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A Liebig’s Principle of Limiting Factors based
Single-Species Population Growth Model I:
Qualitative Study of Trajectories and Fitting

Results
Héctor A. Echavarría-Herasα* Cecilia Leal-Ramírezσ, Omar Valencia Méndezρ

& Elia Montiel-ArzateѠ

___________________________________________

ABSTRACT
In this contribution, we propose a single-species population growth model formulated using

ideas emanating from Liebig’s principle of limiting factors. The inherent natural natality rate

determines by the minimum between the size of the population and that of a resource on which

the population depends for sustenance. Moreover, emulating the unrestricted population

growth assumption, we hypothesise that the associating natural mortality rate is proportional

to population size.We also consider that the external feeding resource's consumption rate

varies directly proportional to the natural growth rate of the population.In this delivery, we

present a qualitative study of the associated trajectories and fitting results based on data on

populations growing under experimental or natural conditions. The possible phase

configurations include regimes with stable equilibria, sigmoidal growth, extinction, or

stationarity. All study cases confirmed that the offered model entails high reproducibility of

observed variation patterns while supplying remarkable interpretative capabilities.The

proposed model also allows simultaneous identification of the population size trajectory and

the resource abatement function. One phase of Liebig’s limiting factors principle-driven model

can consistently mimic population size abatement to extinction. Such a feature misses

improved in regularly conceived S-shaped population growth models.

Keywords: liebig’s principle of limiting factors, single-species population growth model.
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I. INTRODUCTION

The optimal settings for biological processes often occur at the minimum and maximum values

of relevant variables (Ghaleb et al., 2020; Peeters & Gardeniers, 1998). The concept of extreme

value control ascended from results reported by K. Sprengel in 1839 (Sprengel, 1839;

El-Sharkawy, 2011) and later popularised by Justus von Liebig, stating that the nutrient present

in the minimum determines the rate of growth of a particular organism (Liebig, 1843). This

observation led to the establishment of Liebig's Principle of Limiting Factors, also known as

Liebig's Law of the Minimum (Rizhinashvili, 2022; Anees, 2022). Agents that slow down growth

in an ecosystem constitute limiting factors. Control exerts by either the minimum or maximum

values that the factor can assume over a gradient of variation. Based on lower and upper

tolerance limits, Liebig's Law of the Minimum was generalised into the Law of the Tolerance of
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Shelford (Shelford, 1913). Furthermore, limiting factors can indirectly influence the impact of

other non-limiting factors by interacting with them. This principle, known as the principle of

Limiting Factors, is treasured in studying the entire or parts of ecosystems (Odum,1963;

Odum,1971).

Although in the ecological literature, the control by extreme values regularly cites, its utilisation

as a conceptual framework for population growth models is limited. The initial effort to apply

this concept was due to I. A. Polyetayev et al. in 1971, who proposed Liebig's Principle of

Limiting Factors-based model for predator-prey interactions (Polyetayev et al., 1971). In the

Polyetayev model, the natality rate for the prey population determines by the minimum between

the population size and the extent of an external resource representing feeding energy

availability. Building upon these ideas, Echavarría and Gomez (1979) and Montiel-Arzate, et al.

(2004) further developed related population models by maintaining natality as controlled by

Liebig's Law of the Minimum but emulating Shelford's Law of Tolerance by hypothesising that

the mortality rate regulates by the maximum value of factors depending on population size.

Recently, Echavarria-Heras et al. (2021) revised the approach by Montiel-Arzate et al. (2004) to

propose a model for the growth of a single species population built upon the Liebig-Shelford as

mentioned earlier paradigm for the control of the related natural growth rate, but including a

specific scaling or weighting of population size to model the increase in mortality promoted by

low population densities. This last approach reported consistent reproducibility when fitted on

real data sets. However, the authors also reported inconveniences since a direct fitting procedure

that relies on estimates' initial values brought high sensibility associated with local minimum

problems at the nonlinear acquisition of final values. Therefore, a revision aimed to avoid or at

least lessen the parameter estimation burden experienced deems necessary. In that vein,

reducing the complexity associated with the Echavarria-Heras et al. (2021) construct while

simultaneously keeping its reproducibility strength endures a reasonable rationale. For that aim,

in this contribution, we modify the protocol by Echavarria-Heras et al. (2021) and propose a

single species population growth model, built upon Liebig's Principle of Limiting Factors and

such that: (1) the inherent natural natality rate is determined according to Liebig's Law by the

minimum between the size of the population and that of the resource on which the population

depends for sustenance, (2) by partially emulating the unrestricted population growth

hypothesis the add-on natural mortality rate is supposed to be proportional solely to population

size, and (3) the rate of consumption of the external feeding resource ostensibly varies directly

proportional to the natural growth rate of the population. The resulting model identifies further

as Liebig's Principle of Limiting Factors Population Growth Model or Liebig's Law Population

Model (LLPM). Despite being partially founded on the assumption that mortality depends

linearly on population size, the present model demonstrated a proven capability to mimic the

typical s-shaped pattern associated with restricted growth models—besides, a lesser complexity

demonstrated to be advantageous in finding parameter estimates for consistent reproducibility.

We include several examples based on observed data that confirm the empirical and

interpretative adequacy of the present paradigm. An appendix presents the formalities behind a

qualitative study of the associating global trajectory.

II. THEORETICAL APPROACH

For present aims, we denote through a quantitative measure of the size of a single-species𝑥(𝑡) 
population at a time . It could be understood by , for example, the biomass of all animals

composing the population, or their number, if it is suitably large and changes continuously. We

additionally assume that the maintenance of the population depends on the presence of an

external resource or agent whose extent at time denotes using For instance, could𝑡 𝑅(𝑡). 𝑅(𝑡)

a

𝑥(𝑡)𝑡
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stand for: the food solution for a culture of bacteria; the amount of solar energy with which the

primary producers photosynthetically elaborate carbohydrates; the biomass of autotrophs upon

which herbivores fed or the biomass of these later that provide nourishment for carnivores; the

pool of antibiotics that limit the proliferation of a bacterial population; the number of nests

available for a bird species.

We now explain how Liebig’s Law of the Minimum statement can produce a population growth

model under a limiting resource. For that aim, we use the symbol to denote the natural𝑥̇ 𝑡( )
growth rate of population size at a time . Formally, the proposed model states that𝑥 𝑡( ) 𝑡

(1)

where at time stands for the amount of a resource that the population requires to stand by,𝑅(𝑡) 𝑡
and is a function depending on both and and represents the intrinsic𝑓(𝑅 𝑡( ), 𝑥(𝑡)) 𝑥 𝑡( ) 𝑅 𝑡( )
population growth rate at a time .Along Equation (1), we take on the initial conditions𝑡 𝑅

0
= 𝑅 0( )

and 𝑥
0

= 𝑥 0( ).

Following Charlebois and Balázsi (2018) and Echavarria-Heras et al. (2021), we assume that the

natural population growth rate and resource consumption relate such that

(2)

where is a positive constant. Integration yields𝑝

(3)

In order to provide a representation of Equation (1) deriving from Liebig’s Law of the Minimum,

we assume that at a given time, population size sets by the balance of two opposite𝑡 𝑥 𝑡( )
processes: one having intensity and nourishing the number of births, and another of a𝑁(𝑡)
strength inducing the natural death of individuals in the population.𝑀(𝑡)

This work will limit ourselves to where stands for the population's external energy source.𝑅(𝑡)
To facilitate the reasoning, we will assume that and at eachtime can bemeasured with𝑅(𝑡) 𝑥(𝑡) 𝑡
the same units and compare them directly. might be such that, at time , satisfies the𝑅(𝑡) 𝑡
essential needs of all population individuals. For example, if each individual of a herbivorous

population consumes an average of kg of food at time , then an energy source of value𝑝 𝑡 𝑝𝑥(𝑡)
could satisfy thevital needs of the population. In other words, if the number of individuals is𝑥(𝑡)
less than the magnitude of the energy source at time , then there will be no lack of food for𝑅(𝑡) 𝑡
the population, and we could assume that the intensity of the birth process depends on the𝑁 𝑡( )
number of individuals at each instant If, on the contrary, is more significant than ,𝑥(𝑡) 𝑡. 𝑥(𝑡) 𝑅(𝑡)
then only some individuals equal to at time will be able to feed normally and the intensity𝑅(𝑡) 𝑡
of the birth process will set by for each .In summary, considering Liebig's Law of the𝑁(𝑡) 𝑅(𝑡) 𝑡
Minimum, we may consider a positive constant such that𝑎,  

(4)

The minimum operation extends to all values of considered in a specific interval, say of the𝑡
type , where can be any real number.[0,  𝑇] 𝑇

�̇(�) = ���(�), �(�)��(�)

��(�)

��
= −�

��(�)

��

�(�) = ��  − �(�(�) − ��)

�(�) = �min�{�(�), �(�)}
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Correspondingly, we will assume that the intensity of the natural death process sets is𝑀 𝑡( )
directly proportional to the number of individuals in the population. That is, for , a positive𝑏
constant, we take

(5)

Then, the natural population growth rate is formally given by the balance of and ,𝑥 𝑡( ) 𝑁(𝑡) 𝑀(𝑡)

(6)

Combining Equations (4) through (6) the intrinsic population growth rate 𝑓 𝑅 𝑡( ), 𝑥 𝑡( )( )
introduced in Equation (1), takes the form,

(7)

Therefore, Equation (1) gets the piece wisely defined form

(8)

Moreover, replacing as given by Equation (3) into Equation (8) and simplifying leads to𝑅(𝑡)

(9)

where
(10)

and

(11)

Note that the expressions of the second member of (9) are continuous functions by virtue that

we can suppose that as much as are continuous functions of time.The first of the𝑥(𝑡) 𝑅(𝑡)
differential equations of (9) is a homogeneous linear equation whose solution is immediate, and

the second of these equations is a non-homogeneous linear equation which using an integration

factor or via the parameter variation method, can also be solved. Then, the solution to𝑥(𝑡)
Equation (9) will be

(12)

where

(13)

and
(14)

with and given by Equations (10) and (11) one to one, and determined from the𝐸 𝐾 𝑥
10

𝑥
20

requirement that , and the continuity condition being a time value𝑥 0( ) = 𝑥
0

𝑥
1

𝑡
𝑐( ) = 𝑥

2
𝑡

𝑐( ) 𝑡
𝑐

�(�) = ��(�)

�̇(�) = �(�) − �(�)

���(�), �(�)� = � ��� (�(�), �(�)) �(�) − �⁄

�̇(�) = �
(� − �)�(�) ��� �(�) ≤ �(�)

��(�) − ��(�) ��� �(�) > �(�)

�

�̇(�) = �
(� − �)�(�) ��� �(�) ≤ �

(�� + �)(� − �(�))  ��� �(�) > �

�

� = (�� + ���) (1 + �)⁄

� = ��(� + 1)(�� + �)��

�(�) = �
��(�) ��� �(�) ≤ �

��(�) ��� �(�) > �

�

��(�) = ����(���)�

��(�) = �����(����)� + �(1 − ��(����)�)
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such that Note also that according to equations (9) and (12), will be increasing𝑥 𝑡
𝑐( ) = 𝐸. 𝑥

1
𝑡( )

whenever , and conversely, will decrease provided holds. In turn, by Equations𝑎 > 𝑏 𝑥
1

𝑡( ) 𝑎 < 𝑏

(9) and (12), satisfies whenever the inequality holds. In turn,𝑥
2

𝑡( )
𝑑𝑥

2
(𝑡)

𝑑𝑡 > 0 𝑥
2

𝑡( ) < 𝐾
𝑑𝑥

2
(𝑡)

𝑑𝑡 < 0

if 𝑥
2

𝑡( ) > 𝐾.

Setting in Equation (3) considers the case where remains steady at a level .𝑝 = 0 𝑅(𝑡) 𝑅
0

Equations (10) and (11) become and , one-to-one. Let , satisfying ,𝐸 = 𝑅
0

𝐾 =
𝑎𝑅

0

𝑏 𝑥
𝑠

𝑡( ) 𝑥
𝑠

0( ) = 𝑥
𝑠0

stand for the global trajectory associated with such a stationary case.

