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ARTICLE INFO ABSTRACT

Model code and output: https://github.com/ca
mille-e-e/TaNa-T.git, https://doi.org/10.20383

Understanding how ecosystems respond to their environmental temperature is a major challenge. Thermo-
dynamic constraints on species’ metabolic rates are expected to affect ecosystem characteristics, but species

/103.0924 interactions and interspecific variation in physiological thermal response curves (TRC) may obscure ecosystem-
Keywords: level responses to temperature. As a result, macroecological patterns related to temperature are still poorly
Community understood.

We investigate how physiological TRC scale up to ecosystem-level thermal responses by modifying the
Tangled Nature (TaNa) model, a stochastic network model of ecology and evolution. We include new pa-
rameterizations that make reproduction, death, and mutation temperature-dependent. We find that ecosystem
survival probability depends on how the minimum fitness required for species survival varies with temperature.
The thermal response of ecosystem survival probability is the only ecosystem property that is sensitive to
interspecific variation in TRC. Species richness scales up directly from the TRC of mutation rate, and average
species population sizes are inversely related to mutation rate, with Species Abundance Distributions (SADs)
exhibiting more rare species in warmer temperatures. Interactions between species are also inversely related
to mutation, with positive interactions occurring more frequently in colder temperatures. The abundance of
surviving ecosystems is not sensitive to temperature. This work helps clarify the specific relationships between
physiological responses to temperature and ecosystem-level repercussions when species are interacting and
adapting to their thermal environments.

Thermal response
Tangled Nature model

1. Introduction Moorcroft, 2006) because different species in a shared ecosystem may

respond differently to temperature (e.g. Chen et al.,, 2022), and the

Understanding how temperature affects ecosystems is crucial to
facing major challenges of the 21st century such as combating the
biodiversity crisis (Butchart et al., 2010; Cowie et al., 2022); under-
standing the impact of climate change on biodiversity, biomass, and
ecosystem functions (e.g. Rosenzweig et al., 2008; Tittensor et al.,
2021; Qin et al., 2022); and projecting the ways that ecosystem re-
sponses to climate change may feedback on the climate and other
aspects of the environment (e.g. Moorcroft, 2006; Peters et al., 2013;

fitness of coexisting species are often directly or indirectly intertwined,
making it difficult to predict the response of even a single species in
the context of an ecosystem (Odling-Smee et al., 1996; Kordas et al.,
2011; Guimaraes et al., 2017; Bailey, 2012; Strona and Bradshaw,
2022; Remolina-Figueroa et al., 2022; Remke et al., 2022; Allsup et al.,
2023).

Similar thermal responses can be observed from the scale of

Odling-Smee et al., 1996; Lewontin and Levins, 1997; Day et al.,
2003; Laland, 2004; Lenton and Watson, 2000; Eichenseer et al., 2019;
Braghiere et al., 2019). Furthermore, building an understanding of eco-
logical responses to the environment improves our ability to interpret
the history and dynamics of life on Earth recorded in the fossil record,
with implications for the past, present, and future (McGill et al., 2006).
However, measuring and predicting the responses of ecosystems to their
environments is a major challenge (Walther, 2010; Ezard et al., 2011;

molecules to organisms. Metabolic rates of almost every species on
Earth increase approximately exponentially with temperature, peak,
and then decline more steeply than they increased (Farrell, 2016;
Rezende and Bozinovic, 2019; Arroyo et al., 2022). Thermal Response
Curves (TRC) of various measures of performance, such as running or
swimming speed, also commonly follow this typical shape (Rezende
and Bozinovic, 2019; Dell et al., 2011). Many physiological rates are

* Corresponding author at: School of Earth & Ocean Sciences, University of Victoria, 3600 Finnerty Road, Victoria, BC, Canada.

E-mail address: cfebvre@uvic.ca (C. Febvre).

https://doi.org/10.1016/j.jtbi.2024.111792

Received 11 October 2023; Received in revised form 20 February 2024; Accepted 10 March 2024

Available online 19 March 2024

0022-5193/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://www.elsevier.com/locate/yjtbi
https://www.elsevier.com/locate/yjtbi
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://github.com/camille-e-e/TaNa-T.git
https://doi.org/10.20383/103.0924
https://doi.org/10.20383/103.0924
https://doi.org/10.20383/103.0924
https://doi.org/10.20383/103.0924
https://doi.org/10.20383/103.0924
https://doi.org/10.20383/103.0924
https://doi.org/10.20383/103.0924
https://doi.org/10.20383/103.0924
https://doi.org/10.20383/103.0924
https://doi.org/10.20383/103.0924
https://doi.org/10.20383/103.0924
https://doi.org/10.20383/103.0924
https://doi.org/10.20383/103.0924
https://doi.org/10.20383/103.0924
https://doi.org/10.20383/103.0924
https://doi.org/10.20383/103.0924
https://doi.org/10.20383/103.0924
https://doi.org/10.20383/103.0924
https://doi.org/10.20383/103.0924
https://doi.org/10.20383/103.0924
https://doi.org/10.20383/103.0924
https://doi.org/10.20383/103.0924
https://doi.org/10.20383/103.0924
https://doi.org/10.20383/103.0924
https://doi.org/10.20383/103.0924
https://doi.org/10.20383/103.0924
https://doi.org/10.20383/103.0924
https://doi.org/10.20383/103.0924
https://doi.org/10.20383/103.0924
https://doi.org/10.20383/103.0924
https://doi.org/10.20383/103.0924
https://doi.org/10.20383/103.0924
https://doi.org/10.20383/103.0924
mailto:cfebvre@uvic.ca
https://doi.org/10.1016/j.jtbi.2024.111792
https://doi.org/10.1016/j.jtbi.2024.111792
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtbi.2024.111792&domain=pdf
http://creativecommons.org/licenses/by/4.0/

C. Febvre et al.

temperature-dependent as well; birth rates show the typical hump-
shaped response to temperature (Amarasekare and Savage, 2012),
while death (Amarasekare and Savage, 2012) and mutation rates
(Gillooly et al., 2005) increase exponentially with temperature.

Temperature also affects ecological properties and processes.
Species richness generally decreases from the equator to the poles
in a pattern called the Latitudinal Diversity Gradient (LDG), and the
strength of the LDG is correlated with equator-to-pole temperature
gradients (Brodie and Mannion, 2022). Analysis of the fossil record sug-
gests that temperature is correlated with speciation and diversification
rates (Ezard et al., 2011), and that dispersal of species has been limited
by the strength of global-scale temperature gradients (Griffin et al.,
2022). Some studies also suggest that interaction strengths (Dell et al.,
2011) and connectance between species in ecological networks (Yuan
et al., 2021) may increase with increasing temperature. Contemporary
global warming has caused numerous detectable changes to ecosys-
tems (Walther, 2010), and is predicted to decrease ocean biomass in
the next decades and centuries (Jones et al., 2014). However, the
ways temperature impacts ecology are much less certain than the
impacts of temperature on individual organisms (Dell et al., 2011;
Walther, 2010), and the extent and mechanisms by which individual-
level thermal responses are responsible for producing ecosystem-level
thermal responses also remains unclear.

