and peer-to-peer networking allows for scientists and the other great thinkers of the world to work together on global scale problems.

Greek philosophers believed that the world had existed forever and had never changed and three of these philosophers make first contributions to an understanding of the living world. They include: Hippocrates (460-370 BCE) in the area of medicine and human biology; Aristotle (382-322 BCE), a student of Plato (384-322 BCE), in the field of zoology and Theophrastus (371-287 BCE), a botanist and student of Aristotle. Right from the start human biology was considered different from any other sciences and it would be so for a long time. Aristotle was one of the great philosophers of the period and among his surviving works is “The history of animals”. Not as familiar as Hippocrates or Aristotle is Theophrastus, a student of Aristotle. His surviving publications include books on the growth and use of plants and a system for categorizing plants based on their reproductive strategy that garners him the title of the “father of taxonomy”. Each of these works are lists or catalogues of the living world that really didn’t address the biology of the organisms themselves. This is because the Greek philosophers all believed Plato’s ideal that all organisms were unchanged unique types and their differences could be attributed to a special internal “essence”, a philosophy called essentialism. In addition to his other works Aristotle tried to organize the living world in his scala naturae where the gods, were at the top of the great chain of being with humans underneath them. At the bottom was the inert world and the elements; and in between all the other types of living things. With Fall of Rome under the attack of the Germanic Goths the western world falls into disarray and the medieval age starts.

Science in the medieval ages depends on where you were. The collapse of Rome threw Europe into the Dark ages and the great works of the ancients, although translated into Latin, were hidden away in the monastic libraries as feudalism fractured Europe into warring states of lords and kings. A brief surge in scholarship in the 800-900’s was based mainly in law, arts and architecture, not the natural sciences. During the crusades of the 11th and 12th century Europe comes in contact with the Muslim world and its collective knowledge has a major influence in European medicine and religious reforms, not the natural sciences. The Black plague then sweeps across Europe between 1347 and 1351 kills as much as 50% of the population and if that wasn’t enough a minor climatic change wreaks havoc with the food supply and the economic setback stalls the advance of science. Open revolt across Europe threatens the authority and infallibility of the church as Protestantism takes hold.

It was a different story in the Islamic world of Byzantium with Constantinople (modern day Istanbul) becoming academically and culturally the second Rome. While Christian Europe fell into the Dark Ages, the Arabic translations of the works of the Greek philosophers and Roman scholars became the foundation of the golden era of the Muslim world. The “Book of Animals” by Al-Jahiz proposed the struggle for existence, the food chain and evolution. In the botanical sciences Al-Dinawari catalogued plants, Al-Baitar created a pharmaceutical catalogue of medicinal plants that once translated into Latin was in use until the 18th and 19th centuries and Alhazen first described the scientific method. Avicenna’s summary of Greek, Indian and Muslim medicine was used until the 17th century. Constantinople fell (1453) under the attack of the Ottoman Empire and the golden age came to an end but not before the collected works of ancient Greece, the Roman Empire and the Muslim world had become available to all European scholars.

The great scientific revolution of the 16th through 18th centuries marked the beginning of the modern age but if you look closely it was all about inanimate objects and how they moved and behaved. How they fell, gravity; how planets moved; how gases expanded; and the disciplines of Geometry and Calculus are all examples of scientific breakthroughs categorizing the new, enlightened scientific age. The births of mathematics, astronomy and physics all have their roots in this time - but what about the living world? Well it was there, and it had been placed there as is and there really wasn't much else to be said about it; essentialism still explained the animate world. That was until European explorers set out on the expeditions around the world looking for valuable commodities that could be brought home. As European super powers explored the world, they brought back anything of value and tried to grow or raise it at home. If not, they harvested it in the new worlds and then brought it home. The inventory of what lived in the world grew and with it the need to organize and classify it. This is about the only biological innovation of the scientific revolution. Linnaeus uses a unique hierarchical system of nested taxonomic groups (taxa) to organize the diversity. His second contribution is the binomial system of [image: http://salinella.bio.uottawa.ca/BIO1130/Lectures/Images/Theophrastusweb.jpg]nomenclature that gives every living organism a unique Genus and species name.

Theophastrus:
Theophrastus studied plants and nine of his ten books on plant biology survive today. He also catalogued plants based on their reproductive structure and is given the title "Father of taxonomy" for his work.
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Avicenna 
Avicenna was one of a number of Islamic scholars who advanced the natural sciences in the Muslim world during the Medieval ages; a time when Europe was in choas.
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Linnaeus 
Linnaeus was a botanist and his efforts to catalogue and organize the descriptions of the various plants and animals being discovered around the world. He creates a hierarchial system of categories and the binomen name of the Genus species that we still use today.