Then,correspondingly,Equation (9) takes the form

(15)

And in turn, the stationary form of Equation (12) becomes𝑥
𝑠

𝑡( )

(16)

where
(17)

(18)

where, as we have specified around Equation (14), and are integration constants to be𝑥
𝑠10

𝑥
𝑠20

determined using the initial condition and the continuity requirement𝑥
𝑠

0( ) = 𝑥
𝑠0

𝑥
𝑠1

𝑡
𝑐( ) = 𝑥

𝑠2
𝑡

𝑐( )
being a time value such that𝑡

𝑐
𝑥

𝑠
𝑡

𝑐( ) = 𝑅
0
.

The stationary characterisation of Equation (12) provides a resource availability model for𝑥
𝑠

𝑡( )

autotrophic organisms, including photosynthetic bacteria, algae, and plants, that rely on a

consistent energy source to withstand their growth and population sustainability. These

organisms possess the ability to produce their food through photosynthesis, which entails the

transformation of sunlight into chemical energy. As long as there is a stable availability of

sunlight, the autotrophic population can thrive and grow. Another instance of a population

dependent on a steady energy source is a group of chemosynthetic organisms inhabiting

environments with a continuous supply of chemical compounds, such as sulfur or methane.

They can generate sustenance using the energy derived from these compounds to support

growth and reproduction. In addition, certain heterotrophic populations, such as specific kinds

of fungi, can subsist and multiply on a steady energy supply sourced from decomposing organic

matter given a constant supply.

The logistic model proposed initially by Verhulst (1838) as a way of modelling population

growth under limited availability of resources formally represents employing the differential

Equation

(19)

���

��
= �

(� − �)��(�) ��� ��(�) ≤ ��

��� − ���(�) ��� ��(�) > ��

�

��(�) = �
���(�) ��� �(�) ≤ ��

���(�) ��� �(�) > ��

�

���(�) = �����(���)�

���(�) = �������� +
���

�
(1 − ����)

�̇(�) = ��(�)(1 − �(�) �)⁄
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where stands for population size or density at time , is the associated intrinsicrate of𝑥(𝑡) 𝑡 𝑎
increase, and is a positive constant known as the environmental carrying capacity. The logistic𝐾
model will provide a reference to assess the reproducibility strength of the global trajectory of

Liebig's Principle of limiting factors model of Equation (9).

III. RESULTS

3.1 Qualitative study of the global trajectory 𝑥 𝑡( )

As shown in the appendix, if we have that , then for , the global trajectory𝑎 − 𝑏 < 0 𝑥
0
≤ 𝐸 𝑥(𝑡)

acquires the form given by Equation (13) with . Therefore, is monotonically𝑥
1

𝑡( ) 𝑥
10

=  𝑥
0

𝑥 𝑡( )

decreasing for all . Because of this, the population size vanishes according to an exponential𝑡 ≥0
law. Alternatively, if and , will initially conform to the branch given by𝑎 < 𝑏 𝑥

0
> 𝐸 𝑥 𝑡( ) 𝑥

2
𝑡( )

Equation (14), setting . Since implies , we have and𝑥
20

= 𝑥
0

𝑎 < 𝑏 𝐾 < 𝐸
𝑑𝑥

2
(𝑡)

𝑑𝑡 < 0 𝑥
2

𝑡( )

asymptotically approaching the value . But, by continuity on its descent towards , there𝐾 𝐾
necessarily will be a time such that Afterwards, the dynamics will followthe𝑡

𝑐
𝑥

2
𝑡

𝑐( ) = 𝐸. 𝑥(𝑡)

split, which because of the ordering , will drive population size to vanish. We can𝑥
1

𝑡( ) 𝑎 < 𝑏

summarise that maintenance of the condition implies the disappearance of the𝑎 < 𝑏
population, regardless of its initial value (also regardless of whether this value is greater or𝑥

0

equal or less than , see Figure 1).𝐸

Figure 1: The behaviour of the trajectory fo . For , population size vanishes,𝑥(𝑡) 𝑎 < 𝑏 𝑥
0
≤ 𝐸 𝑥(𝑡)

following an exponential law, provided that .Whenever and , population size𝑎 < 𝑏 𝑎 < 𝑏 𝑥
0

> 𝐸

decreases initially according to the correspondence rule approaching the asymptotic𝑥(𝑡) 𝑥
2

𝑡( )

value , which lies below , when crossing this threshold, the trajectory ceases to behave𝐾 𝐸 𝑥(𝑡)
according to the rule and switches to the path, and therefore, asymptotically𝑥

2
𝑡( ) 𝑥

1
𝑡( )

approaching zero as progresses to infinity.𝑡

r
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Consider now the order.Then, we will also have . Then, for , at the beginning of𝑎 > 𝑏 𝐾 > 𝐸 𝑥
0

≤𝐸
the growth process, population size will describe according to the exponentially increasing path

. Furthermore, since by continuity, there will be a time such that𝑥
1
(𝑡) 𝑥

0
≤𝐸 𝑡

𝑐
𝑥

1
𝑡

𝑐( ) = 𝐸.

Afterwards, the dynamics will switch to being modelled by the stem. Therefore, as the𝑥(𝑡) 𝑥
2

𝑡( )

appendix explains, population size will keep increasing and asymptotically approaching𝑥 𝑡( )
. The case and portraits similarly with behaving as the branch𝐾 > 𝐸 𝑎 > 𝑏 𝐸 < 𝑥

0
< 𝐾 𝑥(𝑡) 𝑥

2
𝑡( )

and asymptotically approaching Besides, whenever and , the population𝐾. 𝑎 > 𝑏 𝑥
0

> 𝐾 > 𝐸

size will be described by so the condition will fix to be decreasing and𝑥(𝑡) 𝑥
2

𝑡( ), 𝑥
0

> 𝐾 𝑥(𝑡)

asymptotically approaching as progresses to infinity (Figure 2).𝐾 𝑡

Figure 2: The behaviour of the trajectory for For and , at the𝑥(𝑡) 𝑎 > 𝑏. 𝑎 > 𝑏 𝑥
0
≤ 𝐸 < 𝐾

beginning of the process, population size increases according to the branch; because of𝑥(𝑡) 𝑥
1
(𝑡)

continuity, will reach the threshold at a time . For , population size will keep𝑥
1
(𝑡) 𝐸 𝑡

𝑐
𝑡≥𝑡

𝑐

growing according to , thereby asymptotically approaching level The case and𝑥
2
(𝑡) 𝐾. 𝑎 > 𝑏

renders similarly with behaving as the branch approaching For𝐸 < 𝑥
0

< 𝐾 𝑥(𝑡) 𝑥
2

𝑡( ) 𝐾. 𝑎 > 𝑏

and , the trajectory decreases from and approaches the equilibrium level𝑥
0

> 𝐾 𝑥
0

𝐾.

For and the ordering, population size determines by , so it remains𝑎 = 𝑏 𝑥
0
≤ 𝐸 𝑥(𝑡) 𝑥

1
𝑡( )

stationary at . Assuming that the arrangement and holds, at the start of the𝑥
0

𝑎 = 𝑏 𝑥
0

> 𝐸

growing process, the trajectory will be determined by the rule with the initial condition𝑥(𝑡) 𝑥
2

𝑡( )

As the appendix explains,we also have for this parameter arrangement so the𝑥
20

= 𝑥
0
.

𝑑𝑥
2
(𝑡)

𝑑𝑡  < 0

trajectory shall decrease and asymptotically approach𝑥(𝑡) 𝐸.
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Figure 3: The behaviour of the trajectory for For and , the trajectory𝑥(𝑡) 𝑎 = 𝑏. 𝑥
0
≤𝐸 𝑎 = 𝑏 𝑥(𝑡)

remains stationary. For and , the trajectory decreases and asymptotically𝑎 = 𝑏 𝑥
0

> 𝐸 𝑥(𝑡)

approaches .𝐸

In summary, the case entitles a heterogeneous behaviour because if the magnitude of the𝑎 = 𝑏
initial population satisfies , then population size remains steady. However, if the𝑥

0
< 𝐸 𝑥(𝑡)

initial population size lies above the threshold, i.e. , then decreases and𝐸 𝑥
0

> 𝐸 𝑥(𝑡)

asymptotically approaches the threshold (Figure 3).𝐸

3.2 Fitting Results

 

 

In what follows, we explain the performance of LLPM, Liebig's law population model of

Equation (9), as an exploratory tool given different data sets. We address data on yeast grown

under ideal conditions in a test tube and the growth of a harbour seal population, both reported

by Avissar et al. (2013). We also consider data reported by R. Pearl on the growth of Drosophila

melanogaster (Pearl, 1927) and data reported by Hughes and Tanner (2000) on the slow decline

of an Agaricia agaricites population on Jamaican reefs. Fitted parameters, associating standard

deviations and Concordance Correlation Coefficient (CCC) values, also denoted utilising the ρ
symbol (Lin, 1989), appear in Table 1. To compare the reproducibility strength of offered LLPM,

we include CCC values of fits of the logistic model of Equation (19) performed on the included

data sets.
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Data

set
xo a b E 𝑅

0 𝐾 𝑝 ρ𝐿𝐿𝑃𝑀 ρ𝐿𝑂𝐺

Yeast 1.1 0.2549 0.0452 5.7925 8.1388 12.827 0.5 99.23% 98.19%

Seal 1634.24 0.3142 0.1748 4345.66 4350 7801 0.0016 92.97% 86.91%

Fruit fly 13.0039 0.4956 0.3616 235 279.39 303.31 0.2 99.43% 99.43%

Coral 142.62 0.1070 0.2565 376.49 376.871 157.20 0.0016 91.43% 88.99%

stands for CCC value linking to the LLPM of Equation (9), denotes CCC produced by

a fit of

ρ 𝐿𝐿𝑃𝑀 ρ 𝐿𝑂𝐺
the logistic model of Equation (19).

We first considered data on yeast growing under ideal conditions in a test tube portrayed in

Figure 45.10a) in Avissar et al. (2013) and reproduced here in Figure 4a. We know that the yeast

growth curve shown in Panel (a), as portrayed in Avissar et al. (2013), suggests an inconsistent

placement of the initial condition . Nevertheless, blue lines in Figure 4b display a consistent𝑥
0

S-shaped curve fitted by the logistic model of Equation (19) on yeast data ( ,𝑎 = 0. 2056
, . Afterwards, we produced a fit of Liebig's law of the𝑥

0
= 0. 2998, 𝐾 = 12. 57 ρ = 98. 19)

minimum-driven model of Equation (9) (LLPM) to yeast data. Fitted LLPM parameters values

were , , and , which through𝑎 =  0. 2549 𝑏 = 0. 0452, 𝑥0
 =  1. 1 𝑅0

 =  8. 1388 𝑝 = 0. 5
Equations (10) and (11) produced and one to one. Concurring𝐸 = 5. 7925 𝐾 = 12. 827
reproducibility index value was Comparing the shapes of the trajectories of the yeastρ = 99. 23.
population displayed in Figure 4, we can be aware that blue lines fitted by the present LLPM

(Panel c) consistently describe an S-shaped pattern. Panel (c) also shows the shape of the fitted

form of the resource abatement function as given by Equation (3) (red lines). Avissar et al.𝑅(𝑡)
(2013) do not refer to whatever energy source the yeast population depended on, but in any

event, the shape of the fitted form of suggests that independently of bulk consumption, the𝑅(𝑡)
yeast population and its feeding resource stabilised one to one.

Figure 4: Yeast growth data from Avissar et al. (2013). Panel (a) is an assumed S-shaped logistic

growth curve pattern associated withyeast grown under ideal conditions in a test tube, as in

   

Table 1: Estimated values of initial population and resource sizes and , as well as𝑥0 𝑅0

parameter, values and produced by fitting the LLPM of Equation (9) to the listed data𝑎, 𝑏, 𝑝 𝐸
sets (Avissar et al., 2013; Pearl, 1927; Hughes & Tanner, 2000). Concordance Correlation

Coefficient ( ) values are also displayed.ρ
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Figure 45.10a in Avissar et al. (2013). Panel (b) displays a fit of the logistic model as given by

Equation (19) to referred yeast data (blue lines). Panel (c) exhibits the spread of observed data

points about the trajectory resulting by fitting LLPM, Liebig's law of the minimum-driven𝑥(𝑡)
model of Equation (9), to the yeast growth data adapted from Panel (a) (blue lines). Panel (c)

also shows the shape of the fitted form of the resource abatement function as given by𝑅(𝑡)
Equation (3) (red lines).