The Metabolic Theory of Ecology (MTE) posits that biological
rates from the scale of molecules to ecosystems are mechanistically
linked via metabolism (Gillooly et al., 2001; Allen et al., 2002; Brown
et al., 2004). The TRC of metabolism are explained by the Arrhenius—
Boltzmann equation:

r=e Bt (€))

(where r is the rate of metabolic reactions, E, is activation energy,
k is the Boltzmann constant, and T is temperature). At organismal-
and population-levels, many biological rates have the same average
activation energy as that of either metabolism (for rates that increase
with temperature) or protein denaturation (for rates associated with
death or the declining portion of hump-shaped TRC; Dell et al., 2011;
Amarasekare and Savage, 2012), suggesting that metabolism and pro-
tein denaturation drive many processes from physiological to ecological
scales (Brown et al., 2004). For example, MTE predicts that birth and
death rates depend on metabolism (Brown et al., 2004; Price et al.,
2010), leading to temperature-dependence of intrinsic growth rates of
species (Price et al., 2010; Amarasekare and Savage, 2012). Species
population sizes are predicted to decrease exponentially with increasing
temperature as a result of the increasing metabolic requirements of
each individual at warmer temperatures (Brown et al., 2004; Price
et al., 2010). Furthermore, MTE suggests that patterns in species rich-
ness such as the LDG may be described by the Arrhenius equation (Allen
et al., 2002). Ecosystem abundance (the total number of individuals in
an ecosystem) is assumed in some studies to follow the same trend as
the population sizes of constituent species (Price et al., 2010), while
others have assumed it to be temperature-invariant (e.g. supported
by data on trees; Allen et al., 2002). However, the thermal response
of abundance has received less attention than other ecosystem met-
rics (e.g. Wilkinson, 2007), partially because measuring this thermal
response requires large amounts of data (He et al., 2019), which can be
difficult (and abstract) to measure. Controlling for bodymass, biomass
is often treated similarly to population or abundance (Price et al.,
2010), but understanding the thermal response of biomass additionally
requires measuring and controlling for resource availability, posing
another challenge to measuring the thermal response of this ecosystem
metric (Price et al., 2010).

Empirical studies have provided mixed support for general relations
between ecological characteristics and temperature. Data on mean ac-
tivation energies of metabolism, physiological rates, performance rates,
and interaction-related activities are only near the mean activation
energy of metabolism when comparing species from very different
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environments or species of very different mass; variability increases
considerably when comparing species from similar temperatures or of
similar sizes (Tilman et al., 2004). In a review of the rates of activ-
ities associated with ecological interactions (such as attack or escape
velocity), it was found that the average activation energies were near
that of metabolism, supporting MTE predictions about interactions, but
variability of activation energies for a variety of biological rates was
found to increase from organismal to ecological levels (Dell et al.,
2011). Measurements of species richness have produced a wide range
of activation energies — not always the metabolic value predicted by
MTE (Stegen et al., 2009).

Some ambiguity in empirical tests of MTE arises because the effects
of temperature are difficult to separate from many other internal and
external variables in empirical observations (e.g. Huete-Stauffer et al.,
2015; Irlich et al., 2009), posing challenges to reconciling theory with
data. Additionally, interactions between species may play an important
role in determining speciation, extinction, and diversification rates,
and thereby obscure the effects of temperature (Ezard et al., 2011).
Interspecific variation in TRC within ecosystems may also obscure pat-
terns in ecosystem-level thermal response (Tilman et al., 2004; Stegen
et al., 2009; Isaac et al., 2012). Indeed, modeling suggests that inter-
specific variation may impact ecosystem biomass structure (Bideault
et al., 2021) and growth rates (Chen, 2022), and may decrease the
thermal dependence of species richness (Stegen et al., 2009). Conse-
quently, it remains unclear how biological responses propagate from
organismal to ecosystem scales, and what layers of complexity obscure
ecosystem-level thermal responses.

In this study, we incorporate MTE and TRC into the Tangled Nature
(TaNa) model of ecology and evolution (Christensen et al., 2002) to
examine the propagation of physiological TRC to ecological properties
that arise on geological timescales. We additionally investigate the
effects of interspecific variation in species’ optimal temperature of
reproduction; a commonly used proxy for species fitness (Amarasekare
and Savage, 2012). The TaNa model has been modified for temperature
dependence before: Arthur and Nicholson (2023) scaled species fitness
with temperature in the TaNa model by giving species an arbitrary,
symmetrical hump-shaped TRC for interactions. Arthur and Nicholson
(2023) focused on emergent feedbacks between species and climate,
so ecosystem thermal responses were not expounded upon, and the
paper did not incorporate any elements of MTE. Here, we integrate
ecological theory into the TaNa model to investigate the mechanisms of
scaling up thermal responses and the effects of diverse thermal optima.
Our study additionally complements the work done by Stegen et al.
(2009), in which a model developed by Loeuille and Loreau (2005)
was modified to incorporate MTE principles, with the aim of explaining
the variety of activation energies that have been measured for species
richness. The model used by Stegen et al. (2009) is similar to the
TaNa model: both define abstract species by a few traits (rather than
representing specific species living on Earth), allow random mutations
to produce new random species, and represent evolutionary timescales.
The simplicity and long timescales of both models make them well-
suited to testing MTE since MTE seeks patterns shared by distinct
species and ecosystems and assumes that species have had time to
adapt to their environments (Price et al., 2010). The major difference
between the TaNa model and the model used by Stegen et al. (2009)
is that the TaNa model does not consider bodymass or trophic levels,
which enables us to isolate the temperature component of MTE and
minimize constraints on species interactions in our investigation. We
also broaden the focus to investigate how physiological responses to
temperature scale up to a variety of ecosystem thermal responses:
ecosystem survival probability, abundance, species richness, species
populations sizes and distributions, and interspecific interactions. This
allows us to analyze how the physiological assumptions of MTE scale
up to ecosystem-level properties if all species responded to temperature
in the same way, and to investigate the extent to which interspecific
variation in thermal optima obscures these responses.
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2. Description of the Tangled Nature model
2.1. General properties

The TaNa model is a mathematical model of ecology and evolu-
tion (Christensen et al., 2002). Ecology is represented by interactions
between species which affect specific reproduction rates, and evolution
is enabled by allowing mutations to produce new species. The model
was originally developed to capture the dynamics of Punctuated Equi-
libria, a widely observed pattern in the fossil record in which species
morphology remains relatively constant over long periods of time (tens
of thousands to tens of millions of years), and then changes in rapid
bursts associated with changes in the biotic or abiotic environment
experienced by species (Gould and Eldredge, 1977).

