
The Final Theory of Ecology
Jane Doe1,2,† ∗, Joe Bloggs1,†

1Lotka-Volterra School of Ecology, University of Biotic Interactions

2Department of Neutrality and Niche, Ecological Institute of Debates

† These two authors contributed equally

Submitted as a Research Article
Number of words: abstract 40, main text 279

Number of references: 8 references
Number of figures: 1 colored figure

∗Corresponding author: doe@university.edu



Abstract1

Ecological communities are complex and difficult to study. Here we synthesize tons of ecological2

theories and report the final theory that govern ecological dynamics: it depends. Our theory predicts3

that there would always be jobs for ecologists.4
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Introduction6

Here we show three useful ways to cite papers (\citep, \citet, \citealt) in LATEX:7

• Here we study Lokta-Volterra dynamics (Lotka, 1926; Volterra, 1926, 1928).8

• Lotka (1926) and Volterra (1926) proposed the Lokta-Volterra model.9

• Lotka-Volterra dynamics seems simple but they are not (see Wangersky 1978 for a detailed10

discussion).11

Methods12

Here we show a basic equation13

1
N

dN
dt = r − aN (1)

We can also show it without the numbered label14

1
N

dN
dt = r − aN

A useful equation type is the conditional conditions:15

f(x) =


x2−x

x , if x ≥ 1

0, otherwise
(2)

We can also display more complicated equations. For example, the following example shows how to16

(1) put line number to the equations, (2) align equations, and (3) label subequations as well as the17

whole equation.18

dx
dt = σ(y − x) (3a)19

dy
dt = x(ρ− z)− y (3b)20

dz
dt = xy − βz (3c)21

22
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To make an equation easier to understand, a trick is to \overbracket and \underbracket:23

1
N

dN
dt︸ ︷︷ ︸

Per capita
growth rate

=

Intrinsic
growth rate︷︸︸︷

r − aN︸︷︷︸
Competition

(4)24

Discussion25

We can easily do cross referencing in LATEX:26

1. Equation and Figure. Equation (3b) is part of Equation (3). Figure 1 conveys the take-home27

message.28

2. Section. Appendix A shows a brief introduction to Lotka-Volterra dynamics.29

3. External link. We can display the actual link. For example, the official website of the theory30

section of ESA is https://www.esa.org/theory. Or we can do a hidden link. For example,31

this is the website.32

Acknowledgement: We thank Dr. Arabidopsis thaliana, Dr. Branchiostoma lanceolatum, and Dr.33

Caenorhabditis elegans for insightful discussions that led to the improvement of this work.34

Author contributions: All authors contributed equally.35

Data accessibility: The code and data are available at github.com/repository.36
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A Equivalent parametrizations of Lotka-Volterra dynamics

It is worth noting that several mathematically equivalent parameterizations have been used to
describe the LV dynamics of 2-competing species. The r formalism reads as

dN1
dt

= N1(r1 − α11N1 − α12N2)
dN2
dt

= N2(r2 − α21N1 − α22N2),
(S1)

where the variable Ni represents the abundance of species i, the parameters ri > 0 and αii > 0
correspond to the intrinsic growth rate and the self-regulation (or intra-specific competition) of
species i, respectively, and α12 > 0 and α21 > 0 are the corresponding interspecific competition
strengths (a.k.a. absolute reductions in per capita growth rate).

The MCT formalism (widely used in Modern Coexistence Theory) reads as
dN1
dt

= N1r1(1− ᾱ11N1 − ᾱ12N2)
dN2
dt

= N2r2(1− ᾱ21N1 − ᾱ22N2).
(S2)

where the intrinsic growth rates ri (dimension: time−1) are the same as the ones in Eq. (S1).
However, the relative competition strength ᾱij (dimension: biomass−1 or abundance−1) is different
from αij (dimension: time−1·biomass−1 or time−1·abundance−1). Here, ᾱij represents the per
capita effect of species j on the per capita growth rate of species i relative to its intrinsic growth
rate (i.e., reductions in per capita growth rate relative to the maximum per capita growth rate). In
other words, ᾱij and αij represent the relative and absolute reductions in per capita growth rate,
respectively. These parameters are related by the formula ᾱij = αij/ri.