Figure 5a presents the harbour seal populationdata in Figure 45.10b in Avissar et al. (2013).

Figure 5b presents the spread of referred seal data about the logistic curve fitted by the model of

Equation (19).Concordance Correlation Coefficient resulted in a value of , andρ = 86. 91
parameter estimates were , , . Figure 5c shows the spread𝑎 = 0. 2986 𝐾 = 7459. 08 𝑥

0
= 1104. 15

of captured seal data about the trajectory produced by a fit of LLPM, Liebig's law of the

minimum-based model of Equation (9). Corresponding fitted parameters values were

, , , , , which employing𝑎 =  0. 3142 𝑏 =  0. 1748 𝑥0
 =  1634. 2444 𝑅0

 =  4350 𝑎𝑛𝑑𝑝 =  0. 0016
equations (10) and (11) produced and one to one. The reproducibility𝐸 = 4345. 6617 𝐾 = 7801
index acquired a value of . The associating form of (red lines in Panel (c) suggestsρ = 92. 97 𝑅(𝑡)
that the steady form of the LLPM given by Equation (15) also fits consistently. This fact explains

by the small fitted value for the parameter Moreover, Panel (d) displays a close-up look at the𝑝.
variation of corroborating that this function remained close to its initial value𝑅(𝑡),  
independently of consumption by the seal population.

Figure 5: Fit of the LLPM on seal population growth data as reported in Avissar et al. (2013).

Panel (a) is a presumed logistic growth curve pattern associated with a harbour seal population,

as portrayed in Figure 45.10b in Avissar et al. (2013). Panel (b) exhibits the spread of the Avissar

et al. (2013) harbour seal data about curves fitted by the conventional logistic model of Equation
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(19). Panel (c) shows data spread about the trajectory resulting by fitting LLPM Liebig's law𝑥(𝑡)
of the minimum-driven model of Equation (9) to the available seal population growth

data—panel (d) variation of the fitted resource availability function .𝑅(𝑡)

Correspondingly, Figure 6a presents the spread of data reported by R. Pearl on the growth of

Drosophila melanogaster (Pearl, 1927) about the logistic curve fitted by the model of Equation

(19). Fitted parameter values were , , and with Concordance𝑎 = 6. 19 𝐾 = 329. 7 𝑥
0

= 0. 2194

Correlation Coefficient at a value of . Figure 6b shows the spread of capturedρ = 99. 43
Drosophila melanogaster data about the trajectory produced by a fit of LLPM, Liebig's law of the

minimum-based model of Equation (9). Fitted parameters values were ,𝑎 = 0. 4956 𝑏 = 0. 3616
, , , , which through Equations (10) and (11) produced𝑅

0
=  279. 3992 𝑥

0
=  13. 0039 𝑝 =  0. 2

and one to one. Red lines on panel b display the variation of feeding𝐸 = 235 𝐾 = 303. 31
resource availability , showing that although population consumption induced an𝑅(𝑡)
asymptotical approach to a value , resource abatement was moderate.𝐾

Finally, Figure 7a presents the spread of data reported by Hughes and Tanner (2000) on the

decline of an Agaricia agaricites population on Jamaican reefs about the logistic curve fitted by

the model of Equation (19) with , , and a Concordance𝑎 =− 0. 1357 𝐾 =− 1. 7040 𝑥0 = 126. 59
Correlation Coefficient of This fit identified the declining branch of the logisticρ = 88. 99.
model. However, it resulted in incompatibly negative values for the parameters and . Figure𝑎 𝐾
7b shows the spread of captured Agaricia agaricites data about the trajectory produced by a fit of

Liebig’s law of the minimum-based model of Equation (9). Fitted parameters values were

, , , , , which employing𝑎 = 0. 1070 𝑏 = 0. 2565 𝑅
0

= 376. 871 𝑥
0

= 142. 6281 𝑝 = 0. 0016

Equations (10) and (11) produced and , one to one. Compared to an𝐸 = 376. 49 𝐾 = 157. 20
unreliable fit of the logistic model shown in Panel b), an LLPM try predicts the extinction of the

Agariciaagaricites population. In coherence, the LLPM predicts that the feeding resource path

adapts to a steadily growing pace of stabilisation (panel c). Then regardless of plentiful feeding

energy, the Agaricia agaricites population vanished away.

  

Figure 6: Fit of LLPM on Drosophila melanogastergrowth data presented in Pearl (1927). Panel

(a) displays a fit of the logistic model as given by Equation (19) to Drosophila melanogaster

data, with Panel (b) exhibits the spread about the trajectory resulting by fitting the Liebig’s𝑥(𝑡)
law of the minimum-driven model of Equation (9)to Drosophila melanogaster data. This last

Panel also shows the shape of the fit of the resource abatement function as given by𝑅(𝑡)
Equation (3). �L
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IV. DISCUSSION
In cellular structures such as mitochondria, the maxima or minima of a periodical chemical

reaction proved to be determinants of observable patterns (Woodcock, 1978). In other processes,

for instance, catalysis, limiting values of variables such as pH and temperature can cause

enzymes to lose their functionality, thereby impairing the easing of essential chemical reactions

within living organisms (Dyson & Noltmann, 1968). Besides, the maximum and minimum blood

glucose levels, body temperature, or pH range are critical for maintaining homeostasis (Yildiz et

al., 2020). Furthermore, maximum and minimum values can activate regulatory mechanisms in

biological systems that help organisms deal with and adapt to challenging environmental

conditions. Within these response mechanisms, we can include activation of heat shock proteins

that shield cells from harm given extreme values of temperature or water conservation

mechanisms in plants in response to extreme osmotic conditions (Bich et al., 2016; Sharp et al.,

1999; Chaves & Oliveira, 2004). Another example of extreme value control of a biological

process is the existence of a minimum light intensity needed for efficient photosynthesis in

plants (Boardman, 1977; Madsen & Sand‐Jensen, 1994). What is more, in this vein, it is worth

mentioning that extreme levels of light intensity or CO2 concentrations can restrict the

effectiveness of photosynthesis and, as a result, hamper the capability of plants to create energy

(Jolliffe & Tregunna, 1968). Therefore, from a general perspective, comprehending the upper

and lower limits of biologically relevant variables delivers an understanding of organisms'

underlying limits, adaptive responses, and constraints.

In ecological settings, extreme values are often more descriptive of relevant dynamics than

standard measures of central tendency (Gaines & Denny, 1993; Montiel et al., 2004). Issues

relating to physical stress, such as high or low temperatures, salinity, soil water content, wind

velocities, and varying durations of air exposure, serve as examples (Denny & Deines, 1990).

Moreover, characterising extreme values not only aids in defining the optimal operational

boundaries for ecological processes and contributes to our interpretation of the correlation

between organisms and their environment (Ruthsatz, Dausmann, and Peck, 2022). For instance,

species interaction dynamics and community formation depend on the maximum and minimum

values of different variables (Checa et al., 2014). Furthermore, the availability of particular

resources can limit the distribution of species or the sizes of their populations (Wright, 1983),

while the sizes of predator populations below or above given edges can impact the distribution

and behaviour of prey species (Schneider, 2001). Also, from an ecological perspective,

 
  

Figure 7: Fitting results of the LLPM on Agaricia agaricites growth data presented in Hughes

and Tanner (2000).Panel (a) displays a fit of the logistic model given by Equation (19) to

Agaricia agaricites data. Panel (b) exhibits the spread about the trajectory resulting by𝑥(𝑡)
fitting Liebig's law of the minimum-driven model of Equation (9)to Agaricia agaricites data and

also shows the shape of fitted form of the resource abatement function as given by Equation𝑅(𝑡)
(3).Panel(c) close-up at the variation.𝑅(𝑡)  
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acknowledging the relevance of maximum and minimum values of pertinent variables

contributed to conceiving the concept of tolerance bounds (Niinemets & Valladares, 2008;

Pörtner, 2001; Goss & Bunting, 1976). For example, the minimum oxygen concentration

required for aquatic organisms' survival sets their tolerance lower limit (Seibel, 2011; Gaufin et

al., 1974). Likewise, the maximum temperature at which an organism can survive or reproduce

entails its thermal tolerance upper limit (Madeira et al., 2012; Buckley & Huey, 2016). Ecological

niches, characterised by certain variables' upper and lower limits, determine a species' optimal

environmental conditions (Galparsoro et al., 2009). Therefore, including maximum and

minimum thresholds for factors such as temperature, moisture, or nutrient availability helps to

understand how organisms distribute and their ecological requirements (Kearney, 2006).

Moreover, the notion of extreme value control significantly contributed to conceiving important

theoretical constructs in ecological research, such as the Principle of Limiting Factors, developed

based on results reported by Justus Von Liebig in 1843 (Liebig, 1843), the Law of Tolerance

conceived by Victor Ernest Shelford in the early 20th century. Moreover, the Theory of the

Niche, first proposed by the ecologist G. Evelyn Hutchinson in 1957, states that each species has

a range of environmental conditions in which it can thrive (Hutchinson, 1957; Hutchinson, 1978;

Polechová & Storch, 2008).

In summarising the passage above, it is worth emphasising that to understand better the

underlying limits, changes, and necessities of living organisms; it is essential to determine the

upper and lower limits that set the intervals of influence of their determining physical and

biological variables. This understanding of suitable extreme values assists in setting the

boundaries that biological processes must function within, leading to a better comprehension of

how organisms work in conjunction with their surroundings to function efficiently.

Notwithstanding, when referring to conceiving constructs aimed to model population dynamics,

besides a reduced number of papers (e.g. Polyetayev, 1971; Echavarria & Gomez, 1979;

Echavarria-Heras et al. 2021 Montiel-Arzate et al. 2004; Echavarria-Heras et al., 2021) the

relevance of including extreme values of causal variables in a dynamical set up has not been

adequately acknowledged in the literature. For that reason, we decided to further contribute to

the matter, so, in this work, we modified the protocol by Echavarria-Heras et al. (2021) that

resulted in the construct given by Equation (9), which we refer to as LLPM, for a single species

population growth model, built upon Liebig's Principle of Limiting Factors. The LLPM sustains

by hypothesising that: (1) the inherent natural natality rate is determined according to Liebig's

Law by the minimum between the size of the population and that of its feeding resource,𝑥(𝑡)
at a time t, (2) the accompanying natural mortality rate is supposed to be proportional𝑅(𝑡),

solely to population size, and (3) the rate of consumption of the external feeding resource

ostensibly varies directly proportional to the natural growth rate of the population. Despite

being partially founded on the assumption that mortality depends linearly on population size,

the qualitative exploration of the behaviour of the global trajectory associated with the offered

LLPM demonstrated a proven capability to mimic the typical s-shaped pattern associated with

restricted growth models. The presented fitting results confer the LLPM of excellent

reproducibility features and reveal that such a paradigm offers a remarkable interpretative

strength. Firstly, the LLPM could identify the suggested form for the resource abatement

function on the fly, entailing a feature that the typical logistic growth model of Equation𝑅(𝑡)
(19) lacks. Secondly, also compared to the presently addressed logistic model, the LLPM offers a

consistent way to identify a declining pace in population size leading to extinction which the

latter model could not suitably achieve. Besides, simplifying complexity has been proven

advantageous in finding parameter estimates for consistent reproducibility of real data sets.