Stochasticity in the TaNa model causes every model realization to
follow a different trajectory, but Punctuated Equilibria always emerge:
the abundance of model communities fluctuates around the same mean
for long periods called quasi-stable states, until the state is interrupted
by an abrupt transitional period, called a quake, and a subsequent
change in mean abundance, which is then maintained in the next
quasi-stable state (Fig. A.11). During quasi-stable states, ecological
communities are dominated by just a few “core” species, defined as the
most populous species and all other species with populations at least
10% as large. The rest of the species, with relatively small populations,
are called “cloud” species.

Punctuated Equilibria arise in the TaNa model purely as a result
of the interactions between species: positive interactions between core
species stabilize the community in quasi-stable states, and these are
only occasionally disrupted by mutant species with parasitic effects
on core species (Arthur et al., 2017). Parameters are chosen in the
model to reproduce the characteristic distribution of species popula-
tions (called Species Abundance Distributions, SADs) observed in real
ecosystems (McGill et al., 2007), such that during quasi-stable states,
the majority of the population is in the core and the majority of the
species richness is made up of cloud species (Anderson and Jensen,
2005).

2.2. Properties and operation of the TaNa model

Each TaNa model simulation is initialized with D, = 60 random
species. The initial abundance (N, = 500) of individuals in the ecosys-
tem is equally distributed between the species (some randomly selected
species have one more initial individual than others to avoid fractional
populations). Species are defined by binary numbers of L = 20 bits
(allowing the potential for 2 = 1,048,576 distinct model species in
each simulation).

In each timestep (1), N(¢) individuals are sequentially selected ran-
domly with replacement. For each selected individual, a random num-
ber is drawn between 0 and 1, and if the number is smaller than the
death probability (pge,n, = 0.2), the individual dies. If the selected indi-
vidual survives, another random number is drawn, and the individual
reproduces if the number is smaller than its reproduction probability
(pofs r» which depends on its fitness, explained below). If the individual
reproduces, L more random numbers are drawn, and for each random
number below the mutation probability (p,, = 0.01), a bit in the
species-specific binary number flips, giving the offspring a new binary
number and thus a new species identity. As the evolutionary dynamics
of the TaNa model represent geological timescales, it is assumed that
each mutant species has already sufficiently diverged from the ancestral
species to fill a new ecological niche (such that new interactions with
the other species in the ecosystem have evolved).

The reproduction probability of each species i depends on its fitness
(f, ,') :

1

11 e /i @

Porr ([ 1) =
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Table 1

Parameters in the TaNa and TaNa+T models are the same in every simulation of the
same temperature (in the TaNa+T, we make the values of py 15 Pyeans and py,, depend
on the temperature of simulations). Constants are randomly assigned at the beginning
of each simulation. State variables change over time. Functions relate model quantities
with other variables.

TaNa model parameters (and their value in the original TaNa model)

Poft.T Temperature-dependent scaler of reproduction probability (1).
Pdecath Probability of an individual dying in a timestep (0.2).

Prout Probability (per bit) of mutation during reproduction (0.01).
H Damping coefficient on population growth (0.2).

L Number of bits in species’ identifying binary numbers (20).
C Scale of interactions between species (100).

[ Fraction of species pairs that have interactions (0.25).

Randomly assigned constants

Jij Impact of species j on species i.

State variables

N() Abundance (number of individuals in ecosystem) at time 7.
N;() Population of species i at time 1.

D(t) Species richness (number of species in ecosystem) at time z.
Functions

fi@® Fitness of species i at time ¢ (Eq. (3)).

Interaction-dependent component of reproduction probability of
species i at time t (Eq. (2)).

Post otal (f;- 1. T)Total reproduction probability of species i at time t and temperature
T (Eq. (5)).

Potrs(fin )

such that species with f;(r) = 0 have a 50% chance of reproducing,
limy o Porrs = 1, andlimy,_,_o, porry = 0. The fitness of species i at
time ¢ is determined by its interactions with each other species j:

bw N
Ji) = —uN@ + ,Zl J,»jﬁ(t)), 3)
where y is a damping factor (representing ecological resource con-
straints) that limits growth of each species in proportion to the abun-
dance (N(r)) of the ecosystem, D(¢) is the species richness (number of
extant species) at time 7, J;; is the effect of species j on species i, and
N;(1) the population of species j at time .

The interactions between species are prescribed from the interaction
matrix (J), made up of random numbers Jij drawn from a product
normal distribution centered at zero and for which each normal dis-
tribution has a standard deviation of C = 100. The leading diagonal
of the matrix is set to zero (J; = 0), such that organisms cannot
have ecological interactions with members of their own species (other
than through density-dependence, which is included at the ecosystem-
level through the negative y term in Eq. (3)). A fraction 1 — 6 of the
elements in matrix J are set to zero, representing species pairs that do
not interact at all. Connectance (0) is set to 0.25 to produce realistic
SADs in the model (Anderson and Jensen, 2005). TaNa model variables
are summarized in Table 1.

3. Methods: TaNa+T
3.1. Temperature-dependence of physiological parameters

We modify the three physiological parameters of the TaNa model
(birth, death, and mutation probabilities) to create a temperature-
dependent version called the TaNa+T. To include the impact of tem-
perature on reproduction, we use a unimodal, left-skew curve from the
Python scipy toolkit (called “skewnormal” in the Scipy package; Fig. 1,
red dashed line). This curve can be shifted to any temperature without
changing shape. It is parameterized to match the general TRC for
reproduction rate (r(7)) derived in Amarasekare and Savage (2012)
(the second term in Eq. 11 of that paper; Fig. 1, black solid line), and
the parameters we used in that equation are listed in Appendix B.



C. Febvre et al.

1.0

—— rofr (AM. Sav.) /~/
——— Tgeath (@M. Sav.) /'
=== Ioff (Skewnorm) /'
084 _._ K
Poff, T /
—*= Pdeath /
/
> 0.6 - /
= / 4
38 / e
3 / e
& 0.4 1 / e
02 [

275 280 285 290 295 300 305 310 315
Temperature, T (K)

Fig. 1. Birth rate (r.y, solid black line; Eq. (B.1)) and the skewnormal curve we
used to approximate it (red dashed line), and death rate (rg.,,, solid gray line),
from Amarasekare and Savage (2012) (parameter values listed in Appendix B). We
scale the red-dashed line to have a maximum of 1 for reproduction probability (pqq 1,
black dot-dashed line), and scale ry,,, to the control value of death probability (0.2;
horizontal dotted line) at the control temperature (7,,) for death probability (pgeyn s
gray dot-dashed line). The vertical dotted line shows T, = 303 K ~ 30 °C). Temperature
is reported in Kelvin, ranging from about 1 °C at 274 K to 47 °C at 320 K.