In addition to the r formalism (Eq. S1) and MCT formalism (Eq. S2), the LV model can also be
expressed in terms of carrying capacities (Vandermeer, 1975). In this other parameterization—what
is known as the K-formalism, the carrying capacities Ki are made explicit in the model as

dN1
dt

= N1
r1
K1

(K1 −N1 − a12N2)

dN2
dt

= N2
r2
K2

(K2 − a21N1 −N2).
(S3)

Recall that the carrying capacity Ki of species i is computed as Ki = ri/αii. It corresponds to the
abundance at equilibrium when the species grows in the absence of competition strength. Note that
the carrying capacity is well defined only if ri > 0, i.e., the species can grow in monoculture
(Gabriel et al., 2005). To be equivalent to Eq. (S1), the competition strength must be standardized
by the intraspecific competition, i.e., aij = αij/αii. Note that aij is traditionally called the niche
overlap of species j on species i (Case, 1999).

The representation of the dynamical behavior of the LV model can be drawn in the 2-dimensional
space made by the species fitness (κi = ri/

√
αiiαij), the carrying capacities (Ki = ri/aii), or the

intrinsic growth rates (ri) (Case 1999; Fig. S1). These representations in the space of intrinsic
growth rates are the core concept behind the structural approach (Saavedra et al., 2017). That is,
Figure S1 shows that all these representations are conceptually equivalent to describe the range (as
an algebraic cone) of intrinsic growth rates leading to a given qualitative behavior (either
coexistence or priority effects).
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Figure S1: Paramter space for coexistence and priority effects. The dynamics correspond
to the Lotka-Volterra model (Eq. S1). These panels represent the range of intrinsic growth rates—
species fitness (panels A and D), carrying capacities (panels B and E), and intrinsic growth rates
(panels C and F)—leading to coexistence or priority effects. Whether we can be in the presence
of coexistence or priority effects is determined by the stability-instability inequality, i.e., α22/α12 >
α21/α11 for coexistence (panels A and C) or α22/α12 < α21/α11 for priority effects (panels D and
F). The slopes (α21/α11 in green and α22/α12 in purple) of the two lines determining the coexistence
(or priority effects) cone are computed from the competition strengths. The red line represents the
fitness equivalence line, and in dashed, its extension to priority effects.
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\section*{Introduction}

Here we show three useful ways to cite papers (\texttt{\textbackslash citep}, \texttt{\textbackslash citet}, \texttt{\textbackslash citealt}) in \LaTeX:
\begin{itemize}
    \item Here we study Lokta-Volterra dynamics \citep{lotka1926elements, volterra1926fluctuations,volterra1928variations}.
    \item \citet{lotka1926elements} and \citet{volterra1926fluctuations} proposed the Lokta-Volterra model.
    \item Lotka-Volterra dynamics seems simple but they are not (see \citealt{wangersky1978lotka} for a detailed discussion).
\end{itemize}

\section*{Methods}
Here we show a basic equation 
\begin{equation}
    \frac{1}{N}\dv{N}{t} = r - a N
\end{equation}
We can also show it without the numbered label
\begin{equation} \nonumber
    \frac{1}{N}\dv{N}{t} = r - a N
\end{equation}

A useful equation type is the conditional conditions:
\begin{equation}
     f(x)= 
     \begin{cases}
    \frac{x^2-x}{x},& \text{if } x\geq 1\\
    0,              & \text{otherwise}
    \end{cases}
\end{equation}

We can also display more complicated equations. For example, the following example shows how to (1) put line number to the equations, (2) align equations, and (3) label subequations as well as the whole equation.
\begin{linenomath*}
\begin{subequations}
\begin{align}
\dv{x}{t} &=\sigma(y-x) \\
\frac{\mathrm{d} y}{\mathrm{d} t} &=x(\rho-z)-y \label{eqn:line-2} \\
\frac{\mathrm{d} z}{\mathrm{d} t} &=x y-\beta z
\end{align}
\label{eqn:all-lines}
\end{subequations}
\end{linenomath*}
To make an equation easier to understand, a trick is to \texttt{\textbackslash overbracket} and \texttt{\textbackslash underbracket}:
\begin{linenomath*}
\begin{equation}
    \underbrace{\frac{1}{N}\dv{N}{t}}_{\substack{\text{Per capita} \\ \text{growth rate}}} = \overbrace{r}^{\substack{\text{Intrinsic} \\ \text{growth rate}}} - \underbrace{a N}_{\text{Competition}}
\end{equation}
\end{linenomath*}