�L
�o

�n
�d

�o
�n

� �
J�

o�
u�

r�
n�

a�
l� 

�o
�f�

 �R
�e

�s
�e

�a
�r

�c
�h

� �
i�n

� �
S

�c
�i�

e�
n�

c�
e�

:� 
�N

�a
�t�

u�
r�

a�
l� 

�a
�n

�d
� �

F
�o

�r
�m

�a
�l

��

1513© �V�o�l�u�m�e� �2�3� �|� �I�s�s�u�e� �9� �|� �C�o�m�p�i�l�a�t�i�o�n� �1�.�0�2�0�2�3� �G�r�e�a�t� �B�r�i�t�a�i�n� �J�o�u�r�n�a�l� �P�r�e�s�s

�$ �/�L�H�E�L�J�V�3�U�L�Q�F�L�S�O�H�R�I�/�L�P�L�W�L�Q�J�)�D�F�W�R�U�V�E�D�V�H�G�6�L�Q�J�O�H���6�S�H�F�L�H�V�3�R�S�X�O�D�W�L�R�Q�*�U�R�Z�W�K�0 �R�G�H�O�,���4�X�D�O�L�W�D�W�L�Y�H�6�W�X�G�\ �R�I�7�U�D�M�H�F�W�R�U�L�H�V�D�Q�G
�)�L�W�W�L�Q�J�5�H�V�X�O�W�V



Nevertheless, performing research on further simplifying the nonlinear parameter estimation

tasks deems necessary.

V. APPENDIX. ANALYTICAL APPROACH

5.1 Continuity property of the global trajectory 𝑥(𝑡)

Equation (12) states that the global trajectory , associating to the piecewise-defined ODE𝑥 𝑡( )
given by Equation (9), expresses such that

(A1)

where agreeing to Equations (10) and (11), we have

and

with as explained around Equation (3), stands for the constant of proportionality between the𝑝,  
resource consumption and natural population growth rates.

The constants and values in Equation (A1) follow from the requirement that𝑥
10

𝑥
20

𝑥 0( ) = 𝑥
0

along with the continuity condition , being a time value such that The𝑥
1

𝑡
𝑐( ) = 𝑥

2
𝑡

𝑐( ) 𝑡
𝑐

𝑥 𝑡
𝑐( ) = 𝐸.

value of is determined depending on the ordering relationships between and , along with𝑡
𝑐

𝑎 𝑏

the placement of the initial condition relative to the threshold. Two ordering𝑥 0( ) = 𝑥
0

𝐸

arrangements prompt the global trajectory to cross the threshold. The first one involves𝑥(𝑡) 𝐸
and , and another composing and𝑎 > 𝑏 𝑥

0
≤𝐸 𝑎 < 𝑏 𝑥

0
> 𝐸.

5.2 Continuity of the global trajectory in the case and𝑥(𝑡) 𝑎 > 𝑏 𝑥
0
≤ 𝐸

Assume that we have and . Then, at the beginning of the growth process, the global𝑎 > 𝑏 𝑥
0
≤ 𝐸

trajectory shapes according to the branch holding in the domain and given by𝑥(𝑡) 𝑥
1

𝑡( ) 𝑥 𝑡( )≤ 𝐸

Equation (A1). Then to accomplish the suitable form , we must choose ; that is, we𝑥
1

𝑡( ) 𝑥10= 𝑥0

acquire

(A2)

According to Equation (A1), the complementary branch of the global trajectory𝑥
2

𝑡( ) 𝑥(𝑡),

holding in the domain , depends on the initial condition , whose value ought to be𝑥 𝑡( ) > 𝐸 𝑥20

determined. For that aim, we must enforce that the global trajectory is continuous at a time𝑥(𝑡)
such that or equivalently and Therefore, we first need to𝑡 = 𝑡𝑐 𝑥 𝑡𝑐( ) = 𝐸 𝑥

1
𝑡𝑐( ) = 𝐸 𝑥

2
𝑡𝑐( ) = 𝐸.

obtain For achieving that task, we rely on the statement , so, using Equation (A2),𝑡𝑐. 𝑥
1

𝑡𝑐( ) = 𝐸

we must have

�(�) = �
��(�) = ����(���)� ��� �(�) ≤ �

��(�) = �����(����)� + �(1 − ��(����)�) ��� �(�) > �

�

� = (�� + ���) (1 + �)⁄  

� = ��(� + 1)(�� + �)�� 

��(�) = ���� ��(� − �)��
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from which solving for yields𝑡𝑐

(A3)

Secondly, we need to consider that continuity of at fulfils if and only if also𝑥 𝑡( ) 𝑡 = 𝑡𝑐 𝑥2 𝑡( )

satisfies . Agreeing with Equation (A1), this statement requires adapting a suitable𝑥2 𝑡𝑐( ) = 𝐸

value of the initial condition , which makes𝑥20

(A4)

Then, solving for , we obtain𝑥20

Moreover, equivalently replacing , as given by Equation (A3), one gets𝑡
𝑐

(A5)

Being identified, we can obtain the form of the branch joining the initial one to𝑥
20 

𝑥
2

𝑡( ) 𝑥
1

𝑡( )

compose the global trajectory 𝑥 𝑡( ).

5.3 Continuity of global trajectory in the case and𝑥(𝑡) 𝑎 < 𝑏 𝑥
0

> 𝐸

In turn, for and , agreeing to Equation (A1), the first portion of the global trajectory𝑎 < 𝑏 𝑥
0

> 𝐸

, turns out to be𝑥(𝑡)

(A6)

Then, to complete the path , we need to get the complementary portion holding in the𝑥(𝑡) 𝑥
1

𝑡( )

domain . As stated by Equation (A1) requires adapting the value of the associating initial𝑥 𝑡( )≤ 𝐸
condition such that the property that is continuous at a time for which𝑥

10
𝑥(𝑡) 𝑡 = 𝑡

𝑐
𝑥

2
𝑡

𝑐( ) = 𝐸

succeeds. Again, this entails both and taking a common value From Equation𝑥
2

𝑡
𝑐( ) 𝑥

1
𝑡

𝑐( ) 𝐸.

(A6), the statement leads to𝑥
2

𝑡
𝑐( ) = 𝐸

which in turn, allows solving for namely𝑡
𝑐

(A7)

���(���)�� = �, 

�� = �� (� ��⁄ ) (� − �)⁄

�����(����)�� + ��1 − ��(����)��� = �

��� = (� − �)�(����)�� + �

��� = (� − �) �
�

��
�

����

���
+ �.

��(�) = ����(����)� + ��1 − ��(����)��

����(����)�� + ��1 − ��(����)�� � = �, 

�� = �� (�� − � � − �⁄ )(�� + �)��
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Correspondingly, using Equation (A1) to express the condition , then solving for𝑥
1

𝑡
𝑐( ) = 𝐸 𝑥

10

yields

from which, after replacing as given by (A7), leads to𝑡𝑐

(A8)

5.4 Construction of the global trajectory for the case𝑥(𝑡) 𝑎 < 𝑏

Whenever and , initially the dynamics sets by as given by Equation𝑎 − 𝑏 < 0 𝑥
0
≤𝐸 𝑥(𝑡) 𝑥1 𝑡( )

(A2) namely

Then, is decreasing for all Therefore, for Consequently, the global𝑥
1

𝑡( ) 𝑡≥0. 𝑥 𝑡( ) ≤ 𝑥
0

< 𝐸 𝑡 ≥ 0.

trajectory maintains the shape for Besides,we have𝑥(𝑡) 𝑥1 𝑡( ) 𝑡≥0.

(A9)

Because of this, the population size vanishes according to an exponential law.𝑥(𝑡)

Assume now that and . Then, initially, will conform to as given by𝑎 < 𝑏 𝑥0 > 𝐸 𝑥 𝑡( ) 𝑥2 𝑡( )

Equation (A6), that is,

Since by assumption and we also have , it follows that,𝑎 < 𝑏 𝐸 > 0

(A10)

Since as it is stated by Equation (A1), we have , inequality (A10) along𝐾 = 𝑎𝐸 𝑝 + 1( ) 𝑎𝑝 + 𝑏( )−1

the statement, yield the ordering,𝑥
0

> 𝐸

(A11)

On the other hand, from Equation (A6), the derivative of becomes.𝑥
2

𝑡( )

(A12)

Since for , the sign of shall be fixed by the factor(𝑎𝑝 + 𝑏)𝑒−(𝑎𝑝+𝑏)𝑡 > 0 𝑡∈𝑅+ 𝑑𝑥
2
(𝑡)

𝑑𝑡 (𝐾 − 𝑥
0
).

Then, since inequality (A11) holds, we have ,which implies Hence, for𝑥
0

> 𝐾
𝑑𝑥

2
(𝑡)

𝑑𝑡 < 0. 𝑎 < 𝑏

and , we have established that becomes a decreasing function of time t. On the other𝑥
0

> 𝐸 𝑥 𝑡( )

hand, from Equation (A6), we also have that

(A13)

��� = � �
����

���
�

�
���

����

��� = ��� �(−(� − �)��), 

��(�) = �� ���(� − �) �.

lim�→� ��(�) = 0.

��(�) = ����(����)� + �(1 − ��(����)�)

��(� + 1) < (�� + �)�

� < � < ��

���(�) �� =⁄ (�� + �)(� − ��)��(����)�

lim�→� ��(�) = �.
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Therefore, the path bears a horizontal asymptote Note also that because , by𝑥2 𝑡( ) 𝐾. 𝑎 < 𝑏

inequality (A11), we also have Therefore, the limiting value of whenever will lie𝐾 < 𝐸. 𝑥2 𝑡( ) 𝑡→∞

below . Then, necessarily the trajectory keeps on decreasing until it reaches the value ,𝐸 𝑥2 𝑡( ) 𝐸

that is, there exists a time value as given by Equation (A7) such that and after𝑡 = 𝑡𝑐 𝑥2 𝑡𝑐( ) = 𝐸

that, the dynamics of will set by that according to Equation (A1) bears a form𝑥 𝑡( ) 𝑥1 𝑡( ),

Then, choosing

adds the continuity condition , as much as setting to decrease asymptotically𝑥1 𝑡
𝑐( ) = 𝐸 𝑥(𝑡)

towards zero (see Figure A1b).

We can summarise what we have explored so far by stating that maintenance of the condition

implies the disappearance of the population, regardless of its initial value (also𝑎 < 𝑏 𝑥0

regardless of whether this value is greater or equal or less than ).𝐸

Figure A1: Construction of the trajectory for Provided , then for , the𝑥(𝑡) 𝑎 < 𝑏. 𝑎 < 𝑏 𝑥0≤𝐸

population size vanishes following the exponential law given by Equation (A1) with𝑥(𝑡) 𝑥1 𝑡( )

(Panel a). For and , initially takes on an form given by Equation𝑥
10

= 𝑥
0

𝑎 < 𝑏 𝑥
0

> 𝐸 𝑥(𝑡) 𝑥2 𝑡( )

(A1), which decreases asymptotically to a value . When crossing the horizontal line ,𝐾 < 𝐸 𝑥 = 𝐸
at a time , the trajectory ceases to be given by that would take it to the limit value by𝑡𝑐 𝑥(𝑡) 𝑥2 𝑡( ) 𝐾

approaching infinity and begins following an shaped trajectory with .𝑡 𝑥1 𝑡( ) 𝑥
10

= 𝐸𝑒
− 𝑎−𝑏( )𝑡

𝑐( )

Therefore, will asymptotically progress to zero as approaches infinity.𝑥(𝑡) 𝑡

5.5 Construction of the trajectory for the case𝑥(𝑡) 𝑎 > 𝑏

Now suppose that inequality fulfils. Then, implies𝑎 > 𝑏 𝐸 > 0

Now, since Equation (A1) establishes, , inequality above implies the ordering
𝐾=𝑎𝐸(𝑝+1)

(𝑎𝑝+𝑏)

��(�) = ��� ���(� − �) �. 

��� = ����(−(� − �)��), 

��(� + 1) > (�� + �)�. 
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(A14)

Suppose that and . Under these conditions, as specified by inequality (A14), we𝑎 − 𝑏 > 0 𝑥
0
≤𝐸

also have the order. And, as given by Equation (A2), at the beginning of the process, the𝐾 > 𝐸
population size will be set by𝑥(𝑡)

Then, once it departs from , will increase exponentially. And, since , as we𝑥
0

𝑥
1

𝑡( ) 𝑥
0
≤𝐸

elaborated around Equation (A3) by continuity of the global trajectory , there will be a time𝑥(𝑡)
satisfying,𝑡 = 𝑡

𝑐

at which population size , as given by , will meet the threshold, that is, For𝑥 𝑡( ) 𝑥
1

𝑡( ) 𝐸 𝑥
1

𝑡
𝑐( ) = 𝐸.