: I
4 1 1 :
1 I
1 1
|‘ 1
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=44 ... Tt :
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—
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Fig. 2. Reproduction probability (py s EQ. (5)) as a function of temperature (T;
horizontal axis) and fitness (f;; vertical axis). The dotted red line shows the control
temperature (7,,, = 303 K; at which py.,;(Tew) = 0.2 and p +(T,,) = 1). The dashed
blue contour shows p,¢; o = 0.2, the minimum p ., required for a species to survive
at T,,,. Note that at a fixed temperature, the fitness of a species depends on ecosystem
abundance (N) and the relative abundances of other species (n;; see Eq. (2)), so
Dottroral(i- 1, T) varies between species and over time.
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The TaNa model uses probabilities to determine which individuals
die, reproduce, and mutate (rather than prescribing population-level
rates), so we scale ry(7T) to have a maximum of 1 (using a scaling
factor of 3.0), giving a temperature-dependent reproduction probability
with a peak at T,
Porr.T & Forr(T) (4)

(Fig. 1, black dot-dash line), and we make Ty = 303K(~ 30°C) the
control temperature (7,,; Fig. 1, black dotted line). The combined
effect of both temperature and fitness on reproduction probability is
then modeled as

Potttotal (fi> 1 T) = Poge 1 (Dpogt £ (fi5 1), (5)

where pyr oy is the temperature- and fitness-dependent reproduction
probability (Fig. 2).

The temperature dependence of death probability is modeled in the
form of the Arrhenius-Boltzmann equation:

Pacan(T) = dy exp (_Ea/(kT)) > (6)

where d, is a scaling factor and E, is the activation energy of death (set
to E, = 0.49 eV) (Amarasekare and Savage, 2012). We set d;, = 8.17x107
such that the value of death probability at T, is the same as in the
original TaNa model (pgeq, (Ty(1) = 0.2) (Fig. 1, 3).

The temperature dependence of mutation probability (p,,,) also
takes the form of the Arrhenius-Boltzmann equation:

Pmuc(T) = my exp (_Ea/(kT)> B @]

where mj is a scaling factor (set to 3.58 X 10° s0 p,,(Tuy) = 0.01;
the control value) (Gillooly et al., 2005; Stegen et al., 2009) (Fig. 3).
Although the form of py.,,, and p,,, is exponential, the values of py.
and p,,, realized in the TaNa+T (for T between 274 K and 320 K) do
not approach 1, so we do not modify the equations to saturate at 1.

3.2. Experimental set-up

We perform in silico experiments with three model configurations
to: (1) explore the effects of each of the three physiological parameters
on the model generally (“parameter exploration”; 50 simulations at
each parameterization); (2) investigate ecological response to tem-
perature without the complication of thermal diversity (“single-TRC”
experiment; 250 simulations at each temperature); and (3) examine
the effects of interspecific variation in TRC on ecological response
to temperature (“various-TRC” experiment; 250 simulations at each
temperature). All simulations are run for 10,000 generations.

In the parameter exploration, we examine the effects of reproduc-
tion, death, and mutation probabilities on the model without linking
their values to temperature. Although the term we use to scale the
interaction-dependent component of reproduction is not associated
with temperature in the parameter exploration, we still refer to it as
DPorr. for consistency with Eq. (5) and with the temperature-dependent
sections. We vary both pu; 1 and pge,, from 0.1 to 1 along intervals of
0.1, (while allowing p, ; to emerge in the model as usual). This param-
eter range includes the control values of reproduction (p,¢sr = 1) and
death (pgeqn = 0.2) and also ranges across all possible probabilities. We
linearly vary mutation probability from 0.004 to 0.019 along intervals
of 0.003. One-dimensional explorations of the other parameters in the
model are reported in Appendix C. Fifty simulations were run at each
parameterization.

In “single-TRC” experiments, T, = T, SO all species have identi-
cal TRCs for reproduction, death, and mutation probabilities (Fig. 3a).
We run 250 single-TRC experiments at each constant temperature
between 274 K and 320 K (x 1-47 °C; the range of temperatures in
which most species live; Gillooly et al., 2001) in intervals of 3 K. Single-
TRC experiments simplify the scaling up of thermal response from a
single species to a community, and isolate the effects of ecological
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interactions on affecting community-level thermal response, enabling
us to investigate how thermal response propagates from the individual
to the ecosystem in a scenario without interspecific variation in thermal
preferences. These experiments also set a baseline to which results from
more complicated evolutionary set-ups can be compared, and the sim-
ilarities and differences between the idealized and more realistic cases
provide insight into the effects of evolution on community response to
temperature.

In “various-TRC” experiments, we allow the optimal temperature
(T, pl) of reproduction to vary between species (Fig. 3b). These sim-
ulations enable species to adapt to their environment, and species
experience selective pressures both due to temperature-adaptation and
to species interactions. In various-TRC simulations, species-specific T,
values (T, ;) are drawn from a uniform distribution between 263 and
330 K (—10 and 53 °C) — extending above and below the temperature
range at which experiments are run in order to minimize edge-effects.
250 various-TRC simulations are run at each constant temperature
between 274 K and 320 K in intervals of 3 K.

4. Results

We first present the results of the parameter exploration (Sec-
tion 4.1), in which we vary the temperature-dependent component of
reproduction probability (p,¢ 1), death probability (pye,p), and muta-
tion probability (p,,,) in the same way for all species. We then present
the results of the temperature-dependent TaNa model (TaNa+T), in
which each temperature corresponds to a specific value of py,; and
Pmu (Section 4.2). Section 4.2 includes the results for both single-
TRC experiments (in which T, = T, for all species) and various-
TRC experiments (in which species have different thermal optima of
reproduction ( Up“)).

We analyze ecosystem-level responses to temperature based on
five different ecosystem characteristics all measured at the end of the
10,000 generation simulations. The section on temperature-dependence
of the TaNa model (Section 4.2) is broken down into subsections
corresponding to each of these five model outputs. Ecosystem survival
probability is the fraction of experiments in which any organisms exist
at the end of the simulation. Abundance is the total number of individ-
uals in the ecosystem. Species richness is the number of species in the
ecosystem. SADs are distributions of species populations. Interactions
are the J;; values of surviving organisms in ecosystems.
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4.1. Parameter exploration

In the simulations presented in this section, parameters are varied
independently from each other, and reproduction (pys; 1), death (pgeyn)s
and mutation (p,,,) probabilities are not associated with temperature.

In the parameter exploration, we find that ecosystem survival prob-
ability is positively correlated with p. + and inversely correlated with
Pdearn (Fig. 4, top row). No ecosystems survive if pyee 1 < pgeq, becCause
no species could survive with po¢r (o1 < Paeath- FOT Pofr. T < Pgeath> €COSYS-
tem survival probability increases monotonically with 2T (Fig. 5).

