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Philosophy of Science

Medicine, astronomy and mathematics in Ancient Egypt 
3000 BC – 1000 AD



Philosophy of Science

Lennox J. 2014 "Aristotle's Biology"

384-322 BC

What should be asked?

the fact, the reason why
if something is, what something is

“The things about which we inquire are equal in 
number to the things we understand”



History of evolutionary ideas

Lennox J. 2014 "Aristotle's Biology"

384-322 BC

What should be asked?

the fact, the reason why
if something is, what something is

“The things about which we inquire are equal in 
number to the things we understand”

Change: within a lifetime
Goal-directed (teleology)

Scala naturae
gradations connecting organism
Not an historical sequence



Philosophy of Science

Charlemagne

Natural philosophy and Scholasticism 

Appropriate natural causes and Parsimony 



Galileo Galilei (1564–1646) 

Mayr 2004

The Scientific revolution 
Sixteenth and seventeenth centuries

René Descartes (1596–1650) Issac Newton (1642–1726)

[The book of Nature] “is written in the language of mathematics, and its characters are triangles, 
circles, and other geometric figures …”

Galileo Galilei

“There is only that much genuine science in any science , as it contains mathematics” 
Immanuel Kant 

“je pense, donc je suis” 
René Descartes

Philosophy of Science



Francis Bacon, 1561-1626 England

Novum Organum Scientiarum
Empiricism
The Inductive Reasoning

primarily

(Evolution theory, Theory of Relativity)

Chalmers 1999

Philosophy of Science



Logical Empiricism or Logical positivism
A philosophic movement rather than a set of doctrines

Circles of Vienna and Berlin
Their had/have major impacts on philosophy of science.

Verification principle: cognitively meaningful
A scientific theory must be empirically verifiable

Chalmers 1999

Philosophy of Science

Carl Gustav Hempel

Rudolf Carnap

Laws of nature
Fundamental theoretical principles that underlie 

observational phenomena



Sir Karl Popper 1902-1994

“Whenever a theory appears to you as 
the only possible one,  take this as a 
sign that you have neither understood 
the theory nor the problem which it 
was intended to solve“

Hypothetic-deductive Method

Chalmers 1999
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Philosophy of Science

Falsifiability



Chalmers 1999

Thomas Kuhn (1922-1996)
A theory is not falsified if there is an 

observation that is inconsistent with it.

Normal Science 
–> Paradigm Shift 

–> Normal Science

Philosophy of Science

The Structure of Scientific Revolution



Imre Lakatos (1922 -1974)
Proofs and Refutations in Mathematics 

Hard Core Theories  –> Auxiliary Hypotheses

Chalmers 1999

Research programs



Prescriptive scientific methods restrict scientific progress 

Chalmers 1999

Philosophy of Science

Against the Method:  Anarchistic Theory of Knowledge



Philosophy of Science is the philosophy of Physics

Physicalism

Demarcation of science



Darwinism is 
metaphysical research 

program

Darwinism is a 
Pseudoscience

Do we need a Philosophy of Biology?

Philosophy of Biology



Ernst Mayr (1904-2005)

Physical ideas not applicable to biology

• Essentialism (Typology) Population thinking

• Determinism Chance

• Reductionism Holistic view

• Universal laws Concepts

Ideas unique to biology

• Dual causality

• Limitation to the mesocosms

• Historical and experimental branches

Philosophy of Biological Sciences

1. Principles common to Science, principles specific to some sciences 

Mayr 2004



Cottingham 1978, Mayr 2004

Trait function (Teleology)

Natural entities do not have intrinsic purposes
Darwin’s theory killed this school of thinking, but…

… it is often criticized for Teleological
Adaptation as a result, rather than a goal

John Scott Haldane

Philosophy of Biological Sciences

2. Major developments in Biology during the XX century

a. Neo-Darwinian synthesis
b. Molecular biology 

Interesting philosophical issue



Philosophy of Biological Sciences

3. ”naturalized” philosophy

Biology could inform on philosophical questions

e.g., intentionality: representational content and misrepresentation

Millikan 1980



Issues in Philosophy of Biology

Evolution and natural selection

Function and Adaptation

Levels of selection

Species

Classification

Genes

Human nature



Issues in Philosophy of Biology

Evolution and natural selection

Function and Adaptation

Levels of selection

Species

Classification

Genes

Human nature



Issues in Philosophy of Biology: Species

Classification



Carolus Linnaeus
1707-1778

Homo sapiens
1707-1778

"to illustrate the glory of God 
in the knowledge of the 
works of nature or creation"