, according to Equation (A1), population size will switch from the growth form to𝑡 > 𝑡
𝑐

𝑥(𝑡) 𝑥
1
(𝑡)

one. Again, Equation (A12) states that the sign of sets by the factor Then,𝑡ℎ𝑒𝑥
2
(𝑡)

𝑑𝑥
2
(𝑡)

𝑑𝑡 𝐾−𝑥
0( ).

will increase whenever , and as stated by Equation (A13), approaches as𝑥
2
(𝑡) 𝐸 < 𝑥

0
< 𝐾 𝑥

2
(𝑡) 𝐾

progresses to infinity (Figure A2a).𝑡

Assume that in addition to , the initial condition places such that Under𝑎 > 𝑏 𝑥
0

𝐸 < 𝑥
0

< 𝐾.

these circumstances, the process will be conducted for a certain initial period by the branch𝑥
2
(𝑡)

of the trajectory , as established by Equation (A6). Again, Equation (A12) states that the sign𝑥(𝑡)

of shall fix by the factor Then, will increase whenever , and as
𝑑𝑥

2
(𝑡)

𝑑𝑡 𝐾 − 𝑥
0( ). 𝑥

2
(𝑡) 𝐸 < 𝑥

0
< 𝐾

stated by Equation (A13), approaches as progresses to infinity (Figure A2a). Besides,𝑥
2
(𝑡) 𝐾 𝑡

whenever and , the population size will be described by , attaining a𝑎 > 𝑏 𝑥0 > 𝐾 > 𝐸 𝑥(𝑡) 𝑥2 𝑡( )

form given by Equation (6), that is,

Then, as we have elaborated above, the condition sets the branch of the global𝑥0 > 𝐾 𝑥2 𝑡( ) 𝑥(𝑡)

trajectory to be decreasing and asymptotically approaching as progresses to infinity (Figure𝐾 𝑡
A2b).

� > �
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Figure A2: Construction of the trajectory for . Whenever and at the𝑥 𝑡( ) 𝑎 > 𝑏 𝑎 > 𝑏 𝑥
0
≤ 𝐸

beginning of the process, population size will be ruled by as given by Equation (9), and𝑥(𝑡) 𝑥
1
(𝑡)

consequently, it will increase. By continuity, will eventually reach the threshold, and the𝑥
1
(𝑡) 𝐸

dynamics will start to be modelled by the branch of the global trajectory , thereby𝑥
2
(𝑡) 𝑥(𝑡)

approaching the equilibrium level when progressesto infinity. The case and𝐾 𝑡 𝑎 > 𝑏 𝐸< 𝑥
0

< 𝐾

portraits similarly with behaving as the branch and asymptotically approaching𝑥(𝑡) 𝑥
2

𝑡( ) 𝐾

(Panel a). Besides, whenever and , the population size will be described𝑎 > 𝑏 𝑥
0

> 𝐾 > 𝐸 𝑥(𝑡)

by , so the condition will fix to be decreasing and asymptotically approaching𝑥
2

𝑡( ) 𝑥
0

> 𝐾 𝑥(𝑡) 𝐾

as progresses to infinity (Panel b).𝑡

Summarising, whenever , then either the, or placements of the𝑎 > 𝑏 0< 𝑥
0

< 𝐸 < 𝐾 𝐸 < 𝑥
0

< 𝐾

initial condition will drive the population size being monotonically increasing and𝑥
0

𝑥 𝑡( )

approaching . If instead , will be monotonically decreasing with as an asymptote.𝐾 𝑥0 > 𝐾 𝑥(𝑡) 𝐾

As a consequence of this, could stand as a specific equilibrium state of the system𝑥 𝑡( ) = 𝐾
determined by and , the internal development processes that set the intensities of the natality𝑎 𝑏
and mortality processes and , as well as, by the external factor .(𝑁(𝑡) 𝑀(𝑡)) 𝐸

5.6 Analysis of case 𝑎 = 𝑏

Let us now analyse the behaviour of for the case . Again comparing and , we may𝑥(𝑡) 𝑎 = 𝑏 𝑥
0

𝐸

first consider the order. As we already know, for this case, the behaviour of the trajectory𝑥0≤ 𝐸

is determined by the branch as given by Equation (A2), namely Then,𝑥(𝑡) 𝑥1 𝑡( ) 𝑥1 𝑡( ) = 𝑥0𝑒 𝑎−𝑏( )𝑡.

since by assumption , we have The trajectory remains stationary (Figure𝑎 = 𝑏 𝑥1 𝑡( ) = 𝑥0. 𝑥(𝑡)

A3a).

For and , the trajectory follows the rule at the start of the growing𝑎 = 𝑏 𝑥0 > 𝐸 𝑥(𝑡) 𝑥
2

𝑡( )

process. According to Equation (A6) for , becomes,𝑎 = 𝑏

(A15)

Then we have

��(�) = �����(���)� + �(1 − ���(���)�)
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(A16)

Equation (A15) yields

(A17)

Nevertheless, since we established the condition , then so the trajectory𝑥
0

> 𝐸
𝑑𝑥

2
𝑡( )

𝑑𝑡 < 0 𝑥(𝑡)

shall be decreasing and asymptotically approaching as progresses to infinity (Figure A3b).𝐸 𝑡

In short, the case entitles a heterogeneous behaviour because if the magnitude of the𝑎 = 𝑏
initial population satisfies , then population size remains steady. However, if the𝑥

0
< 𝐸 𝑥(𝑡)

initial population size lies above the threshold, i.e. , then decreases exponentially𝐸 𝑥
0

> 𝐸 𝑥(𝑡)

and asymptotically approaches the equilibrium level .𝐸

Figure A3: The shape of for For and , the trajectory remains𝑥(𝑡) 𝑎 = 𝑏. 𝑎 = 𝑏 𝑥
0
≤ 𝐸 𝑥(𝑡)

stationary (Panel a).If the initial population size lies above the threshold, i.e. , then𝐸 𝑥
0

> 𝐸 𝑥(𝑡)

decreases exponentially and asymptotically approaches .𝐸

Summarising, the case entitles a heterogeneous behaviour because if the magnitude of the𝑎 = 𝑏
initial population satisfies , then population size remains steady. However, if the𝑥

0
< 𝐸 𝑥(𝑡)

initial population size lies above the threshold, i.e. , then decreases and𝐸 𝑥
0

> 𝐸 𝑥(𝑡)

asymptotically approaches the threshold.𝐸

ACKNOWLEDGEMENTS

The authors would like first to thank CICESE, our honourable and generous institution that this

year celebrates its 50th anniversary and whose unrestricted support has allowed our

Consolidation as scientists. Hector Echavarria Heras expresses special thanks to Guillermo

Gómez Alcaraz for suggesting pursuing this research. We also thank three anonymous reviewers

for their valuable and enlightening comments.

lim�→� ��(�)   = �

���(�) ��⁄ = �(� + 1)(� − ��)���(���)�

�L
�o

�n
�d

�o
�n

� �
J�

o�
u�

r�
n�

a�
l� 

�o
�f�

 �R
�e

�s
�e

�a
�r

�c
�h

� �
i�n

� �
S

�c
�i�

e�
n�

c�
e�

:� 
�N

�a
�t�

u�
r�

a�
l� 

�a
�n

�d
� �

F
�o

�r
�m

�a
�l

�2�0 �V�o�l�u�m�e� �2�3� �|� �I�s�s�u�e� �9� �|� �C�o�m�p�i�l�a�t�i�o�n� �1�.�0 © �2�0�2�3� �G�r�e�a�t� �B�r�i�t�a�i�n� �J�o�u�r�n�a�l� �P�r�e�s�s

�$ �/�L�H�E�L�J�V�3�U�L�Q�F�L�S�O�H�R�I�/�L�P�L�W�L�Q�J�)�D�F�W�R�U�V�E�D�V�H�G�6�L�Q�J�O�H���6�S�H�F�L�H�V�3�R�S�X�O�D�W�L�R�Q�*�U�R�Z�W�K�0 �R�G�H�O�,���4�X�D�O�L�W�D�W�L�Y�H�6�W�X�G�\ �R�I�7�U�D�M�H�F�W�R�U�L�H�V�D�Q�G
�)�L�W�W�L�Q�J�5�H�V�X�O�W�V



REFERENCES

1. Avissar Yael, Choi Jung, DeSaix Jean, Jurukovski Vladimir, Wise Robert, Rye Connie. (2013).

Environmental Limits to Population Growth, In Biology, published by The OpenStax College,

Rice University 1515 pp.

2. Anees S. (2022). The principle of space-for-time substitution in predicting betula spp.

Biomass change related to climate shifts. Applied ecology and environmental research,

20(4), 3683–3698.

3. Bich L., Mossio M., Ruiz-Mirazo K. et al (2016). Biological regulation: controlling the system

from within. Biol Philos, 31, 237–265.

4. Boardman N. T. (1977). Comparative photosynthesis of sun and shade plants. Annual review

of plant physiology, 28(1), 355–377.

5. Buckley L. B. & Huey R. B. (2016). How extreme temperatures impact organisms and the

evolution of their thermal tolerance. Integrative and comparative biology, 56(1), 98–109.

6. Charlebois D. A. and Balázsi G. (2018). Modeling cell population dynamics. In Silico Biology,

13(1-2), 21-39.

7. Chaves M. M. and Oliveira M. M. (2004). Mechanisms underlying plant resilience to water

deficits: prospects for water-saving agriculture. Journal of experimental botany, 55(407),

2365-2384.

8. Checa M. F., Rodriguez J., Willmott K. R., & Liger B. (2014). Microclimate variability

significantly affects the composition, abundance, and phenology of butterfly communities in a

highly threatened neotropical dry forest. Florida Entomologist, 97 (1), 1–13.

9. Dyson J. E. D. and Noltmann E. A. (1968). The effect of pH and temperature on the kinetic

parameters of phosphoglucose isomerase: Participation of histidine and lysine in a proposed

dual function mechanism. Journal of Biological Chemistry, 243 (7), 1401-1414.

10. Denny, M. W. and Deines S. O. (1990). On the prediction of maximal intertidal wave forces.

Limnology and Oceanography, 35 (1), 1-15.

11. Echavarria-Heras H. A., Leal-Ramírez C., Gómez G. and Montiel-Arzate E. (2021). Principle

of Limiting Factors-Driven Piecewise Population Growth Model I: Qualitative Exploration

and Study Cases on Continuous-Time Dynamics. Complexity, 2021, 1-24.

12. Echavarría, H. A. and Gómez A. G. (1979). El principio de los factores limitantes y el

crecimiento de poblaciones. Comunicaciones Internas, Departamento de Matemáticas,

Facultad de Ciencias UNAM, 13 (1979).

13. El-Sharkawy M. A. (2011). Overview: Early history of crop growth and photosynthesis

modeling. BioSystems, 103 (2), 205-211.

14. Galparsoro, I., Borja, Á., Bald, J., Liria, P., & Chust, G. (2009). Predicting suitable habitat for

the European lobster (Homarus gammarus) on the Basque continental shelf (Bay of Biscay),

using Ecological-Niche Factor Analysis. Ecological Modelling, 220(4), 556-567.

15. Gaines S. O. & Denny M. W. (1993). The largest, smallest, highest, lowest, longest and

shortest: Extremes in ecology. Ecology, 74 (6), 1677–1692.

16. Gaufin A. R., Clubb R. and Newell R. (1974). Studies on the tolerance of aquatic insects to low

oxygen concentrations. The Great Basin Naturalist, 45-59.

17. Ghaleb A. A. S., Kutty S. R. M., Ho Y. C., Jagaba A. H., Noor A., Al-Sabaeei A. M. and

Almahbashi N. M. Y. (2020). Response surface methodology to optimise methane production

from mesophilic anaerobic co-digestion of oily-biological sludge and sugarcane bagasse.