The slope of increase in ecosystem survival probablilty relative to
Z :“: depends on mutation probability (Fig. 5). Smaller values of p,,,
increase ecosystem survival probability in harsher conditions (when
Poff,T 1S M€Ar pge,y), but also decrease the rate at which ecosystem
survival probability increases relative to PottT , consequently, larger val-

ues of 2T are required before ecosysten;d survival probability finally
reaches I 'when Pmut 1S small. At larger mutation probabilities, a larger
ratio of 2T js required for ecosystem survival when Poge.7 is close to
Pdeaths but" ecosystem survival probability then increases more steeply
and reaches 1 at smaller 2T

Ecosystem survival proﬂa%lhty is indicative of the values of p ; oc-
curring in ecosystems. The distribution of p. ¢ is an emergent property
in the TaNa+T: species specific values of p; depend on the random
interactions between species, leading to selection on species depending
on their interactions. Survival of any species requires py¢r ioia1 > Pacath
for that species, and using Doft rotal = Pott.TPotr (EQ. (5)), species sur-

vival requires 2T > _L_ 1n the control case (p,,, = 0.01), ecosystem

Pdeath Poff f
survival probability is first positive when

Poff,T

~ 1.2, suggesting that
Pdeath gg g

Poffs > 0.83 is very unlikely. The value of I% at which ecosystem
death N
survival probability first reaches ~ 1 occurs when M ~ 4. As

almost all ecosystems survive in these conditions, it suggests that values
of pre Of at least 0.25 are a common occurrence amongst mutant
species outside of quasi-steady states at this mutation probability. The
threshold value of p, ¢ required for ecosystem survival depends on p,,,,
(Fig. 5).

Abundance of all surviving ecosystems is not affected by py,
Pdeath> OF Pmut (Fig. 4, second row). Consequently, abundance should not
be expected to vary with temperature, unless interspecific variation in
TRC produces its own effect on abundance in various-TRC simulations.

Species richness increases with increasing mutation probability
(Fig. 4, bottom row). It is unaffected by p.; 1+ and death probability.

The impacts of all 7 model parameters are summarized in Ap-
pendix C.

4.2. Effects of temperature on the tana model

We now present our investigation of the behavior of the TaNa+T
model, in which each temperature is associated with a particular value
Of Pgearn @and ppy> and pyge + depends on temperature and species specific
values of Ty ;.
4.2.1. Ecosystem survival probability

In TaNa+T simulations, ecosystem survival probability is
temperature-dependent, with a response shape that is sensitive to
interspecific variation in TRC. When all species have the same TRC
(single-TRC simulations), ecosystem survival probability has a top-
hat-shaped response to temperature: it is zero at temperatures below
approximately 280 K (~ 7 °C; temperatures at which pye,, > porr.1)
and above T ~ 310 K (» 37 °C; the upper temperature at which
DPdeath > Pott.15> Fig. 6a, black line), and ecosystem survival probability is
near 1 between those temperatures. The shape of this thermal response
is wider and more symmetrical than the TRC of reproduction.

The thermal response of single-TRC ecosystem survival probability
is controlled by constraints on species-level fitness. For a species to
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survive, its total reproduction probability (pyff o) must be larger
than its death probability (pye,,). Substituting Eq. (5) for pg¢ o, and
rearranging the equation, we can see that species survival requires

Poftf > z d;‘;‘“ . Solving for fitness (f;) using Eq. (2), an individual must
’ of f, T
have a fitness
D,
f,->—log<ﬂ—1> ®)
Pdeath

in order to survive. Indeed, ecosystem survival probability increases as
the threshold fitness required for species survival decreases (Fig. 6a).
The thermal response of ecosystem survival probability is very similar
when mutation probability (p,,,) is held constant (Fig. 6a, red line),

suggesting that mutation probability does not have a strong impact
on ecosystem survival probability, and the minor effect of mutation
probability can be explained by Fig. 5a from the parameter exploration.

In various-TRC experiments (7, ; varies between species), the ther-
mal response of ecosystem survival probability decreases quasi-linearly
from around 0.95 at the coldest temperature to zero at the warmest
temperature (Fig. 6b). The shape of the thermal response of various-
TRC experiments is again determined by the threshold fitness required
for species survival (Eq. (8); shown for several example T, ; in the blue
lines in Fig. 6b). In temperatures below 297 K, ecosystem survival prob-
ability is slightly smaller when p,, varies with temperature than when
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that various-TRC organisms could have.

itis held at p,,, = 0.01 (Fig. 6b, red line) showing that smaller values of
Pt Still decrease large values of ecosystem survival probability when
TRC vary between species (the same as when all species have the same
TRC; Fig. 5). The survival fraction decreases with temperature because
the maximum probability of reproduction in various-TRC experiments
does not vary with temperature, whereas the probability of death does.

4.2.2. Ecosystem abundance

The abundance of individuals in surviving ecosystems, as well as
their partitioning of individuals into cores and clouds, is relatively
constant across temperatures, regardless of whether TRC vary between
species or not (Fig. 7 a,b,g,h). This aligns with findings from Sec-
tion 4.1. Additionally, as p.¢r does not affect abundance (Fig. 4),
interspecific variation in p,  has no effect on abundance and the ther-
mal response of abundance is the same in single-TRC and various-TRC
simulations. Consequently, the only possibly response of abundance
to temperature would be through the thermal response of ecosystem
survival probability: if mean abundance was measured across both
surviving and extinct ecosystems, with zeros in harsher climates driv-
ing the mean down, the thermal response of abundance would have
the same shape as that of ecosystem survival probability, and abun-
dance would therefore appear to depend on both temperature and
interspecific variation in TRC (not shown).

4.2.3. Species richness

Species richness of ecosystems (the number of species) increases in
warmer temperatures, whether TRC vary between species or not (Fig. 7
¢,d). In Arrhenius plots, the logarithm of the response metric is plotted

against #, such that exponentials appear as straight lines with the
slope equal to the activation energy (—E,) in the Arrhenius equation
(Eq. (1)). In Fig. 7 c,d, species richness indeed appears as a straight line,
with a slope close to that of metabolism (blue dashed line), suggesting
that the TRC of species richness scales up from metabolic processes.
As shown in the parameter exploration (Section 4.1), mutation drives
the thermal response of species richness in single-TRC simulations. The
thermal response of species richness in various-TRC is the same because
porr does not affect species richness (Section 4.1), so interspecific
variation in the TRC of reproduction has no effect.