The Black Plague
The black plague had a major effect on science in Europe by bringing it to a grinding halt.

Types of Taxonomies
If taxonomy is how rules are used to classifying things, then you can probably guess that, over time, there have been a variety of different taxonomic schemes, and rules, to organize the natural world. But what you might not realise is that classification isn’t something that only humans do. All organisms, small protists, insect, snails, and plants all classify their natural surroundings. That may seem a bit far-fetched but let’s look at an example. A sponge feeds in particulate organic matter that it pumps through its internal system of canals and spaces. Among those potential food particles may also be sperm from another sponge of the same species. Both are trapped on the surface of the collar cells but instead of digesting their species sperm by phagocytosis it’s passed to the egg for fertilization instead. The sponge’s cells are classifying the organic particles into one of two categories, either sperm of the species of food that should be ingested. Another example, plants classify the pollen that they receive as either their own, or not. Only their own will initiate the sequence that results in fertilization of the ovule. From cellular responses to stimuli to complex behaviour such as avoiding predators each depends on some sort of classification and classifying things would appear to be innate to all living things. As humans what we do that’s different is record these classification systems and pass them from one generation to the next; as words that were spoken or written down and read.

Taxonomy is important, if you can’t identify what’s there, how will you know what has been lost or how will you identify the changes in the world around you. It’s as simple as that.

Folk Taxonomies 
When the spoken word was the only way that the classification and its rules were passed between generations it’s referred to as folk taxonomy. No matter when and where they live, people around the world have used folk taxonomies to organize a variety of different things including the natural world that surrounds them. For example, anthropologists studying native cultures have found that they use classification schemes to distinguish different types of plants used as foods and medications. What is classified and the degree to which the categories are subdivided is based on the culture of the people and it varies from one group to the next. Eskimos and Inuit have thirty different names for what we should refer to as snow. It’s a distinction that’s important to them since “snow” is an important part of their surrounding environment. North Americans have all kinds of different names for cars based on the companies and models that they manufacture. In a culture where the car isn’t as important, such a detailed classification wouldn’t be as important. Folk taxonomies still exist today. The tomato is often considered to be a vegetable when scientific taxonomy clearly indicates that it’s a fruit. A cookbook may include clams and mussels as shellfish along with lobster and shrimp. But none of them are fishes in the scientific use of the term fish.

Cognitive scientists and anthropologists that study folk taxonomies have noticed that across different cultures there are a number of commonalities. There are at most four levels to the schemes that classify the living world and the highest level separates plants and animals. Folk taxonomies traditionally distinguish somewhere around 500 species or unique elements and this may reflect a limit to our cognitive capabilities for mentally keeping track of the different elements in the classification scheme. Simply put, it’s the maximum number of things that could be memorized! Writing it down allowed for the classification of even more species and this brought about another major change in taxonomy.

Artificial Taxonomies
Plato and his students Aristotle and Theophrastus were the first to use artificial taxonomies, also called artificial taxonomies, to organize the living world. What these Greek philosophers did was write down the information contained in the folk taxonomies compiling lists of living things, Aristotle the animals and Theophrastus the plants. These ancient Greek texts were passed between generations and translated into Latin and Arabic becoming a reference tool used around the world. By the time of the Roman Empire that extended over all of Western Europe, and around the Mediterranean these lists of natural things included animals and plants that were economically or medicinally important to the Empire. So the lists grew longer and were based on detailed descriptions of the objects being classified rather than unique names for the animals or plants.

Greek philosophers like Aristotle started compiling lists of the various organisms that had been described. In Aristotles case it was animals; Theophrastus catalogued plants.

Mechanical Taxonomies
Artificial taxonomy gives us descriptions to identify different organisms. Some of these descriptions were short, others that were long, but each contained enough information to be sure that you knew what you were looking at or talking about. That was over 2000 years ago and in the 1700s the lists continued to grow as explorers from Europe explored the Americas and Indochina. By this time the lists were written in what was then the universal language of scholars – Latin. But they were getting awfully big and difficult to manage.

Linnaeus found a solution and he took these great lists and reduced every unique organism in the list to a name with two parts – the binomen. The first word was the Genus the second the species epithet. The first word was a Latin noun, the second and adjective. Brantor canadensis with Brantor being geese or goose and canadensis being Canadian – Canadian goose. It worked the same way we use common names now; only of course the language of the time was Latin and once naming started it stuck as the language of taxonomy. Think about it; Brown bear (Ursus arctos), Polar bear (Ursus maritimus), and Black bear (Ursus americanus) are all combinations of nouns and adjectives. There are a couple of things you will have noticed about how that species name was presented. Italics are used because the words of the binomen are in a different language from that of the main document. Latin words in an English paragraph and typographic conventions require that you do the same if you include French – Mais oui! The Genus name always has a capital but never the species epithet. The same sentence if written in italic would look like this. Brantor canadensis with Brantor being geese or goose and canadensis being Canadian – Canadian goose. If written by hand you would underline the name.