O‘Hara 1991

Kingdom

Phylum

Class

Order

Family

species species
Genus

species species
Genus

Issues in Philosophy of Biology: Species

Classification: Linnaeus system



Issues in Philosophy of Biology: Species

The species problem

No new discoveries, simply applying 
different species concept resulted in 
changing the diversity of Bovidae 
from 143 to 279 species

Natural kinds

Single property that is 
necessary and sufficient 
to belong



Issues in Philosophy of Biology: Species

The species problem

“I look at the term species as one arbitrarily given, for the sake of 
convenience, to a set of individuals closely resembling each other, and 
that does not essentially differ from the term variety”

Charles Darwin
On the origin of species



Issues in Philosophy of Biology: Species

The Biological Species Concept

Ernst Mayr (1904-2005)

The discontinuities we see are the result 
of restricted gene flow

Species are groups of actually or potentially 
interbreeding natural populations that are 
reproductively isolated from other such groups

Cons
Restricted to sexually reproducing organisms
Hybrid zones and ring species (speciation as a process)

More than 30 species concepts!

Should we abandon the idea of species?



Issues in Philosophy of Biology: Species

Species as individuals

Michael Ghiselin (1974) 
A Radical Solution to the Species Problem

David Hull (1978) 
A matter of individuality.

Biological species are not a kind of thing, 
but a particular thing

Individuals are born and die,
Kinds are unrestricted in space and time

Organism are not members of a kind,
but part of a whole (think about ants!)

At least some species are real groups,
But there is no need for a “genetic essence”



Issues in Philosophy of Biology: Species

Unifying species concept

Kevin de Queiroz (2007) 
Species concepts and species delimitation

Defining species and assigning organisms to species are two different problems

Species are separately evolving lineages not necessarily phenetically distinguishable,
diagnosable, monophyletic, ecologically divergent, and/or intrinsically reproductively
isolated at all time-points 



Issues in Philosophy of Biology

Evolution and natural selection

Function and Adaptation

Levels of selection

Species

Classification

Genes

Human nature



Issues in Philosophy of Biology: Genes

What is a gene?

Mendelian genetics

Mendelian gene is a Theoretical entity
“at the level at which genetic experiments 
lie, it does not make the slightest difference 
whether the gene is a hypothetical unit or 
…a material particle”

Thomas Hunt Morgan (1933)



Issues in Philosophy of Biology: Genes

What is a gene?

Molecular genetics Molecular gene concept: a segment of DNA



Issues in Philosophy of Biology: Genes

What is a gene?

Is the Mendelian gene just a molecular gene?
Has the hypothetical entity been discovered (a real entity)?

Reductionisms

A (Mendelian) gene is a segment of DNA coding for a protein 

But, segregation does not need a molecular reduction
But, there is non-coding DNA
But, regulation factors can produce different phenotype
But, Dominance cannot be explained by molecular genetics
But, experimental approaches have not been replaced



Issues in Philosophy of Biology: Genes

What is a molecular gene?

Transcription Factors

Alternative splicing

Overlapping genes



Issues in Philosophy of Biology: Genes



The scientific method





Question Framework in Biology
“How” and “What” questions? Are these not part of science? 

Population Genomics 

What is the genome of the Coelacanth?

What are the sequence differences between Midas 

cichlid populations?

What is the association between environment and 

phenotypes?

Ernst Mayr (1904-2005)

Question Answer Question Answer



1.  Pattern description
Sound science is based on experimental methods, 

but experimental hypotheses derived from poorly collected and 
interpreted observational data are useless

Underwood 1990, Manly 1992

Observation of a pattern, or the observation of the departure from a pattern





2.  Scientific Models

Chalmers 1999, Ford 2000

Inductive part
Why the observation has occurred?

Series of statements (verbal)
Series of formulas (mathematical)

A model is always less than, simpler than and different from what it represents



Suggest a mechanisms that would 
create the observed pattern

Empirical (statistical) Models

2.  Scientific Models

Theoretical Models
Explains a relationship between 
observations that results from a process,
BUT not the process itself

microRNA mRNA



Tentative narratives
2.  Scientific Models

Maximum likelihood Analyses 
(e.g., Akaike’s Information Criteria; Bayes Information Criteria)

Phylogenetic hypothesis Population genomics Molecular evolution





3.  Hypotheses testing

Chalmers 1999, Pigliucci and Kaplan 2006

As many competing models as possible (… but limited by budget and time).