Sustainability, 12 (5), 2116.

18. Goss L. B. & Bunting D. L. (1976). Thermal tolerance of zooplankton. Water Research, 10 (5),

387–398.

19. Hughes T.P. and Tanner J.E. (2000). Recruitment failure, life histories and long-term decline

of Caribbean corals. Ecology, 81(8), 2250–2263.

�L
�o

�n
�d

�o
�n

� �
J�

o�
u�

r�
n�

a�
l� 

�o
�f�

 �R
�e

�s
�e

�a
�r

�c
�h

� �
i�n

� �
S

�c
�i�

e�
n�

c�
e�

:� 
�N

�a
�t�

u�
r�

a�
l� 

�a
�n

�d
� �

F
�o

�r
�m

�a
�l

��

1521© �V�o�l�u�m�e� �2�3� �|� �I�s�s�u�e� �9� �|� �C�o�m�p�i�l�a�t�i�o�n� �1�.�0�2�0�2�3� �G�r�e�a�t� �B�r�i�t�a�i�n� �J�o�u�r�n�a�l� �P�r�e�s�s

�$ �/�L�H�E�L�J�V�3�U�L�Q�F�L�S�O�H�R�I�/�L�P�L�W�L�Q�J�)�D�F�W�R�U�V�E�D�V�H�G�6�L�Q�J�O�H���6�S�H�F�L�H�V�3�R�S�X�O�D�W�L�R�Q�*�U�R�Z�W�K�0 �R�G�H�O�,���4�X�D�O�L�W�D�W�L�Y�H�6�W�X�G�\ �R�I�7�U�D�M�H�F�W�R�U�L�H�V�D�Q�G
�)�L�W�W�L�Q�J�5�H�V�X�O�W�V



20. Hutchinson G.E. (1957). Concluding remarks. Cold Spring Harbor Symp 22, 415–427.

21. Hutchinson G.E. (1978). An Introduction to Population Ecology. Yale Univ Press, New Haven,

CT.

22. Jolliffe P. A. and Tregunna E. B. (1968). Effect of temperature, CO2 concentration, and light

intensity on oxygen inhibition of photosynthesis in wheat leaves. Plant physiology, 43(6),

902-906.

23. Kearney M. (2006). Habitat, environment, and niche: what are we modelling? Oikos, 115(1),

186-191.

24. Liebig V. J. F. (1843). Chemistry in its application to agriculture and physiology. (As quoted

by E WRussell in Soil Conditions and Plant Growth), 10th Edn. London: Longman

25. Lin L.I.K. (1989). A concordance correlation coefficient to evaluate reproducibility.

Biometrics, pp. 45, 255–268.

26. Madeira D., Narciso L., Cabral H. N. and Vinagre C. (2012). Thermal tolerance and potential

impacts of climate change on coastal and estuarine organisms. Journal of Sea Research, 70,

32-41.

27. Madsen T. V. and Sand‐Jensen K. (1994). The interactive effects of light and inorganic carbon

on aquatic plant growth. Plant, Cell & Environment, 17 (8), 955-962.

28. Montiel-Arzate E., Echavarrı́a-Heras H. and Leal-Ramı́rez C. (2004). A functionally diverse

Population growth model. Mathematical biosciences, 187(1), 21-51.

29. Niinemets Ü. And Valladares F. (2008). Encyclopedia of Ecology Editor(s): Sven Erik

Jørgensen, Brian D. Fath, Academic Press, 1370–1376.

30. Odum E. P. (1963). Ecology. Holt, Rine Hart and Winston, Inc.

31. Odum E. P. (1971). Fundamentals of Ecology, Third Edition, W. B. Saunders Co.

32. Pearl R. (1927). The growth of populations. The Quarterly Review of Biology,pp. 2, 532–548.

33. Peeters E. T. and Gardeniers A. J. J. (1998). Logistic regression as a tool for defining habitat

requirements of two common gammarids. Freshwater Biology, 39(4), 605-615.

34. Polechová J. and Storch D. (2008). Ecological niche. Encyclopedia of ecology, 2, 1088-1097.

35. Polyetayev I. A. (1971). Modeli Volterra, Jishnir-Zhertva y Nekotorye ij obobschenyas.

Ispolzovainien Printsipa Liebija, Zhurnal Obshei Biologii, 34(1), 43-57.

36. Pörtner H. (2001). Climate change and temperature-dependent biogeography: oxygen

limitation of thermal tolerance in animals. Naturwissenschaften, 88, 137-146.

37. Rizhinashvili, A. L. (2022). An Outline of the Theory of the Functioning of Aquatic

Ecosystems: Nutrient Limitation. Biology Bulletin Reviews, 12(6), 596–608.

38. Ruthsatz K., Dausmann, K. H. Peck M. A. and Glos J. (2022). Thermal tolerance and

acclimation capacity in the European common frog (Rana temporaria) change throughout

ontogeny. Journal of Experimental Zoology Part A: Ecological and Integrative Physiology,

337(5), 477-490.

39. Seibel B. A. (2011). Critical oxygen levels and metabolic suppression in oceanic oxygen

minimum zones. Journal of Experimental Biology, 214(2), 326–336.

40. Schneider M. F. (2001). Habitat loss, fragmentation, and predator impact: spatial

implications for prey conservation. Journal of Applied Ecology, 38(4), 720-735.

41. Sharp F. R., Massa S. M. and Swanson R. A. (1999). Heat-shock protein protection. Trends in

neurosciences, 22 (3), 97-99.

42. Shelford V. E. (1913). Animal Communities in Temperate North America, Univ. Chicago

Press.

43. Sprengel K. (1839). Die Lehre vom Dünger oder Beschreibung aller bei der Land wirth schaft

gebräuchlicher vegetabilis cher, animalischer und mineralischer Dünger Materialien, nebst

Erklärung ihrer Wirkung Art. Leipzig.

�L
�o

�n
�d

�o
�n

� �
J�

o�
u�

r�
n�

a�
l� 

�o
�f�

 �R
�e

�s
�e

�a
�r

�c
�h

� �
i�n

� �
S

�c
�i�

e�
n�

c�
e�

:� 
�N

�a
�t�

u�
r�

a�
l� 

�a
�n

�d
� �

F
�o

�r
�m

�a
�l

�2�2 �V�o�l�u�m�e� �2�3� �|� �I�s�s�u�e� �9� �|� �C�o�m�p�i�l�a�t�i�o�n� �1�.�0 © �2�0�2�3� �G�r�e�a�t� �B�r�i�t�a�i�n� �J�o�u�r�n�a�l� �P�r�e�s�s

�$ �/�L�H�E�L�J�V�3�U�L�Q�F�L�S�O�H�R�I�/�L�P�L�W�L�Q�J�)�D�F�W�R�U�V�E�D�V�H�G�6�L�Q�J�O�H���6�S�H�F�L�H�V�3�R�S�X�O�D�W�L�R�Q�*�U�R�Z�W�K�0 �R�G�H�O�,���4�X�D�O�L�W�D�W�L�Y�H�6�W�X�G�\ �R�I�7�U�D�M�H�F�W�R�U�L�H�V�D�Q�G
�)�L�W�W�L�Q�J�5�H�V�X�O�W�V



44. Verhulst P. F. (1838). Notice sur la loi que la population suit dans son

accroissement. Correspondence mathematique et physique, 10, 113-129.

45. Wright D. H. (1983). Species-energy theory: an extension of species-area theory. Oikos, pp.

496–506.

46. Woodcock A. E. R .& Davis M. (1978). Catastrophe Theory, E. P. Dutton, New York.

47. Yildiz C., Bilgin V. A., Yılmaz B. and Özilgen M. (2020). Organisms live at

far-from-equilibrium with their surroundings while maintaining homeostasis, importing

exergy, and exporting entropy. International Journal of Exergy, 31(3), 287-301.

�L
�o

�n
�d

�o
�n

� �
J�

o�
u�

r�
n�

a�
l� 

�o
�f�

 �R
�e

�s
�e

�a
�r

�c
�h

� �
i�n

� �
S

�c
�i�

e�
n�

c�
e�

:� 
�N

�a
�t�

u�
r�

a�
l� 

�a
�n

�d
� �

F
�o

�r
�m

�a
�l

��

1523© �V�o�l�u�m�e� �2�3� �|� �I�s�s�u�e� �9� �|� �C�o�m�p�i�l�a�t�i�o�n� �1�.�0�2�0�2�3� �G�r�e�a�t� �B�r�i�t�a�i�n� �J�o�u�r�n�a�l� �P�r�e�s�s

�$ �/�L�H�E�L�J�V�3�U�L�Q�F�L�S�O�H�R�I�/�L�P�L�W�L�Q�J�)�D�F�W�R�U�V�E�D�V�H�G�6�L�Q�J�O�H���6�S�H�F�L�H�V�3�R�S�X�O�D�W�L�R�Q�*�U�R�Z�W�K�0 �R�G�H�O�,���4�X�D�O�L�W�D�W�L�Y�H�6�W�X�G�\ �R�I�7�U�D�M�H�F�W�R�U�L�H�V�D�Q�G
�)�L�W�W�L�Q�J�5�H�V�X�O�W�V



��

�4�6�5�U

�L�o�n�d�o�n� �J�o�u�r�n�a�l� �o�f� �R�e�s�e�a�r�c�h� �i�n� �S�c�i�e�n�c�e�:� �N�a�t�u�r�a�l� �a�n�d� �F�o�r�m�a�l

�S�c�a�n� �t�o� �k�n�o�w� �p�a�p�e�r� �d�e�t�a�i�l�s� �a�n�d
�a�u�t�h�o�r�'�s� �p�r�o�f�i�l�e

� �A�B�S�T�R�A�C�T

��

�4�6�5�U

�L�o�n�d�o�n� �J�o�u�r�n�a�l� �o�f� �R�e�s�e�a�r�c�h� �i�n� �S�c�i�e�n�c�e�:� �N�a�t�u�r�a�l� �a�n�d� �F�o�r�m�a�l

�L�J�P� �C�o�p�y�r�i�g�h�t� �I�D�:� �9�2�5�6�9�2
�P�r�i�n�t� �I�S�S�N�:� �2�6�3�1�-�8�4�9�0
�O�n�l�i�n�e� �I�S�S�N�:� �2�6�3�1�-�8�5�0�4
�P�r�i�n�t� �I�S�S�N�:� �2�6�3�1�-�8�4�9�0
�O�n�l�i�n�e� �I�S�S�N�:� �2�6�3�1�-�8�5�0�4

�V�o�l�u�m�e� �2�3� �|� �I�s�s�u�e� �9� �|� �C�o�m�p�i�l�a�t�i�o�n� �1�.�0

�¢�”�€�œ�ÿ�”�œ�€�ã�G�ã�Q�� �$�1�� �G�� �ÿ�”�€�1�ÿ�¢�”�œ�� �1�� �ˆ �Z�$�k�1
�� �Z�}�� �� �¯�1�t �à �¯�,�1�Q�A�1�G�O�ˆ �$�Z�€�*�G�� �ÿ�”�€�Z�A�t �}�”�1�ÿ

�$���³�1�ÿ�� �ˆ

�$�Þ�ª�,�L�� ���z�¡�,�L� �' ���™�Þ�<���‚�' �_�“�J �Þ�z���_���_���¡�Þ�,�L�, �k�Þ���Þ�¡�,�L� �'

