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Why theory and why integration of theories?



…there are no experiments without 
instruments, and no instruments without 
theory "without theory it is impossible to 
regulate a single instrument or to  
interpret a single reading". 

Willard Van Orman Quine (Two dogmas of empiricism, 1951)

"theoretical-character" of the observation. 
Without theory there is no observation. 
All observations are created and 
and interpreted within the framework of a 
pre-existing theory, so the observation has 
no life of its own.(“Philosophy of science is philosophy enough”)

Pierre Duhem



Integration or unification?

The current development of ecology  and  biogeography is far from unification, we still 
have many alternative theories, and hypothesis for empirical facts. 

Integration of theories seems desirable, and more likely to be achieved in the short term.

It a humble objective for a relatively young and complex science. 

Integration is not innocuous. It can bring into light contradictions between theories. 
Thus, integration is a first step to eventual unification. It  is a proof of concept sort to speak.



Ecology is awash in theories

“Ecologists have been reluctant to place their observations
And their findings in the frame of a general theory”

Margalef (1963)



Marquet et al. (2003)



The underdetermination of theories (The 
Duhem-Quine Thesis)

About the limitations of  empirical evidence and the rules of  scientific method 
as a constraint on our acceptance or rejection of  scientific theories.

• It holds that: for any theory, T, and any given body of  evidence supporting T, there is 
at least one rival (i.e. contrary) to T that is as well supported as T

• In sum, the physicist can never subject an isolated hypothesis to 
experimental test, but only a whole group of  hypotheses; when the 
experiment is in disagreement with his predictions, what he learns is 
that at least one of  the hypotheses, constituting this group is 
unacceptable and ought to be modified; but the experiment does not 
designate which one should be changed.



The evaluation of theories is a comparative matter (Laudan 
1977), and an important criterion for comparison is efficacy.

A good theory is more efficient than its rivals. It produces 
more and better explanations and predictions with the same 
number of free parameters or constructs (Laudan 1977).



(2014)



“Effective scientific theories magnify understanding, 
help supply legitimate explanations, and assist in 
formulating predictions.” 

Winther, Rasmus Grönfeldt, "The Structure of Scientific Theories", The Stanford Encyclopedia of 
Philosophy (Winter 2016 Edition), 

Efficient theories are effective!!



Efficient theories

• Grounded in first principles

• Expressed in mathematical language

• Explain, predict and agree with empirical evidence

• Number of predictions >>> free parameters



Science is built up of facts, as a house is built 
of stones; but an accumulation of facts is no 
more a science than a heap of stones is a 
house.

Poincaré



First principles

• Openness. When we define a system in order to analyze its dynamics, 
or make any other “ontological commitment”, we inevitably left 
something out. All systems are open systems. The right way to 
analyze open systems is by incorporating stochastic fluctuations.

• Kinetics. Biological rates are a function of temperature.

“quantitative law-like postulates about processes underlying a given class of phenomena in 
the natural world with well-established validity, both theoretical and empirical (i.e., core 
knowledge)” Marquet et al. (2015)
(e.g. Pauli exclusion principle, laws of thermodynamics etc)”



Openness



MacArthur & Wilson (1963)



“In principle one could solve eq. 3-4….for our purpose is more useful to 
find the mean M(t)  and the variance, var(t), of the number of species at time t. 
These can be estimated in nature  by measuring the mean and variance in 
number of species of a series of islands of about the same distance and are and 
hence of the same 𝜆𝜆 and 𝜇𝜇."  pp.33-34



Fisher’s Log-series distribution

Master equation for the probability of observing k species with n individuals



ME for the number of species within communities (islands)

ME for the number of individuals within species

They cannot be true at the same time!