The number of core species also increases with warmer tempera-
tures in single-TRC and various-TRC experiments; from about 2 to 4
core species in both (Fig. 7 i,j). However, the activation energy of core
species richness is smaller than the metabolic value (i.e. the slope of
core species richness in the Arrhenius plots is shallower than the blue
dashed lines). This indicates that metabolic processes have a weaker
impact on core species richness than on cloud species richness.

4.2.4. Population sizes and SADs

Average population sizes of species in ecosystems decrease expo-
nentially as temperature increases in both single-TRC and various-TRC
simulations (Fig. 7 e,f), while population sizes remain relatively con-
stant across temperatures in cores (Fig. 7 k,1). The thermal response of
average population size in ecosystems is driven by the thermal response
of species richness (since abundance is temperature-independent), and
species richness is in turn driven by the thermal response of mutation
rate (Section 4.2.3). Interspecific variation in TRC does not affect the
thermal response of average population sizes because it does not affect
abundance or species richness.
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All ecosystems exhibit the typical SAD shape, with the majority
of the abundance made up by a few core species, and with many
more cloud species than core species (Fig. 8). The shape of SADs
is temperature-dependent, with increasing diversity of cloud species
emerging in warmer temperatures (Fig. 8). As a result, SADs become
more positively skewed as temperature increases (Fig. 9 e,f,g,h). SAD
skewness is additionally correlated with both species richness and
abundance (Fig. 9 a,b,c,d). In single-TRC experiments, there is no
relationship between SAD skewness and abundance or species richness
for ecosystems at the same temperature (no trend in colors in Fig. 9 e,f),
showing that abundance and species richness do not drive SAD skew-
ness. However, in various-TRC experiments, abundance and species
richness do appear to affect skewness within each temperature (trend in
colors in Fig. 9 g,h), with more abundant and more diverse ecosystems
exhibiting more positive SAD skewness (more cloud species).

4.2.5. Interactions between species

In both single-TRC and various-TRC experiments, mean interactions
(Jij) are more positive in colder temperatures, and decrease to almost
zero in the warmest temperatures (Fig. 10, black). On a linear tem-
perature scale, core species show a clear decreasing trend in mean
interaction strength relative to temperature (black dots in Fig. 10 b,d).
However, Arrhenius plots show that the rate of decrease in mean
interaction strengths is actually steeper in the ecosystem average than

for just core species (Fig. 10, bottom row, black lines). The thermal
response of mean ecosystem interactions has an activation energy near
the metabolic value (E, = 0.49 eV; Fig. 10 e,g, black dashed lines),
whereas core interactions have a slightly smaller activation energy
(Fig. 10 fh). No thermal response is detectable in experiments in
which p.,,, was held constant (red dots and lines in Fig. 10), so as
for species richness and average population size, the thermal response
of ecosystem and core interactions is driven by the TRC of mutation
(Pt (T))-

Pairwise interactions can be categorized into five types: mutualistic
(both species benefit one another), competitive (both species harm one
another), predatory (one species benefits while the other is harmed),
one-way positive (one species benefits without impacting the other),
one-way negative (one species is harmed without impacting the other),
or no interaction. The fraction of species pairs with any interactions
relative to all possible interactions is the emergent connectance. In
TaNa+T simulations, interaction types do not vary with temperature
for ecosystems or cores in any of the simulations run (not shown).
Additionally, ecosystem connectance does not evolve away from 6 (the
preset fraction of species that interact) for core or cloud species in
any temperature (not shown). This suggests that thermal responses of
interaction types and connectance do not arise from the TRC of birth,
death, and mutation.
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5. Discussion

The primary aim of this study is to investigate how physiological
TRC scale up to ecological characteristics. We find that species rich-
ness, average population size, and interaction strength all scale up in
proportion or inversely proportional to mutation rate, with stronger
responses from cloud than core species. Ecosystem survival probability
is also sensitive to temperature, but does not scale up directly from any
physiological TRC. Ecosystem abundance and interaction types are not
sensitive to temperature at all. Additionally, only the thermal response

of ecosystem survival probability is sensitive to interspecific variation
in the optimal temperature of reproduction. These results arise from
the ecological and thermal assumptions we built into the TaNa+T, and
warrant further discussion.

Ecosystem survival probability is mainly controlled by the ratio
between reproduction and death probabilities in single-TRC TaNa+T
simulations (Fig. 5). Since that ratio is affected by interspecific varia-
tion in the TRC of reproduction, ecosystem survival probability depends
on interspecific variation in TRC in TaNa+T simulations (Fig. 6). Tradi-
tionally, species fitness is often considered in terms of intrinsic growth
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rate; the difference between birth and death rates, rather than their
ratio. The ratio is important in this model because the temperature-
dependent response of reproduction is only one component of reproduc-
tion probability, and species survival requires that total reproduction
probability (the product of two probabilities) be larger than death
probability. Therefore, we suggest that more attention be paid to the
ratio between reproduction and death probabilities, especially when
a partial measure of reproduction rate is being studied. The specific
thermal responses found for ecosystem survival probability in this
study are difficult to validate, however, because ecosystem survival
probability is not readily measured in the real world — the geological
record is incomplete, and environments in which ecosystems failed to
establish do not necessarily leave a record. Additionally, while there are
clear boundaries between ecosystems in different TaNa+T simulations,
ecosystems on Earth are often overlapping and lack clearly defined
boundaries.

While the number of ecosystems that survive depends on tempera-
ture, the average abundance of those ecosystems that do survive shows
no temperature response and no sensitivity to interspecific variation in
TRC (Fig. 7). Evidence from trees supports our finding that abundance
is temperature-independent (Allen et al., 2002). However, data on the
thermal response of abundance is lacking (He et al., 2019), partially due
to the challenges of defining ecosystem boundaries. Our finding that
abundance is temperature-independent differs from the result of Arthur
and Nicholson (2023), who also modified the TaNa model to include
temperature. Arthur and Nicholson (2023) focus on feedbacks arising
when TaNa ecosystems affect temperature in addition to responding
to it, but their paper also includes simulations in which species do
not modify temperature, and in those simulations abundance scales
with the organism-level TRC. The difference between our results arises
because Arthur and Nicholson (2023) vary interaction strength scaler
(C) with temperature, rather than pygs 1, Pgeen @nd py, - Abundance is
affected by C in the TaNa model because in a steady state, p,¢r o ~

Pdeath» leading to N = ‘ll [log(% -D+3; (Lj%)]- The first term
in the parentheses is small, whereas the second term can be on the
order of C, here set to 100, making C (in addition to x) the dominant
parameters controlling abundance (also see Fig. Fig. C.12). In our
study, holding C and u constant enabled us to test how ecosystem

characteristics evolve in response to physiological TRC alone. Our result

10

that reproduction, death, and mutation rates do not affect ecosystem
abundance provides a helpful addition to MTE predictions, and clearly
distinguishes the thermal response of abundance from that of species
populations.