�_�“�z�“�?�‚�' ���‹�z�Þ�² �L�,�ª���z�‚�,�‹�±

�3�X�U�H�D�Q�G�1�L�G�R�S�H�G�7�L�2�� �W�K�L�Q�I�L�O�P�V�D�U�H�S�U�H�S�D�U�H�G�E�\ �V�R�O���J�H�O�G�L�S�F�R�D�W�L�Q�J�W�H�F�K�Q�L�T�X�H�D�Q�G�V�L�Q�W�H�U�H�G�D�W���� �� �R�&��
�3�D�U�W�L�F�O�H�V�L�]�H�G�H�F�U�H�D�V�H�V�I�U�R�P ���� �Q�P �W�R���� �Q�P �L�Q�F�D�V�H�R�I���� �P�R�O�� �1�L�G�R�S�H�G�7�L�2�� �W�K�L�Q�I�L�O�P�V���; �3�6�V�W�X�G�L�H�V
�U�H�Y�H�D�O�W�K�D�W�W�L�W�D�Q�L�X�P �H�[�L�V�W�V�L�Q�7�L�� �� �V�W�D�W�H�L�Q�S�X�U�H�D�Q�G�1�L�G�R�S�H�G�7�L�2�� �W�K�L�Q�I�L�O�P�V�� �0 �2�6 �V�W�U�X�F�W�X�U�H�V�D�U�H
�I�R�U�P�H�G�E�\ �I�D�E�U�L�F�D�W�L�Q�J�W�K�H�,�7�2 �E�R�W�W�R�P �H�O�H�F�W�U�R�G�H�D�Q�G�$�O�W�R�S�H�O�H�F�W�U�R�G�H���7�K�H�W�K�L�F�N�Q�H�V�V�R�I�D�O�O�W�K�H�1�L�G�R�S�H�G
�7�L�2�� �W�K�L�Q�I�L�O�P�V�L�V�Q�H�D�U�O�\ ������ �Q�P �D�V�P�H�D�V�X�U�H�G�E�\ �W�K�L�F�N�Q�H�V�V�S�U�R�I�L�O�O�R�P�H�W�H�U�� �' �L�H�O�H�F�W�U�L�F�F�R�Q�V�W�D�Q�W�D�Q�G
�G�L�H�O�H�F�W�U�L�F�O�R�V�V�G�H�F�U�H�D�V�H�V�Z�L�W�K�L�Q�F�U�H�D�V�H�L�Q�I�U�H�T�X�H�Q�F�\�� �$�Q�D�W�D�V�H�S�K�D�V�H�K�D�V�E�H�H�Q�I�R�X�Q�G�L�Q�S�X�U�H�D�Q�G�1�L
�G�R�S�H�G�7�L�2�� �W�K�L�Q�I�L�O�P�V�� �' �H�Q�V�L�W�\ �R�I �L�Q�W�H�U�I�D�F�L�D�O�V�W�D�W�H�V�P�H�D�V�X�U�H�G�Z�L�W�K�W�K�H�K�H�O�S�R�I �P�H�D�V�X�U�H�G�Y�D�O�X�H�V�R�I
�F�D�S�D�F�L�W�D�Q�F�H�V��

�_���±�«�U�z�� �‚���7�L�2�� ���V�L�Q�W�H�U�L�Q�J�W�H�P�S�H�U�D�W�X�U�H���D�Q�D�W�D�V�H���G�L�H�O�H�F�W�U�L�F�F�R�Q�V�W�D�Q�W���G�H�Q�V�L�W�\ �R�I�L�Q�W�H�U�I�D�F�L�D�O�V�W�D�W�H�V��

�� �B�Þ�‚�‚�,�Ã�ú�Þ�‹�,�U�L�� �/�&�&���7�.

�a�Þ�L� �“�Þ� �����(�Q�J�O�L�V�K

�’ �à�Þ�à�á�.�$�ã�³�1�Q�� �� �€�¢�1�Q�%�,�) �š�ã�A�� � �̂, �_�œ�O�ã�€�)�_�.�_�.�¢�ã�1�Q�1 �k�ã�$�ã�¢�1�Q�%�,�. �¯�,�1�ˆ �1�ˆ �ã�€�� � �̂� �ã�€�ÿ�,�4�€���³�1���´ �}�ã�}�� �€�)�� �1� �̂”�€�1�þ�œ�”�� �� �œ�Q�� �� �€�”�,�� �”�� �€�O�ˆ �Z�$�”�,��
�� �€�� �ã�”�1�³�� �� �Z�O�O�Z�Q�ˆ �� �”�”�€�1�þ�œ�”�1�Z�Q�A�k�Z�Q�ÿ�Z�O�A�O���€�ÿ�1�ã�G�â�.�Þ�¶�Q�}�Z�€�”�� �� �a�1�ÿ�� �Q� �̂� �,�”�”�}�(�4�4�ÿ�€�� �ã�”�1�³�� �ÿ�Z�O�O�Z�Q� �̂.�.�Z�€�%�4�G�1�ÿ�� �Q� �̂� � �̂4�þ�º�A�Q�ÿ�4�â�.�Þ�4�<�)�}�� �€�O�1�”�”�1�Q�%
�ã�G�G�Q�Z�Q�ÿ�Z�O�O���€�ÿ�1�ã�G�œ� �̂� �)�� �1� �̂”�€�1�þ�œ�”�1�Z�Q�)�ã�Q�� �€�� �}�€�Z�� �œ�ÿ�”�1�Z�Q�1�Q�ã�Q�º �O�� �� �1�œ�O�)�}�€�Z�³�1�� �� �� �”�,�� �Z�€�1�%�1�Q�ã�G�´ �Z�€�D�1�ˆ �}�€�Z�}�� �€�G�º �ÿ�1�”�� �� �.

�t

�•



��

�4�6�5�U

�L�o�n�d�o�n� �J�o�u�r�n�a�l� �o�f� �R�e�s�e�a�r�c�h� �i�n� �S�c�i�e�n�c�e�:� �N�a�t�u�r�a�l� �a�n�d� �F�o�r�m�a�l

�S�c�a�n� �t�o� �k�n�o�w� �p�a�p�e�r� �d�e�t�a�i�l�s� �a�n�d
�a�u�t�h�o�r�'�s� �p�r�o�f�i�l�e

� �A�B�S�T�R�A�C�T

��

�4�6�5�U

�L�o�n�d�o�n� �J�o�u�r�n�a�l� �o�f� �R�e�s�e�a�r�c�h� �i�n� �S�c�i�e�n�c�e�:� �N�a�t�u�r�a�l� �a�n�d� �F�o�r�m�a�l

�L�J�P� �C�o�p�y�r�i�g�h�t� �I�D�:� �9�2�5�6�9�3
�P�r�i�n�t� �I�S�S�N�:� �2�6�3�1�-�8�4�9�0
�O�n�l�i�n�e� �I�S�S�N�:� �2�6�3�1�-�8�5�0�4
�P�r�i�n�t� �I�S�S�N�:� �2�6�3�1�-�8�4�9�0
�O�n�l�i�n�e� �I�S�S�N�:� �2�6�3�1�-�8�5�0�4

�V�o�l�u�m�e� �2�3� �|� �I�s�s�u�e� �9� �|� �C�o�m�p�i�l�a�t�i�o�n� �1�.�0

�*�”�1�Z�G�Z�%�1�ÿ�ã�G�� � �̂}�� �ÿ�”�ˆ �Z�$�A�œ� �̂ã�€�1�œ�O �� �Z�€�Q�¢�”�ã�G�D�š�Z�”
�¶�Q�� �� �€�”�,�� �� �Z�G�� � �̄€�Z�}�1�ÿ�� �Z�Q�� �1�”�1�Z�Q�ˆ

�B���z�J �ß�L�i �Þ�B�� �U�L�Þ�� �U�(�� �z�ú�' �,�B�Þ���B�“�‚�‹�Þ�ª�U�a�,� �Þ�z�z���‹�U�(�i �U�z���L�U���¡�Þ�L�� �z�Þ�(�i ���B�U�i �Þ�z�‹�,�L���º
�t �B�V�J ���º �(�� �Þ�z�U

�² �L�,�ª���z�‚�,�� �Þ�� �k�Þ�ú�,�U�L�Þ�B�� �� �� �U�B�U�J �ù�,�Þ

�6�L�Q�F�H���� ���� �F�R�U�Q�F�U�R�S�V���Y�D�U�� �6�L�P�L�M�D�F�D�� �W�K�D�W�D�U�H�D�G�D�S�W�H�G�W�R�F�R�O�G�F�O�L�P�D�W�H�S�U�R�G�X�F�W�L�R�Q�]�R�Q�H�V�L�Q�&�R�O�R�P�E�L�D
�K�D�V�E�H�H�Q�D�I�I�H�F�W�H�G�E�\ �6�W�D�O�N�5�R�W�Z�L�W�K�D�Q�L�Q�F�L�G�H�Q�F�H�X�S�W�R���� �� �Z�K�L�F�K�L�V�F�D�X�V�H�G�E�\ �)���J�U�D�P�L�Q�H�D�U�X�P �D�Q�G�)��
�V�X�E�J�O�X�W�L�Q�D�Q�V���7�K�L�V�V�W�X�G�\ �D�L�P�H�G�W�R�G�H�W�H�U�P�L�Q�H�W�K�H�V�R�X�U�F�H�V�R�I �)�X�V�D�U�L�X�P �V�S�S���L�Q�R�F�X�O�X�P �D�Q�G�H�Y�D�O�X�D�W�H�W�K�H
�H�I�I�H�F�W�R�I �P�D�Q�D�J�H�P�H�Q�W�R�I �S�R�W�H�Q�W�L�D�O�,�Q�R�F�X�O�X�P �R�Q�G�L�V�H�D�V�H���S�O�D�Q�W�J�U�R�Z�W�K�D�Q�G�F�U�R�S�\�L�H�O�G���D�Q�G�W�R�U�H�O�D�W�H�W�K�H
�S�U�H�S�R�Q�G�H�U�D�Q�W�F�O�L�P�D�W�H�D�Q�G�O�D�Q�G�V�F�D�S�H�F�R�Q�G�L�W�L�R�Q�V�Z�L�W�K�W�K�H�G�L�V�H�D�V�H���7�Z�R�S�O�R�W�V�Z�H�U�H�V�H�O�H�F�W�H�G�I�R�U�W�K�H�V�W�X�G�\��
�R�Q�H�Z�L�W�K�F�R�U�Q���F�R�U�Q�F�U�R�S�V�H�T�X�H�Q�F�H�V�Z�K�H�U�H�W�K�H�F�U�R�S�U�H�V�L�G�X�H�V�Z�H�U�H�N�H�S�W�R�U�U�H�P�R�Y�H�G���D�Q�G�W�K�H�R�W�K�H�U�Z�L�W�K�D
�U�R�W�D�W�L�R�Q�V�F�K�H�P�H�L�Q�F�O�X�G�L�Q�J �]�X�F�F�K�L�Q�L���&�X�F�X�U�E�L�W�D�S�H�S�R���� �7�K�H�F�R�U�Q�V�H�H�G�V�Z�H�U�H�W�U�H�D�W�H�G�Z�L�W�K�Z�H�W�D�Q�G�G�U�\
�K�H�D�W�D�W�G�L�I�I�H�U�H�Q�W�W�H�P�S�H�U�D�W�X�U�H�V�D�Q�G�H�Y�D�O�X�D�W�H�L�Q�M�R�L�Q�Z�L�W�K�U�H�V�L�G�X�H�V�P�D�Q�D�J�H�P�H�Q�W�D�V�P�H�D�V�X�U�H�V�R�I �W�K�H
�G�L�V�H�D�V�H�F�R�Q�W�U�R�O���)�X�V�D�U�L�X�P �L�Q�R�F�X�O�X�P �Z�H�U�H�G�H�W�H�F�W�H�G�R�Q�V�W�D�Q�G�F�R�U�Q�F�U�R�S�U�H�V�L�G�X�H�V���G�H�W�U�L�W�X�V�R�Q�W�K�H�V�R�L�O���D�L�U
�D�Q�G�V�H�H�G�V��

�_���±�«�U�z�� �‚���]�H�D�P�D�\�V�O�����I�X�V�D�U�L�X�P �V�W�D�O�N�U�R�W���F�R�O�G�W�U�R�S�L�F���F�U�R�S�U�H�V�L�G�X�H�V�P�D�Q�D�J�H�P�H�Q�W���K�H�D�W�V�H�H�G�V�W�U�H�D�W�P�H�Q�W��
�F�O�L�P�D�W�H�Y�D�U�L�D�E�L�O�L�W�\���F�U�R�S�I�L�W�Q�H�V�V��

�a�Þ�L� �“�Þ� �����(�Q�J�O�L�V�K

�’ �à�Þ�à�á�.�B�� �€�O�ä�Q�i �ã�G�� �Z�Q�ã�� �Z�A�� �€�ÿ�,�1�G�ã�)�B�œ� �̂”�ã�³�Z�a�1�%�ã�€�€���”�Z�A�i �Z�€�� �Q�Z�¢�ã�Q�� �€�ã�A�i �� �G�Z�i �ã�€�”�1�Q���Ä�• �¢�ã�Q�� �€�ã�B�[�O���Ä�A�� �ã�€�Z�. �¯�,�1�ˆ �1�ˆ �ã�€�� � �̂� �ã�€�ÿ�,�4�€���³�1���´
�}�ã�}�� �€�) �� �1� �̂”�€�1�þ�œ�”�� �� �œ�Q�� �� �€ �”�,�� �”�� �€�O�ˆ �Z�$ �”�,�� �� �€�� �ã�”�1�³�� �� �Z�O�O�Z�Q�ˆ �� �”�”�€�1�þ�œ�”�1�Z�Q�A�k�Z�Q�ÿ�Z�O�A�O���€�ÿ�1�ã�G �â�.�Þ �¶�Q�}�Z�€�”�� �� �a�1�ÿ�� �Q� �̂�
�,�”�”�}�(�4�4�ÿ�€�� �ã�”�1�³�� �ÿ�Z�O�O�Z�Q� �̂.�.�Z�€�%�4�G�1�ÿ�� �Q� �̂� � �̂4�þ�º�A�Q�ÿ�4�â�.�Þ�4�<�)�}�� �€�O�1�”�”�1�Q�%�ã�G�G�Q�Z�Q�ÿ�Z�O�O���€�ÿ�1�ã�G�œ� �̂� �) �� �1� �̂”�€�1�þ�œ�”�1�Z�Q�)�ã�Q�� �€�� �}�€�Z�� �œ�ÿ�”�1�Z�Q�1�Q�ã�Q�º �O�� �� �1�œ�O�)
�}�€�Z�³�1�� �� �� �”�,�� �Z�€�1�%�1�Q�ã�G�´ �Z�€�D�1�ˆ �}�€�Z�}�� �€�G�º �ÿ�1�”�� �� �.

�¡�Þ�L�� �z�Þ

�� �B�Þ�‚�‚�,�Ã�ú�Þ�‹�,�U�L�� �$�&�0 ���+��������



��

�4�6�5�U

�L�o�n�d�o�n� �J�o�u�r�n�a�l� �o�f� �R�e�s�e�a�r�c�h� �i�n� �S�c�i�e�n�c�e�:� �N�a�t�u�r�a�l� �a�n�d� �F�o�r�m�a�l

�S�c�a�n� �t�o� �k�n�o�w� �p�a�p�e�r� �d�e�t�a�i�l�s� �a�n�d
�a�u�t�h�o�r�'�s� �p�r�o�f�i�l�e

� �A�B�S�T�R�A�C�T

��

�4�6�5�U

�L�o�n�d�o�n� �J�o�u�r�n�a�l� �o�f� �R�e�s�e�a�r�c�h� �i�n� �S�c�i�e�n�c�e�:� �N�a�t�u�r�a�l� �a�n�d� �F�o�r�m�a�l

�L�J�P� �C�o�p�y�r�i�g�h�t� �I�D�:� �9�2�5�6�9�4
�P�r�i�n�t� �I�S�S�N�:� �2�6�3�1�-�8�4�9�0
�O�n�l�i�n�e� �I�S�S�N�:� �2�6�3�1�-�8�5�0�4
�P�r�i�n�t� �I�S�S�N�:� �2�6�3�1�-�8�4�9�0
�O�n�l�i�n�e� �I�S�S�N�:� �2�6�3�1�-�8�5�0�4

�V�o�l�u�m�e� �2�3� �|� �I�s�s�u�e� �9� �|� �C�o�m�p�i�l�a�t�i�o�n� �1�.�0

�� �Z�Q�”�� �Q�”�� �Q�ã�G�º� �̂1�ˆ �Z�$�$�� � �̂1�%�Q�a�ã�Q�%�œ�ã�%�� �þ�ã� �̂� �� �Z�Q
�¶� �̂� �€�*�³�ã�G�œ�ã�”�1�Z�Q�ã�Q�� �*�¹�}�� �€�1�� �Q�ÿ��

�7�K�H�D�L�P �R�I �W�K�L�V�S�D�S�H�U�L�V�W�R�H�[�S�O�R�U�H�W�K�H�F�R�Q�W�H�Q�W�D�Q�G�I�H�D�W�X�U�H�V�R�I �G�H�V�L�J�Q�O�D�Q�J�X�D�J�H�E�D�V�H�G�R�Q�X�V�H�U
�H�Y�D�O�X�D�W�L�R�Q�V�D�Q�G�H�[�S�H�U�L�H�Q�F�H�V�� �%�\ �D�Q�D�O�\�]�L�Q�J �X�V�H�U�H�Y�D�O�X�D�W�L�R�Q�V�R�I �G�L�I�I�H�U�H�Q�W�G�H�V�L�J�Q�O�D�Q�J�X�D�J�H�V�D�P�S�O�H�V���W�K�H
�U�H�V�H�D�U�F�K�H�U�H�[�D�P�L�Q�H�V�W�K�H�X�V�H�U�X�Q�G�H�U�V�W�D�Q�G�L�Q�J �R�I �G�L�I�I�H�U�H�Q�W�G�H�V�L�J�Q�O�D�Q�J�X�D�J�H�V�L�Q�W�H�U�P�V�R�I �Y�L�V�X�D�O�G�H�V�L�J�Q��
�L�Q�W�H�U�D�F�W�L�R�Q�� �X�V�D�E�L�O�L�W�\�� �D�H�V�W�K�H�W�L�F �D�S�S�H�D�O�� �D�Q�G�H�P�R�W�L�R�Q�D�O�H�I�I�H�F�W�V�� �D�Q�G�H�[�S�O�R�U�H�V�X�V�H�U�S�H�U�F�H�S�W�L�R�Q�V�D�Q�G
�S�U�H�I�H�U�H�Q�F�H�V�I�R�U�G�H�V�L�J�Q�O�D�Q�J�X�D�J�H�� �7�K�H�S�D�S�H�U�X�V�H�V�D�Q�R�E�V�H�U�Y�D�W�L�R�Q�D�O�D�S�S�U�R�D�F�K �D�Q�G�I�R�F�X�V�H�V�R�Q�X�V�H�U
�H�Y�D�O�X�D�W�L�R�Q�V�V�K�D�U�H�G�R�Q�D�X�W�K�R�U�L�W�D�W�L�Y�H�S�U�R�G�X�F�W�Z�H�E�V�L�W�H�V�� �H�[�W�U�D�F�W�L�Q�J �D�Q�G�V�X�P�P�D�U�L�]�L�Q�J �L�P�S�R�U�W�D�Q�W�G�H�V�L�J�Q
�O�D�Q�J�X�D�J�H�F�R�Q�W�H�Q�W�I�U�R�P �X�V�H�U�V�
 �L�Q�W�X�L�W�L�Y�H�S�H�U�F�H�S�W�L�R�Q�V�� �X�V�D�J�H�H�[�S�H�U�L�H�Q�F�H�V�� �D�Q�G�H�P�R�W�L�R�Q�D�O�H�I�I�H�F�W�V�� �7�K�H
�U�H�V�X�O�W�V�V�K�R�Z �W�K�D�W�G�H�V�L�J�Q�O�D�Q�J�X�D�J�H�K�D�V�V�L�J�Q�L�I�L�F�D�Q�W�L�Q�I�O�X�H�Q�F�H�R�Q�F�R�Q�V�X�P�H�U�V�L�Q���� �P�D�L�Q�W�K�H�P�D�W�L�F�I�H�D�W�X�U�H�V��
�Z�K�L�F�K�D�U�H�L�Q�F�U�H�D�V�L�Q�J�O�\ �L�P�S�R�U�W�D�Q�W�W�R�P�R�G�H�U�Q�F�R�Q�V�X�P�H�U�V�L�Q�G�H�V�L�J�Q�F�R�Q�W�H�Q�W���7�K�H�V�H���� �W�K�H�P�H�V�F�D�Q�S�U�R�Y�L�G�H
�U�H�I�H�U�H�Q�F�H�I�R�U�W�K�H�G�H�Y�H�O�R�S�P�H�Q�W�D�Q�G�D�S�S�O�L�F�D�W�L�R�Q�R�I �G�H�V�L�J�Q�O�D�Q�J�X�D�J�H�� �D�Q�G�R�I�I�H�U�J�X�L�G�D�Q�F�H�I�R�U�H�Q�K�D�Q�F�L�Q�J
�X�V�H�U�H�[�S�H�U�L�H�Q�F�H��

�_���±�«�U�z�� �‚���X�V�H�U�H�Y�D�O�X�D�W�L�R�Q�VH��G�H�V�L�J�Q�O�D�Q�J�X�D�J�H���W�K�H�F�R�Q�W�H�Q�W�R�I�W�K�H�G�H�V�L�J�Q�O�D�Q�J�X�D�J�H��

�� �B�Þ�‚�‚�,�Ã�ú�Þ�‹�,�U�L�� �/�&�&���4�$�����������+�� ��

�a�Þ�L� �“�Þ� �����(�Q�J�O�L�V�K

�’ �à�Þ�à�á �� �ã�1�Ô�œ�ã�Q�º�œ�ã�Q�)�i �œ� �̂”�ã�É�ã �I �ã�G�ã�þ�1�� �1�Q�� �Ä�ã�,�ã�€�1�• �_�,�ã�1�€�œ�Q�k�1� �̂ã�� �1�Q�”�1�i �œ� �̂”�ã�É�ã�I �ã�G�ã�þ�1�. �¯�,�1�ˆ �1�ˆ �ã�€�� � �̂� �ã�€�ÿ�,�4�€���³�1���´ �}�ã�}�� �€�)�� �1� �̂”�€�1�þ�œ�”�� ��
�œ�Q�� �� �€ �”�,�� �”�� �€�O�ˆ �Z�$ �”�,�� �� �€�� �ã�”�1�³�� �� �Z�O�O�Z�Q�ˆ �� �”�”�€�1�þ�œ�”�1�Z�Q�A�k�Z�Q�ÿ�Z�O�A�O���€�ÿ�1�ã�G�â�.�Þ �¶�Q�}�Z�€�”�� �� �a�1�ÿ�� �Q� �̂� �,�”�”�}�(�4�4�ÿ�€�� �ã�”�1�³�� �ÿ�Z�O�O�Z�Q� �̂.�.�Z�€�%�4
�G�1�ÿ�� �Q� �̂� � �̂4�þ�º�A�Q�ÿ�4�â�.�Þ�4�<�)�}�� �€�O�1�”�”�1�Q�%�ã�G�G�Q�Z�Q�ÿ�Z�O�O���€�ÿ�1�ã�G�œ� �̂� �) �� �1� �̂”�€�1�þ�œ�”�1�Z�Q�)�ã�Q�� �€�� �}�€�Z�� �œ�ÿ�”�1�Z�Q�1�Q�ã�Q�º �O�� �� �1�œ�O�)�}�€�Z�³�1�� �� �� �”�,�� �Z�€�1�%�1�Q�ã�G�´ �Z�€�D�1�ˆ
�}�€�Z�}�� �€�G�º �ÿ�1�”�� �� �.

�� �Þ�,�Ð�“�Þ�L�±�“�Þ�L���i �“�‚�‹�Þ�À�Þ�I �Þ�B�Þ�ù�,�� �,�L�� �º�Þ�' �Þ�z�,�t �_�' �Þ�,�z�“�L�k�,�‚�Þ�� �,�L�‹�,�i �“�‚�‹�Þ�À�Þ�I �Þ�B�Þ�ù�,

�Ï�,�2�Þ�L�² �L�,�ª���z�‚�,�‹�±�U���� �z�ú�' �,�‹���ú�‹�“�z�� �Þ�L�� �«���ú�' �L�U�B�U� �±