𝑖𝑖 = 𝑆𝑆

𝑗𝑗 = 𝑆𝑆 − 1

𝑡𝑡~𝐸𝐸𝐸𝐸𝐸𝐸(𝜇𝜇 + 𝜆𝜆)

The Markov process starts with 𝐸𝐸 0 = 𝑆𝑆. It waits there an exponential time of parameter
 
𝜇𝜇 + 𝜆𝜆  and then jumps at time 𝜏𝜏1 to the new state 𝑗𝑗 = 𝑆𝑆 − 1 with probability  𝑝𝑝𝑖𝑖 = 𝜇𝜇

𝜇𝜇+𝜆𝜆
  so that 𝐸𝐸(𝜏𝜏1)= j 

𝑝𝑝𝑖𝑖 =
𝜇𝜇

𝜇𝜇 + 𝜆𝜆
𝑝𝑝𝑗𝑗 =

𝜆𝜆
𝜇𝜇 + 𝜆𝜆

𝜏𝜏1𝜏𝜏0 𝜏𝜏2    ……….

…….

𝑑𝑑𝑝𝑝𝑠𝑠,𝑘𝑘
𝑑𝑑𝑑𝑑

= 𝑝𝑝𝑠𝑠+1,𝑘𝑘 𝑡𝑡 𝜇𝜇𝑠𝑠+1,𝑘𝑘 + 𝑝𝑝𝑠𝑠−1,𝑘𝑘 𝑡𝑡 𝜆𝜆𝑠𝑠−1,𝑘𝑘 − 𝑝𝑝𝑠𝑠,𝑘𝑘 𝑡𝑡 (𝜆𝜆𝑠𝑠,𝑘𝑘+ 𝜇𝜇𝑠𝑠,𝑘𝑘)

𝑖𝑖 = 𝑛𝑛

𝑗𝑗 = 𝑛𝑛 − 1





Diffusion processes

Andrey Kolmogorov

Ronald Fisher
Sewall Wright



x = Frequency of a given allele in a local population

N= Effective population size

m = Proportion of migrating individuals among population each 
generation. 

p= Frequency of a given allele in the total population
 

x, N

p
m

• The frequency of genes  in a structured 
population

𝜇𝜇 = Mutation rate



Kolmogorov (1935) Dokl. Akad. Nauk SSSR 3 (1935), 129-132.

Large population of N individuals  consisting of s partial populations with n individuals 
each (N=sn)

Each generation k individuals disperse randomly across the partial populations.

�̅�𝑝 = gene frequency in the large population

𝑝𝑝 = gen frequency in a local population

Δ𝑝𝑝 =change in the frequency of 𝑝𝑝 over one generation

𝑞𝑞 = 1 − 𝑝𝑝



Following Wright and Fisher:

𝑀𝑀 𝑝𝑝 = 𝐸𝐸 Δ𝑝𝑝 =
𝑘𝑘
𝑛𝑛

(�̅�𝑝 − 𝑝𝑝) 𝑉𝑉𝑉𝑉𝑉𝑉(𝑝𝑝) = 𝐸𝐸(Δ𝑝𝑝)2=
𝑝𝑝𝑞𝑞
2𝑛𝑛

“Since s is large, the variation of the total concentration      will proceed much more slowly than 
those of the partial concentrations p. Therefore,    can temporarily be taken constant. The 
concentrations p in partial populations deviate from    in either direction. After sufficiently long 
time the fluctuations of p around     result in a certain stationary probability distribution
for the concentrations p.” (Kolmogorov 1935)

�̅�𝑝
�̅�𝑝

�̅�𝑝
�̅�𝑝

This stationary distribution satisfies the Kolmogorov forward or Fokker-Planck equation:

1
2
𝜕𝜕2

𝜕𝜕𝑝𝑝2
(Var p μ) − 𝜕𝜕

𝜕𝜕𝜕𝜕
(𝑀𝑀(𝑝𝑝)𝜇𝜇) =0

Whose solution 𝜇𝜇(𝑝𝑝) is:

𝜇𝜇 𝑝𝑝 =
1

Β(4𝑘𝑘�̅�𝑝, 4𝑘𝑘�𝑞𝑞)
𝑝𝑝4𝑘𝑘�̅�𝑝−1𝑞𝑞4𝑘𝑘 �𝑞𝑞−1



Frequency or 
proportions
(Continuous)

Number
(Discrete)



Prof. Rolando Rebolledo



𝜌𝜌∞ 𝑥𝑥 =
Γ 𝛼𝛼 + 𝛽𝛽

Γ 𝛼𝛼 + Γ 𝛽𝛽
𝑥𝑥𝛼𝛼−1 1 − 𝑥𝑥 𝛽𝛽−1



The Proportional Species Abundance Distribution (PSAD)

𝜌𝜌∞ 𝑥𝑥 =
Γ 𝛼𝛼 + 𝛽𝛽

Γ 𝛼𝛼 + Γ 𝛽𝛽
𝑥𝑥𝛼𝛼−1 1 − 𝑥𝑥 𝛽𝛽−1



Marine communities

Tropical Forest

Bird communities

Shrublands

𝜌𝜌∞ 𝑥𝑥 =
Γ 𝛼𝛼 + 𝛽𝛽

Γ 𝛼𝛼 + Γ 𝛽𝛽
𝑥𝑥𝛼𝛼−1 1 − 𝑥𝑥 𝛽𝛽−1

𝛼𝛼 ~ Dispersal

𝛽𝛽 ~ Speciation



”Forces maintaining species diversity and 
genetic diversity are similar. An 
understanding of community structure will 
come from considering how these kind of 
diversity interact.” Janis Antonovics



“In principle one could solve eq. 3-4….for our purpose is more useful to 
find the mean M(t)  and the variance, var(t), of the number of species at time t. 
These can be estimated in nature  by measuring the mean and variance in 
number of species of a series of islands of about the same distance and are and 
hence of the same 𝜆𝜆 and 𝜇𝜇."  pp.33-34

𝜌𝜌∞ 𝑥𝑥 =
Γ 𝛼𝛼 + 𝛽𝛽

Γ 𝛼𝛼 + Γ 𝛽𝛽
𝑥𝑥𝛼𝛼−1 1 − 𝑥𝑥 𝛽𝛽−1







Abundance of gene families within genomes

• Birth-death processes are applicable to understand genome evolution

• Driving processes are similar

Duplication

Mutation

Lateral gene transfer and retroviral infection

Plasmids

Gene extinction







Following Hofbauer and Sigmund (1998), consider a population divided into
 𝑛𝑛 types 𝐸𝐸1 to 𝐸𝐸𝑛𝑛  with frequencies 𝑥𝑥1to 𝑥𝑥𝑛𝑛. The fitness  𝑓𝑓𝑖𝑖 of 𝐸𝐸𝑖𝑖 will be a function 
of the composition of the population, or state 𝒙𝒙. Such that the rate of increase
 �̇𝜕𝜕𝑖𝑖 𝜕𝜕𝑖𝑖 of type 𝐸𝐸𝑖𝑖 is a measure of its evolutionary success, which can be expressed 
As the difference between the 𝑓𝑓𝑖𝑖(𝒙𝒙) of 𝐸𝐸𝑖𝑖  and the average fitness
 ̅𝑓𝑓 𝒙𝒙 =  ∑𝑥𝑥𝑖𝑖𝑓𝑓(𝒙𝒙) of the population.

The replicator equation



Kinetics



𝑘𝑘 ∝ 𝑒𝑒
−𝐸𝐸
𝐾𝐾𝐾𝐾



The Eyring–Evans–Polanyi (EEP) transition state theory (TST)



Arroyo et al. (2022) PNAS



• The development of theories based on first principles  and using the 
language of mathematics can help to improve scientific enquiry in ecology by
Identifying inconsistencies in auxiliary hypothesis (Markovianity) and by 
fostering integration across phenomena occurring at different levels of 
organization.

• Genes, individuals and species seem to obey the same probability law.
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