We find that species richness increases exponentially with increas-
ing temperature, as predicted by MTE (Allen et al., 2002; Price et al.,
2010), with or without interspecific variation in TRC (Fig. 7 c,d). The
temperature-dependence of species richness is driven by temperature-
dependence of mutation rate (Fig. 4). In a similar model, Stegen et al.
(2009) found that species richness loses its temperature-dependence
over time; a result we do not reproduce. The discrepancy in results
from the two models probably arises because Stegen et al. (2009) allow
mutation rates to vary between species at the same temperature (de-
pending on species’ bodymass), whereas we keep mutation probability
the same for all species at the same temperature. An intriguing direction
of future study would be to test the effect of interspecific variation
in mutation rates in the TaNa+T to confirm whether a time-decaying
temperature-dependence of species richness would arise. The rela-
tionship between interspecific variation in mutation rates and species
richness could also help explain the persistence of a latitudinal biodi-
versity gradient, since it is usually measured for related species, which
may have quite similar sizes and thus less interspecific variation in
mutation rate.

Average species richness of core species increases with temperature
in the TaNa+T as well, but more gradually than the overall species
richness and with a smaller activation energy than that of metabolism
(Fig. 7 i,j). In other words, the richness of the most abundant species is
less sensitive to temperature than the richness of rare species. These
results should also be considered in the context of the latitudinal
diversity gradient.

The different thermal-dependencies of species richness for core and
cloud species drives a temperature-dependent effect on Species Abun-
dance Distributions (SADs) in the TaNa+T, with a larger proportion of
rare species in warmer populations (Fig. 8). SADs are one of the few
ecological properties to have a “universal” shape, but the mechanisms
generating this shape, and the factors controlling differences like SAD
skewness, remain poorly understood (McGill et al., 2007). Previously,
SAD skewness has been associated with species richness, but we find
that temperature is the primary driver of SAD skewness (Fig. 9). Addi-
tionally, while species richness affects SAD skewness for ecosystems of
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the same temperature in various-TRC experiments, it has no effect on
SAD skewness in single-TRC experiments (Fig. 9). These findings can
advance our understanding of “universal laws” in ecology.

Interaction strengths are more positive in cold temperatures and
become increasingly neutral in warmer temperatures in the TaNa+T
(Fig. 10). Because some empirical studies indicated that the rates of
activities related to interactions increase in proportion to the Arrhenius
equation (Dell et al., 2011), we tested whether an exponential increase
in TaNa interaction strengths could arise secondarily to the more
basic physiological TRC. However, our results show that interactions
are inversely related with the Arrhenius curve, which implies that
an exponential increase in interaction strengths is not a higher-level
response to physiological TRC. Future work could consider the effect
of simultaneously varying mutation and interaction strength scaler (C)
with temperature, and determine which TRC would have a stronger
effect on the evolution of interactions between species. Additionally,
the relationship between interaction strength and abundance — which
varies with C in the TaNa model — could be further investigated.

The TaNa+T model isolates a few components of ecological com-
plexity, but many more layers of complexity remain to be disentangled.
For example, interspecific variation in other TRC probably affects other
ecosystem thermal responses (Stegen et al., 2009; Bideault et al., 2021).
The width of TRC may also vary between species (TRC width may be
correlated with latitude; Amarasekare and Savage (2012), predator—
prey relationships; Dell et al. (2011), or climate variability; Chen et al.
(2022)). Additionally, there may be constraints on the ways that TRC
can vary between species; for example, MTE predicts that TRC peak
height is controlled by metabolic rate (Gillooly et al., 2001; Brown
et al., 2004; Chen, 2022). Another particularly interesting direction of
future research is the feedback that could arise through biotic effects
on the climate (Wilkinson, 2006; Arthur and Nicholson, 2023), and the
ways in which ecological complexity affects it.

6. Conclusions

Here we have pieced together three fundamental ways species
respond to temperature and extrapolated them to ecosystem-level out-
comes in the TaNa+T model. In this model, we modify the TaNa model
of ecology and evolution by making reproduction, death, and muta-
tion probabilities temperature-dependent, allowing us to investigate
how these physiological Thermal Response Curves (TRC) can create
ecosystem-level thermal responses. We find that ecosystem survival
probability, species richness, Species Abundance Distributions (SADs),
and interactions all respond to temperature via physiological TRC,
while mean abundance of surviving ecosystems, interaction types, and
connectance do not. Even when all species have the same TRC, ecosys-
tem properties do not always have the same thermal responses as
species-level TRC, and not all ecosystem metrics respond to the same
underlying TRC. Additionally, while it has been suspected that thermal
diversity may diminish ecosystem-level thermal responses, we find that
interspecific variation in the optimal temperature of reproduction only
affects the thermal response of ecosystem survival probability.

This work helps clarify how thermal responses propagate from
molecular to ecological scales according to the Metabolic Theory of
Ecology (MTE). We show that mutation alone can drive the ther-
mal responses of species richness, population sizes, and interaction
strengths. However, mutation affects interactions inversely to what
was previously expected; causing interactions to decrease from posi-
tive to more neutral as temperature increases. This study additionally
highlights the importance of a relatively uncommon thermal response,
ecosystem survival probability, which may also be important in the
thermal response of abundance. Controlling for ecosystem survival
probability, abundance shows no thermal response. We emphasize the
distinction between the thermal responses of abundance and population
size, which have sometimes been considered interchangeably in the
past, but which respond very differently to temperature in the TaNa+T.
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Overall, understanding how ecosystems respond to the environment at
a coarse level can provide a baseline from which to investigate the
variety and complexity of ecology. We hope this work contributes to
clarifying how TRC scale up in the theory of MTE and in ecology in
general.
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Appendix A. Example TaNa model output

The first 4000 generations of 4 TaNa model simulations are shown
in Fig. A.11.

Appendix B. Parameters used in reproduction TRC

Reproduction rate (ry ;) in the TaNa+T is approximated with a
left-skew normal curve such that the shape of the skew-normal curve
matches the second term in Eq. 11 in Amarasekare and Savage (2012).
That equation gives a general TRC derived from temperature-dependence
of fecundity (the reproduction rate of an individual), development
(the rate at which fecundity changes with an organism’s age) and
mortality (Amarasekare and Savage, 2012). The TRC of reproduction
rate is defined as

rorr(T) = « . w bapeak (T)a(T) exp [(rdealh(T) - rdealhA,juv(T)) a(T)] ’

a(T)
(B.1)

where T is temperature, a(T) is age at first reproduction, W(-) is
the Lambert W function (arising in the solution to the temperature-
dependence of the Euler-Lotka equation for fecundity), b, (T) is

Apeak
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Fig. A.11. Each column shows a single TaNa model simulation for its first 4000
generations. Rows illustrate ecosystem characteristics; from top to bottom: 1. abundance
(number of individuals) in ecosystems (black) and cores (gray); 2. species richness
(number of species); and 3. populations of each species (colors).