But Linnaeus did more than reduce these great long latanic descriptions to two words. He also organized the plants and animals in his Systema naturae into categories contained within larger categories – a hierarchical system. His categories included. Kingdom, Phylum, Class, Order, Genus, and Species – Family was added latter as a taxon between Order and Genus. (One of the common mnemonics to remember the order is King Peter Came Over From Germany for Sex.) Linnaeus’ work signals the end of the ancient taxonomies and the beginning of mechanical taxonomies based on the physical characteristics of the organisms that being classified. Linnaeus used similarities in appearance when grouping his organism's characteristics. For example all the long, tubular legless animals were placed in a single phylum the Vermes. As it turns out there are many worm-like phyla and many aren’t even closely related to each other. This is the reason that this form of taxonomy is referred to as mechanical because the groups weren’t really based on the biology or relatedness of the organisms. Linnaeus didn’t know about evolution and Darwin won’t propose it till much later so its not a surprise that the arbitrary criteria that Linneaus are called mechanical; sorting tings into a series of nested boxes. That’s not to say that he didn’t get parts of the classification system right and many plants and animals still bear the names that he first proposed for them.

Linnaeus was a botanist and his efforts to catalogue and organize the descriptions of the various plants and animals being discovered around the world. He creates a hierarchial system of categories and the binomen name of the Genus species that we still use today.

Terribly troublesome terms
Before we can talk about how biologists do their science we need to be sure that we are using the terms of the scientific method properly; in particular theory, facts, hypothesis, laws and predictions. Scientists have very precise meanings for these terms and they are often not the same as those used by the general public. It’s one of the reasons that science is often misinterpreted by the popular media. Theory and hypothesis are two good examples. For the nonscientist both these terms imply a “best guess” at how something works or happens. If there is any differentiation at all between the two, it is that a hypothesis is a bit weaker than a theory. In science, a theory is an explanation or model that explains events in the natural world and makes predictions on how they will occur. It is also based of a broad range of observations that have been backed up by multiple hypotheses that have tested the theory to be sure that it is sound and true. A scientific theory is required to be based on facts, while for the general public facts are not a requirement – can you see the problem? Although there are similarities between hypotheses and theories, the main difference is that theories usually explain more general phenomenon and hypotheses smaller subsets. It is not uncommon for a set of hypotheses to be combined into a more general theory. A hypothesis is arrived at by examining the existing literature on science or by observations of the natural world, and from these come an idea of how something works or behaves. The explanation is then the hypothesis and testing begins to be sure that it remains true under various conditions. The only scientifically sound hypotheses are those that can be tested!

So, if theories are more generalized observations made through a series of hypotheses, when does a theory become a fact? Can a hypothesis become a fact as well? The answer is pretty much the same for both and that’s where things get a bit muddy. There may be a theory that an outbreak of a disease is related to a bacterial pathogen that has entered the water supply. At this point it is a theory and various hypotheses are used to test whether that is true. If the pathogen is in the water supply it should be detected in culture media that the pathogen is known to grow in. If that hypothesis works them there may need to be microscopy work to be sure the morphology of our unknown matches our suspect. Further detective work in the form of hypotheses may include identification of unique metabolic pathways or DNA fingerprinting; the latter may even pinpoint the origin of the pathogen. As more and more evidence comes in through the various tested hypotheses, the identity of the culprit becomes clearer and clearer. Once there is no longer any doubt, we now have a fact and not a theory. Again this is where the general public often has problems because science is often reluctant to say that something has been proved beyond a shadow of a doubt and that theories should always be open to testing – who knew that there would be a link between scientists and lawyers in their judicial theories of the events surrounding a crime.

Ok, so when does something become a Law? Simple answer, not really and once again it depends on the type of science you are doing. The scientific revolution was based on the physical sciences of mathematics, kinetics, motion, inorganic chemistry and astronomy. The subject matter of the work applies to the planets and universe – gravity should work the same way no matter where you are in the universe. The same works with orbits and motion. These laws are all universal in scope, and that can’t be said for the theories of biology that only apply to a small blue planet in the Milky Way galaxy – a condition that is far from universal to say the least! So, the philosophers of science argue that until they are universal, or at least applicable beyond the planet earth, they must remain as theories. But Biology is a young science, and maybe once it is 350 years old like the sciences of the “Scientific Revolution”, we may know a lot more and some of today's theories may become tomorrow’s laws. There are a few that have been accepted as Laws but these are usually subcellular biochemical events. Mendel for example is one of the few biologists whose work has become law – the law of inheritance.