Proof is logically impossible!

Test the model by falsifying predictions derived from it

"rara avis in terris nigroque simillima cygno"



3.1 Experimental design

“We can't manipulate some stars while maintaining other stars as controls, we can't start 
and stop ice ages, and we can't experiment with designing and evolving dinosaurs.”

- Jared Diamond

Diamond 1983, 2000, 2010

a. Laboratory experimentation 

b. Manipulative experimentation (field) 

c. Natural experimentation (field) 
+RA-RA



3.1 Experimental design

Quinn and Keough 2002

3.2 Response variable

3.3 Statistic test 

3.4 Confounding factors



3.2 Response variable

Uncertainty
Natural variation
Process uncertainty
Observation uncertainty

We view uncertainty in terms of probabilities



Probability
(understanding probabilities is crucial to understand modern applied statistics)

Frequentist probability

3.2 Response variable

Bayes: modification of priors to posteriors based on likelihoods

Quinn and Keough 2002

Likelihood inference
L (H|D) ∝ "(D)∝ P(D|H)



probability distributions
where probabilities are meas-
ured, not as areas under a
single curve, but volumes
under a more complex distri-
bution. A common joint pdf is
the bivariate normal distribu-
tion, to be introduced in
Chapter 5.

Probability distributions nearly always refer to
the distribution of variables in one or more popu-
lations. The expected value of a random variable
[E(Y)]is simply the mean (!) of its probability distri-
bution. The expected value is an important concept
in applied statistics – most modeling procedures
are trying to model the expected value of a random
response variable. The mean is a measure of the
center of a distribution – other measures include
the median (the middle value) and the mode (the
most common value). It is also important to be able
to measure the spread of a distribution and the
most common measures are based on deviations
from the center, e.g. the variance is measured as
the sum of squared deviations from the mean. We
will discuss means and variances, and other meas-
ures of the center and spread of distributions, in
more detail in Chapter 2.

1.5.1 Distributions for variables
Most statistical procedures rely on knowing the
probability distribution of the variable (or the
error terms from a statistical model) we are ana-
lyzing. There are many probability distributions
that we can define mathematically (Evans et al.
2000) and some of these adequately describe the
distributions of variables in biology. Let’s consider
continuous variables first.

The normal (also termed Gaussian) distribu-
tion is a symmetrical probability distribution

with a characteristic bell-shape (Figure 1.1). It is
defined as:

f(y)" e# ( y# !)2/2$2 (1.6)

where f(y) is the probability density of any value y
of Y. Note that the normal distribution can be
defined simply by the mean (!) and the variance
($2), which are independent of each other. All
other terms in the equation are constants. A
normal distribution is often abbreviated to
N(Y:!,$). Since there are infinitely many possible
combinations of mean and variance, there is an
infinite number of possible normal distributions.
The standard normal distribution (z distribution)
is a normal distribution with a mean of zero and
a variance of one. The normal distribution is the
most important probability distribution for data
analysis; most commonly used statistical proce-
dures in biology (e.g. linear regression, analysis of
variance) assume that the variables being ana-
lyzed (or the deviations from a fitted model)
follow a normal distribution.

The normal distribution is a symmetrical prob-
ability distribution, but continuous variables can
have non-symmetrical distributions. Biological
variables commonly have a positively skewed dis-
tribution, i.e. one with a long right tail (Figure
1.1). One skewed distribution is the lognormal dis-
tribution, which means that the logarithm of the

1
!2%$2
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Figure 1.1. Probability
distributions for random variables
following four common
distributions. For the Poisson
distribution, we show the
distribution for a rare event and a
common one, showing the shift of
the distribution from skewed to
approximately symmetrical.

variable is normally distributed (suggesting a
simple transformation to normality – see Chapter
4). Measurement variables in biology that cannot
be less than zero (e.g. length, weight, etc.) often
follow lognormal distributions. In skewed distri-
butions like the lognormal, there is a positive rela-
tionship between the mean and the variance.

There are some other probability distributions
for continuous variables that are occasionally
used in specific circumstances. The exponential
distribution (Figure 1.1) is another skewed distri-
bution that often applies when the variable is the
time to the first occurrence of an event (Fox 1993,
Harrison & Tamaschke 1984), such as in failure
time analysis. This is a single parameter (!) distri-
bution with the following probability density
function:

f(y)" !e# !y (1.7)

where 1/! is the mean time to first occurrence. Fox
(1993) provided some ecological examples.