\section*{Discussion}
We can easily do cross referencing in \LaTeX:
\begin{enumerate}
    \item \textbf{Equation} and \textbf{Figure}. Equation (\ref{eqn:line-2}) is part of Equation (\ref{eqn:all-lines}). Figure \ref{fig:depends} conveys the take-home message. 
    \item \textbf{Section}. Appendix \ref{appendix.Lotka-Volterra} shows a brief introduction to Lotka-Volterra dynamics.
    \item \textbf{External link}. We can display the actual link. For example, the official website of the theory section of ESA is \url{https://www.esa.org/theory}. Or we can do a hidden link. For example, this is the \href{https://www.esa.org/theory}{website}. 
\end{enumerate}

\vspace{.2 in}

\textbf{Acknowledgement}: We thank Dr. \textit{Arabidopsis thaliana}, Dr. \textit{Branchiostoma lanceolatum}, and Dr. \textit{Caenorhabditis elegans} for insightful discussions that led to the improvement of this work.

\textbf{Author contributions}: All authors contributed equally. 

\textbf{Data accessibility}:  The code and data are available at \url{github.com/repository}. 

\clearpage
\putbib

\clearpage
\begin{figure}
    \centering
    \includegraphics[width = .4\textwidth]{Figure/depends.jpeg}
    \internallinenumbers
    \caption{\textbf{Types of ecology papers}. I am not sure about the origin of this meme.}
     \label{fig:depends}
\end{figure}

\end{spacing}
\end{bibunit}

\clearpage

% This TC command is to ensure that overleaf word count does not include the Appendix. See https://www.overleaf.com/learn/how-to/Is_there_a_way_to_run_a_word_count_that_doesn%27t_include_LaTeX_commands%3F for more information
%TC:ignore
\begin{bibunit}
\begin{appendix}

\begin{center}
    {\LARGE Supplementary Material for} \\
\vspace{0.2 in}
{\Large \bf The Final Theory of Ecology}\\
\vspace{0.2 in}
{\large Jane Doe$^{1,2}$, Joe Bloggs$^1$}\\
\vspace{0.15 in}
\small $^1$ Lotka-Volterra School of Ecology, University of Interactions \\
\vspace{0.05 in}
\small $^2$ Department of Neutrality and Niche, Debatable University \\
\vspace{0.15 in}

\thispagestyle{empty}

\end{center}

% This is to make all objects start with S to highlight it is in the Appendix
\renewcommand{\thefigure}{S\arabic{figure}}
\setcounter{figure}{0}
\renewcommand{\thetable}{S\arabic{table}}
\setcounter{table}{0}
\renewcommand{\theequation}{S\arabic{equation}}
\setcounter{equation}{0}
\renewcommand{\thepage}{S\arabic{page}}
\setcounter{page}{1}

\tableofcontents

\raggedright

\clearpage
\section{Equivalent parametrizations of Lotka-Volterra dynamics} \label{appendix.Lotka-Volterra}

It is worth noting that several mathematically equivalent parameterizations have been used to describe the LV dynamics of 2-competing species. The $\boldsymbol{r}$ formalism reads as
\begin{equation} \label{equ:LV}
	\left\{ 
    \begin{aligned}
    	\frac{d N_1}{d t} & = N_1(r_1 - \alpha_{11} N_1 - \alpha_{12} N_2) \\
        \frac{d N_2}{d t} & = N_2(r_2 - \alpha_{21} N_1 - \alpha_{22} N_2),
    \end{aligned} 
    \right.
\end{equation}
where the variable $N_i$ represents the abundance of species $i$, the parameters $r_i>0$ and $\alpha_{ii}>0$ correspond to the intrinsic growth rate and the self-regulation (or intra-specific competition) of species $i$, respectively, and $\alpha_{12}>0$ and $\alpha_{21}>0$ are the corresponding interspecific competition strengths (a.k.a. absolute reductions in per capita growth rate).