Prediction is another example of how the scientific world and the general public differ. For the non-scientist, prediction involves horoscopes and the foretelling of future events. This type of prediction is more correctly referred to as chronological prediction and it’s not the type of prediction used in science. Science uses logical prediction that is most often expressed as an “if” and “then” statement – if I alter this variable in a controlled experiment then my hypothesis predicts that this should happen. This logical prediction is closely related to the deductive mechanism of an experiment that we’ll talk about in the next section. Logical prediction also works with inductive approaches. After observing fossils from around the world you begin to feel that the birds and dinosaurs are related and you amass a whole series of facts to support your hypothesis. If birds are specialized dinosaurs then we should be able to find intermediate fossils that mix the characteristics of the two. As you’ll see when we discuss evolution the transitional forms have been found!

Physical sciences and the natural sciences
There is a very distinct difference between how a physical scientist approaches science compared to a natural scientist, and for many years natural sciences were grouped under the derogatory term of the “descriptive sciences” because their work did not involve the type of “mathematics” associated with the physical sciences. Part of the problem is that natural scientists are working with a more variable world of living, animate objects compared to the uniformity of inanimate objects of the physical sciences. Physical, chemical and mechanical laws acted on these inanimate objects that all behaved the same. The natural world of course behaves according to the chemical and physical laws, and the chemical reactions and structural matter of the living world falls right in line. The difference between the two can be seen in how each group viewed the living world. Physicalists felt that all living things, with the exception of human, were machines and that it should be possible to reduce the machines into the various parts that made the whole machine work. The natural scientists, vitalists, didn’t agree and they felt that there was something special about living things compared to the inanimate world –they had a vital essence of life but beyond that they couldn’t explain what it was in a way that would satisfy the reductionist views of the physicalists. This divide between the two sciences would continue for literally hundreds of years until the underlying genetics of what that vital life force was discovered. Around 1930 the best of the two views of life were combined in the organacists (holistic) view that life was ruled by the laws of physics and chemistry but that through the genetic program the whole was more than the sum of its parts – a concept referred to as emergence, or emergent properties.

But let’s go back to when the two fields hadn’t resolved their differences. For the physical scientist their laws were universal and applied anywhere in the universe. But, for the natural scientists their best theories only applied to our planet and were not universal since there was no evidence of life anywhere else in the observable universe. The great philosophers of science, who were biased by the oldest science of physics, refused to allow any biological theory to rise to the vaulted level of a law – and it remains so to this very day. Prior to the scientific revolution, scientists observed the world and created explanations for their observations – narratives. One of the biggest changes that occurred with the scientific revolution was that narratives were replaced with experiments rather than stories. But for the natural scientists stories were the only way to describe their observations of the natural world and once again they were looked down on by the physical scientists of the time. They felt that scientific investigation through experimentation and deductive reasoning was a far superior approach to the inductive reasoning of their natural science colleagues. How could you simply observe a bunch of events and hope to show a major pattern of the living world, which is how induction works; from the specific to general. It’s the opposite of the experimental deductive approach that goes in the opposite direction from general to the specific – you know what will happen and test to see that it does.

The differences between the physical and natural sciences include how a theory is used. In the physical world of no variability there can only be one explanation and if the theory is disproven it must be modified to accommodate the new findings or be discarded. This is very different for the natural scientist who can’t rule out every single possibility since there is so much variability in their world. There may be one or more theories that can potentially provide an explanation, or maybe one that hasn’t even been thought of. The neck length of the giraffe is a good example and as it stands the adaptation for an increase in neck length could be either for food competition, sexual competition or a combination of both. Just because sexual competition has been proposed, we don’t discard the long held ideas concerning food competition. There is also the possibility that another biologist may develop another theory for why giraffes have such long necks.

Biology has become an immense field as can be seen by the various disciplines that have arisen over the last couple of decades. Biologists are asking questions, at the molecular level of the gene about the shape and folding of regulatory proteins, that are similar to those of the physical scientists. At one extreme of biology we are decoding the gene sequences, and at the other global positioning satellites and remote sensing equipment is creating huge amounts of data that can be processed by computers to show us global patterns and trends that were before unseen. It shouldn’t be a surprise given the different levels of biological investigations, from the subcellular and molecular, to the level of cells, tissues and organisms, and beyond to the ecology of populations, communities and ecosystems.