The exponential and normal distributions are
members of the larger family of exponential dis-
tributions that can be used as error distributions
for a variety of linear models (Chapter 13). Other
members of this family include gamma distribu-
tion for continuous variables and the binomial
and Poisson (see below) for discrete variables.

Two other probability distributions for contin-
uous variables are also encountered (albeit rarely)
in biology. The two-parameter Weibull distribu-
tion varies between positively skewed and
symmetrical depending on parameter values,
although versions with three or more parameters
are described (Evans et al. 2000). This distribution
is mainly used for modeling failure rates and
times. The beta distribution has two parameters
and its shape can range from U to J to symmetri-
cal. The beta distribution is commonly used as a
prior probability distribution for dichotomous
variables in Bayesian analyses (Evans et al. 2000).

There are also probability distributions for dis-
crete variables. If we toss a coin, there are two pos-
sible outcomes – heads or tails. Processes with
only two possible outcomes are common in
biology, e.g. animals in an experiment can either
live or die, a particular species of tree can be
either present or absent from samples from a
forest. A process that can only have one of two

outcomes is sometimes called a Bernoulli trial
and we often call the two possible outcomes
success and failure. We will only consider a sta-
tionary Bernoulli trial, which is one where the
probability of success is the same for each trial, i.e.
the trials are independent.

The probability distribution of the number of
successes in n independent Bernoulli trials is
called the binomial distribution, a very important
probability distribution in biology:

P(y" r)" $r(1# $)n# r (1.8)

where P(y" r) is the probability of a particular
value (y) of the random variable (Y ) being r suc-
cesses out of n trials, n is the number of trials and
$ is the probability of a success. Note that n, the
number of trials is fixed, and therefore the value
of a binomial random variable cannot exceed n.
The binomial distribution can be used to calculate
probabilities for different numbers of successes
out of n trials, given a known probability of
success on any individual trial. It is also important
as an error distribution for modeling variables
with binary outcomes using logistic regression
(Chapter 13). A generalization of the binomial dis-
tribution to when there are more than two pos-
sible outcomes is the multinomial distribution,
which is the joint probability distribution of
multiple outcomes from n fixed trials.

Another very important probability distribu-
tion for discrete variables is the Poisson distribu-
tion, which usually describes variables repre-
senting the number of (usually rare) occurrences
of a particular event in an interval of time or
space, i.e. counts. For example, the number of
organisms in a plot, the number of cells in a
microscope field of view, the number of seeds
taken by a bird per minute. The probability distri-
bution of a Poisson variable is:

P(y" r)" (1.9)

where P(y" r) is the probability that the number
of occurrences of an event (y) equals an integer
value (r" 0, 1, 2 . . .), % is the mean (and variance) of
the number of occurrences. A Poisson variable can
take any integer value between zero and infinity
because the number of trials, in contrast to the

e# %%r

r!

n!
r!(n # r)!
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e.g. time to the first occurrence of an event

Possible values:  0<y<∞    
e.g. length, weight 

number of occurrence of an event
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probability distributions
where probabilities are meas-
ured, not as areas under a
single curve, but volumes
under a more complex distri-
bution. A common joint pdf is
the bivariate normal distribu-
tion, to be introduced in
Chapter 5.

Probability distributions nearly always refer to
the distribution of variables in one or more popu-
lations. The expected value of a random variable
[E(Y)]is simply the mean (!) of its probability distri-
bution. The expected value is an important concept
in applied statistics – most modeling procedures
are trying to model the expected value of a random
response variable. The mean is a measure of the
center of a distribution – other measures include
the median (the middle value) and the mode (the
most common value). It is also important to be able
to measure the spread of a distribution and the
most common measures are based on deviations
from the center, e.g. the variance is measured as
the sum of squared deviations from the mean. We
will discuss means and variances, and other meas-
ures of the center and spread of distributions, in
more detail in Chapter 2.

1.5.1 Distributions for variables
Most statistical procedures rely on knowing the
probability distribution of the variable (or the
error terms from a statistical model) we are ana-
lyzing. There are many probability distributions
that we can define mathematically (Evans et al.
2000) and some of these adequately describe the
distributions of variables in biology. Let’s consider
continuous variables first.