The MCT formalism (widely used in Modern Coexistence Theory) reads as
\begin{equation} \label{equ:LV_MCT}
	\left\{ 
    \begin{aligned}
    	\frac{d N_1}{d t} & = N_1 r_1(1 - \bar{\alpha}_{11} N_1 - \bar{\alpha}_{12} N_2) \\
        \frac{d N_2}{d t} & = N_2 r_2(1 - \bar{\alpha}_{21} N_1 - \bar{\alpha}_{22} N_2).
    \end{aligned} 
    \right.
\end{equation}
where the intrinsic growth rates $r_i$ (dimension: time$^{-1}$) are the same as the ones in Eq. (\ref{equ:LV}). However, the \textit{relative competition strength} $\bar{\alpha}_{ij}$ (dimension: biomass$^{-1}$ or abundance$^{-1}$) is different from $\alpha_{ij}$ (dimension: time$^{-1}\cdot$biomass$^{-1}$ or time$^{-1}\cdot$abundance$^{-1}$). Here, $\bar{\alpha}_{ij}$ represents the per capita effect of species $j$ on the per capita growth rate of species $i$ relative to its  intrinsic growth rate (i.e., reductions in per capita growth rate relative to the maximum per capita growth rate). In other words, $\bar{\alpha}_{ij}$ and ${\alpha}_{ij}$ represent the relative and absolute reductions in per capita growth rate, respectively. These parameters are related by the formula $\bar{\alpha}_{ij} = \alpha_{ij} / r_i$. 

In addition to the $\boldsymbol{r}$ formalism (Eq. \ref{equ:LV}) and MCT formalism (Eq. \ref{equ:LV_MCT}), the LV model can also be expressed in terms of carrying capacities \citep{vandermeer1975interspecific}. In this other parameterization---what is known as the $\boldsymbol{K}$-formalism, the carrying capacities $K_i$ are made explicit in the model as 
\begin{equation} \label{equ:LV_K}
	\left\{ 
    \begin{aligned}
    	\frac{d N_1}{d t} & = N_1 \frac{r_1}{K_1} (K_1 - N_1 - a_{12} N_2) \\
        \frac{d N_2}{d t} & = N_2 \frac{r_2}{K_2} (K_2 - a_{21} N_1 - N_2).
    \end{aligned} 
    \right.
\end{equation}
Recall that the carrying capacity $K_i$ of species $i$ is computed as $K_i = r_i / \alpha_{ii}$. It corresponds to the abundance at equilibrium when the species grows in the absence of competition strength. Note that the carrying capacity is well defined only if $r_i > 0$, i.e., the species can grow in monoculture \citep{gabriel2005paradoxes}. To be equivalent to Eq. (\ref{equ:LV}), the competition strength must be standardized by the intraspecific competition, i.e., $a_{ij} = \alpha_{ij} / \alpha_{ii}$. Note that $a_{ij}$ is traditionally called the niche overlap of species $j$ on species $i$ \citep{case1999illustrated}.

The representation of the dynamical behavior of the LV model can be drawn in the 2-dimensional space made by the species fitness ($\kappa_i = r_i/\sqrt{\alpha_{ii}\alpha_{ij}}$), the carrying capacities ($K_i = r_i/a_{ii}$), or the intrinsic growth rates ($r_i$) (\citealt{case1999illustrated}; Fig. \ref{fig:demographic_K}). These representations in the space of intrinsic growth rates are the core concept behind the structural approach \citep{saavedra2017structural}. That is, Figure \ref{fig:demographic_K} shows that all these representations are conceptually equivalent to describe the range (as an algebraic cone) of intrinsic growth rates leading to a given qualitative behavior (either coexistence or priority effects).

\begin{figure}[!ht]
\includegraphics[width=.8\linewidth]{Figure_appendix/SI_Fig1.pdf}
\caption{\textbf{Paramter space for coexistence and priority effects}. The dynamics correspond to the Lotka-Volterra model (Eq. \ref{equ:LV}). These panels represent the range of intrinsic growth rates---species fitness (panels A and D), carrying capacities (panels B and E), and intrinsic growth rates (panels C and F)---leading to coexistence or priority effects. Whether we can be in the presence of coexistence or priority effects is determined by the stability-instability inequality, i.e., $\alpha_{22}/\alpha_{12} > \alpha_{21} / \alpha_{11} $ for coexistence (panels A and C) or $\alpha_{22} / \alpha_{12} < \alpha_{21} / \alpha_{11} $ for priority effects (panels D and F). The slopes ($\alpha_{21}/\alpha_{11}$ in green and $\alpha_{22}/\alpha_{12}$ in purple) of the two lines determining the coexistence (or priority effects) cone are computed from the competition strengths. The red line represents the fitness equivalence line, and in dashed, its extension to priority effects.}
    \label{fig:demographic_K}
\end{figure}
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