The famous biologist Ernst Mayr suggested a solution. Instead of seeing these two approaches as being at opposite ends of a dichotomy, we need to realize that both apply but to differing degrees in biology depending on the type of questions being asked. There are two parts to any scientific explanation. The first are the “What” questions of observation and literature review that lead to hypotheses or theories. In the second either “How” or “Why” questions are then asked and used as the test. “How” questions deal with proximate causes while the why questions dig deeper and look for the fundamental underlying ultimate causes. Proximate causation addresses the mechanics of the here and now and most often is observed through morphology and behaviour expressed as the phenotype – looking at genes in action. Ultimate causation deals with the much more variable aspect of biology, the changes in the genetic programs and the underlying genotype. It’s these “Why” questions that troubled the physical scientists. So here’s one – why are why questions now an integral part of biology? As Mayr points out we owe it to Charles Darwin who asked some of the greatest why questions in Biology, and his thoroughness and rigor brought the “Why” questions back into the acceptable circles of biological investigation.

Designing and reporting a scientific experiment
A good testable hypothesis lies at the base of every experiment, but carrying out tests of the hypothesis may not be as easy as you might think depending on whether your experiment will be carried out in the more controlled environment of a laboratory, or in the field. The problem is being able to control all the variables in the experiment. This is obviously much easier in the lab, and in any experiment only one or a few of the variables of interest are altered. In most cases only one variable is altered, but if you were looking for interactions between two variables in your hypothesis then obviously you would alter each independently and together to see if the combination had an affect that was different from what is seen when separate. It’s often harder in the field, where other environmental variables also come into play. Obviously you may not see the same thing if you made your observations or manipulated the environment in the spring compared to the fall – unless you were looking at seasonality. Observations at the same time of year in years of drought compared to normal rainfall or identical habitats but with different levels of a pollutant are examples of looking for results while controlling the surrounding environmental variables. In short, you need to be able to see what happens when one variable changes against a background of other surrounding variables that you have no control over but need to be the same for each set of observations.

The precision of your measurements is also controlled by the accuracy of the tools you use to make the measurements. Even with the most accurate tools there is always an error in the measurements. The statistical odds are that when you make a measurement you won’t get the actual true measure. The more measurements you make, the more the average of all the measurements will approximate the true value. Let’s use the coin flip as an example. Flip a quarter 3 times and you may get two heads and a single tail suggesting the odds of getting heads is better than that of tails. We know that it should be equal, or 50:50, but what’s happening – sampling error. Increase the number of flips to 50 and you may end up with 24 heads and 26 tails; still not perfect but closer to what would be expected. Try 1000 flips of the quarter and the percentages get even closer to the correct outcome. Increasing the number of measurements in an experiment is different from replicating (repeating) an experiment by doing it all over again. For most lab experiments replicating the experiment should give numeric results that are similar in each replicate. It may not be the same in a field experiment where the numbers may not be the same but the outcome is; something that increases in one trial should be the same in the replicates.

Well you’re done and you want to tell the world. How do you go about doing that? There are thousands of scientific journals published around the world and most of them specialize in very unique types of science. If you want to reach scientists that have the same interests as you then find the journal that matches the type of science that you do. Read through the instructions to the author that the journal provides and prepare your manuscript. Your write up should include things like the background for why you developed your hypothesis, the experimental design for testing it, and any alternate interpretations and how you have dealt with them. Finish up with the conclusions of your study and its implications in the broader scope of the field. It’s not an easy task and most researchers ask their friends in the lab or the lab next door to look over their manuscript and make suggestions before mailing it out.

When it arrives at the journal the editor will select scientists that work in the same area and send them a copy of your manuscript with the authors’ name removed. These reviewers are your peers, they do the same type of science as you, and the process is anonymous peer review; the way all scientific work is validated. The reviewers look to see if the background work supports your hypothesis, and if there are any further experiments that should have been done. In addition, the reviewers confirm that the experiments are interpreted properly, and verify whether there are alternate explanations which may have been overlooked. The peer reviewers then recommend publication either as is or with modifications or suggestions of additional work to make the manuscript better. Once the revisions are done and the editor has approved them you then pay to have the manuscript published in the journal. Indexing services catalogue the work and make it available and searchable through the various scientific databases scientists use to find out what is going on and what is in the most recent publications.

This type of article is referred to as a primary literature because the authors were directly involved in the work. Secondary literature includes articles written by experts and is peer reviewed but they summarize scientific topics as review articles. A good example of a secondary literature series are the Annual reviews that are published in various fields. Tertiary literature is written by the scientists and is often a very general summary – a textbook is a good example.
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