Table B.2
Parameter values used for Egs. (B.1) & (6) (Fig. 1 birth rate: black solid line, death
rate: gray solid line).

Parameters for reproduction and mortality rates

A, Activation energy of development —8000 eV
Ay Activation energy of death of juveniles 7500 eV
Ay Activation energy of death of adults 6000 eV
a, Development rate at 7, 60

by, Birth rate at 7, 50

by, Average birth rate at T, 295

dir, Death rate of juveniles at 7, 0.03

dr, Death rate of adults at 7, 0.05

T, Reference temperature 294 K
Ton Optimum temperature for reproduction 298 K

maximum fecundity (expected number of offspring at the age of first
reproduction, assuming fecundity decreases thereafter), and rg,,(T)
and rgeynju(T) are death rates of adults and juveniles, respectively
(rops(T) and rye,,(T) shown as solid black and gray lines, respectively,
in Fig. 1). Development and mortality are modeled as Boltzmann—
Arrhenius exponential equations, and fecundity is given a Gaussian
shape (Amarasekare and Savage, 2012). The parameters we used in
Eq. (B.1) are listed in Table B.2.

Appendix C. 1-D exploration of all 7 TaNa parameters

C.1. Testing ecological sensitivity to tana model parameters

We varied each of the 7 TaNa model parameters along one di-
mension (holding all other parameters constant) in 50 simulations
at each parameterization. Ecosystem survival probability, abundance,
species richness, and core species richness are measured after 10,000
generations (Fig. C.12).

Ecosystem survival probability is sensitive to 4 of the 7 parame-
ters: temperature-dependent scaler of reproduction probability (p,¢ 1),
death probability (pge,n), mutation probability (p,,), and damping
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factor of carrying capacity (u) (Fig. C.12, top row). Ecosystem survival
decreases from 1 to 0 as ps decreases or py.,, increases. For values
of p,. greater than the control value (0.01 mutations per gene per
timestep), survival remains near 1, but decreases toward 0.8 for p,
values below that. Survival also decreases for values of y greater than
the control (0.1), which are associated with relatively small carrying
capacities (less than about 700 individuals, Fig. C.12) and species
richness less than about 60. The other parameters do not affect survival
probability for the range of parameter values sampled.

Abundance is sensitive to x and interaction strength scaler (C)
(Fig. C.12, second row). u scales the carrying capacity of the model,
so its effect on abundance is expected. C affects the fitness equation,
Eq. (3), by scaling the positive term, so increasing C has the same
effect as decreasing u, and it is therefore not surprising that these
two parameters have similar effects on the model. No other parameter
affects abundance in the TaNa model.

Species richness is affected by p,,, 4, and genome length (L)
(Fig. C.12, third row). Increasing mutation rate enables more species
to enter the model per unit time, contributing to a larger equilibrium
species richness. Increasing L has a similar effect as increasing p,.,
because each individual gets L chances for a mutation to occur during
reproduction. Increasing y does not affect speciation rate but enables
more individuals to coexist in the model, and thereby allows more
different species to coexist.

Core species richness responds only to p,,,, (Fig. C.12, bottom row).
This is interesting because even though y increases abundance and
species richness, it does not affect the number of stable core species
— only the number of cloud species.

C.2. Temperature dependence of TaNa model parameters

The three physiological parameters in the TaNa model (birth, death,
and mutation probabilities) reflect intrinsic, organism-level rates which
are all predicted to increase exponentially with temperature accord-
ing to the Arrhenius curve due to their dependence on metabolic
rate (Gillooly et al., 2001; Brown et al., 2004; Gillooly et al., 2005). We
vary these three rates with temperature in the TaNa+T model, and keep
the other parameters constant in order to test how physiological prop-
erties propagate upward through ecological networks. However, some
discussion of the temperature dependencies of the other parameters is
warranted.

Interaction strength is not explicitly encompassed by MTE, but some
empirical measures of activities associated with interaction strength
or trophic interactions, such as attack or escape velocity, increase
with temperature according to the Boltzmann—-Arrhenius equation (Dell
et al., 2011). Network connectance (§) was also found to increases in
warmer temperatures in some studies (Yuan et al., 2021). However,
for both interaction scale and network connectance, the connection
between individual physiology and traits affecting these network-level
characteristics is not obvious. We choose to test whether either re-
sponse may emerge secondarily from other physiological TRC, rather
than being direct physiological responses to temperature themselves.

Carrying capacity (scaled by p) could vary with temperature for
a number of reasons. For example, productivity could be higher in
warmer or more optimal temperatures, or the temperature-dependence
of nutrient recycling by microbes could affect nutrient availability
(either positively or negatively). On weathering timescales, primary
nutrients come from weathering bedrock, and weathering rates gen-
erally increase in warmer climates (Berner, 1990). Future research
should continue to investigate the responses of resource availability to
temperature, but currently, it is standard in MTE not to assume that
resources vary with temperature, and empirical patterns seen in trees
support this prediction (Allen et al., 2002; Brown et al., 2004).

The last parameter in the TaNa model is genome length (L), and
we do not know of any evidence that L is affected by temperature.
However, Stegen et al. (2009) assume that genome length increases



C. Febvre et al.

Journal of Theoretical Biology 585 (2024) 111792

6000 -

4000 -

Abundance

2000 -

®eee®0q oode0e ®q00

150 4

100 4

Diversity

o
=)

Core div.

seg000
.

025050075 0.00 002 10

Pdeath

0.250.500.75

Poff, scaler

Mutation probabilityGenome lenght (L)

75 100 125 0.2 0.3
Interaction scale (C) Connectivity (6)

25 50

L

20

Fig. C.12. Seven TaNa model parameters are varied independently while holding all values constant. The first column shows how reproduction probability was scaled (p,¢; 1),
which is a parameter we introduce to scale ecological reproduction probability (p,s, EQ. (2)). The other six columns show variation of the six intrinsic TaNa model parameters:
death probability (p,.,), mutation probability (p,,), genome length (L), carrying capacity scaler (i), interaction scale (C), and connectance (#). Each dot corresponds to 50
experiments: in the top row, the fraction of those 50 experiments that survived for 10,000 generations is shown, and for the other rows, the dot sows the median and the shaded
gray region shows the interquartile range. The red dots in all plots indicate the control value of the parameter.

with mass (which they deem a rough approximation) in their eco-
evolutionary model of MTE. As their model (like the Tana model)
utilizes per-gene mutation rates, increasing L has the effect of increas-
ing the mutation rates of larger organisms in their model. Here, we do
not treat mass, and to keep the complexity to a minimum in our model,
we hold genome length constant for organisms in our model. However,
varying genome length between model species could be an interesting
area of further investigation.
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