The normal (also termed Gaussian) distribu-
tion is a symmetrical probability distribution

with a characteristic bell-shape (Figure 1.1). It is
defined as:
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where f(y) is the probability density of any value y
of Y. Note that the normal distribution can be
defined simply by the mean (!) and the variance
($2), which are independent of each other. All
other terms in the equation are constants. A
normal distribution is often abbreviated to
N(Y:!,$). Since there are infinitely many possible
combinations of mean and variance, there is an
infinite number of possible normal distributions.
The standard normal distribution (z distribution)
is a normal distribution with a mean of zero and
a variance of one. The normal distribution is the
most important probability distribution for data
analysis; most commonly used statistical proce-
dures in biology (e.g. linear regression, analysis of
variance) assume that the variables being ana-
lyzed (or the deviations from a fitted model)
follow a normal distribution.

The normal distribution is a symmetrical prob-
ability distribution, but continuous variables can
have non-symmetrical distributions. Biological
variables commonly have a positively skewed dis-
tribution, i.e. one with a long right tail (Figure
1.1). One skewed distribution is the lognormal dis-
tribution, which means that the logarithm of the
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Figure 1.1. Probability
distributions for random variables
following four common
distributions. For the Poisson
distribution, we show the
distribution for a rare event and a
common one, showing the shift of
the distribution from skewed to
approximately symmetrical.

3.2 Response variable:  Probability
Population parameters describing the probability distribution

Quinn and Keough 2002



3.3  Statistical Hypotheses testing
Statistical hypotheses are framed in terms of population parameters
They represent a test of the predictions of the research hypotheses

The dictatorship of the Disproving

Null hypothesis: Includes all possibilities except the prediction in the hypothesis

(But several times competing models have similar predictions!)

Hypotheses are not proved, demonstrated, validated, (at most they are supported*).

Treated Control



P is the probability of finding a test 
statistic value as extreme as the 
observed one, given that the null 
hypothesis is true

Treated Control

t= 2.14

3.3  Statistical Hypotheses testing



3.3 Distribution of statistics

divided by its df (degrees of freedom) (Hays 1994).
Because variances are distributed as !2, the F
distribution is used for testing hypotheses about
ratios of variances. Values from the F distribu-
tion are bounded by zero and infinity. We can
use the F distribution to determine the prob-
ability of obtaining a sample variance ratio (or
one larger) for a specified value of the true ratio
between variances (Chapters 5 onwards).

All four distributions have mathematical deri-
vations that are too complex to be of much inter-
est to biologists (see Evans et al. 2000). However,

these distributions are tabled in many textbooks
and programmed into most statistical software,
so probabilities of obtaining values from each,
within a specific range, can be determined. These
distributions are used to represent the probability
distributions of the sample statistics (z, t, !2 or F)
that we would expect from repeated random sam-
pling from a population or populations. Different
versions of each distribution are used depending
on the degrees of freedom associated with the
sample or samples (see Box 2.1 and Figure 1.2).

PROBABILITY DISTRIBUTIONS 13

Figure 1.2. Probability
distributions for four common
statistics. For the t, ! 2, and F
distributions, we show distributions
for three or four different degrees
of freedom (a to d, in increasing
order), to show how the shapes of
these distributions change.

variances are distributed like this

a variable that is the ratio of two 
χ2, each divided by d.f.

Quinn and Keough 2002

(a-d) are for increasing degrees of freedom



Statistical hypotheses testing is not without controversy

Confirmation bias 

(Individuals in the treatment were bigger than in the 
control, although not statistically significant (P=0.2))
Theory tenacity    

(e.g. commitment to basic assumption)
Publishing bias 

(e.g. publishing only positive results)

More important, is falsification of hypotheses what 
my research seeks?

Why is the experiment being consider? 
What type of experiment needs to be done? 
How the experiment is being used? 

3.3  Statistical Hypotheses testing



Likelihood of a hypothesis given the data
it is proportional to the probability of data given a hypothesis 

L(H|D) = K · P(D|H)

Likelihoods make no sense in isolation
D is evidence for H1 over H2 if P(D|H1) >  P(D|H2)

L(H1|D)/L(H2|D)

3.3  Statistical Hypotheses testing



3.4 Confounding factors

The most important constraint on the interpretation of 

the results of an experiment

Quinn and Keough 2002

What are the confounding factors in a given 

research project? 

Unfortunately, it is not always easy to 

determine confounding factors



3.4 Confounding factors

Quinn and Keough 2002

The chance of confounding factors affecting our inference increase 
associated to the lack of:

1. Replication 
True replication permits the estimation of variability within a treatment

2. Randomization 
allocation of experimental units to treatments

3. Control
Nothing make sense in experimental biology, 

except in the light of proper control

4. Independence of the data




