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Abstract.—The total number of species on earth and the rate at which new species are created are fundamental questions
for ecology, evolution and conservation. These questions have typically been approached separately, despite their obvious
interconnection. In this study, we approach both questions in conjunction, for all terrestrial animals. To do this, we combine
two previously unconnected bodies of theory: general ecosystem models and individual‑based ecological neutral theory.
General ecosystemmodels provide uswith estimated numbers of individual organisms, separated by functional group and
body size. Neutral theory, applied within a guild of functionally similar individuals, connects species richness, speciation
rate, and number of individual organisms. In combination, for terrestrial endotherms where species numbers are known,
they provide us with estimates for speciation rates as a function of body size and diet class. Extrapolating the same rates
to guilds of ectotherms enables us to estimate the species richness of those groups, including species yet to be described.
We find that speciation rates per species per million years decrease with increasing body size. Rates are also higher for
carnivores compared to omnivores or herbivores of the same body size. Our estimate for the total number of terrestrial
species of animals is in the range 1.03 − 2.92 million species, a value consistent with estimates from previous studies,
despite having used a fundamentally new approach. Perhaps what is most remarkable about these results is that they have
been obtained using only limited data from larger endotherms and their speciation rates, with the predictive process being
based on mechanistic theory. This work illustrates the potential of a new approach to classic eco‑evolutionary questions,
while also adding weight to existing predictions. As we now face an era of dramatic biological change, new methods will
be needed to mechanistically model global biodiversity at the species and individual organism level. This will be a huge
challenge but the combination of general ecosystemmodels and neutral theory that we introduce here is a way to tractably
achieve it. [Body size; diet; global diversity; general ecosystem model; Madingley model; neutral theory; speciation rate.]

Understanding speciation and how it varies between
different groups is central to the interpretation of bio‑
diversity patterns, and to our understanding of the fun‑
damental processes that create biodiversity. Speciation,
in turn, is conceptually linked to counts of the species
it generates, providing an important gauge for the di‑
versity of life. With planet Earth’s current trajectory to‑
wards a potential sixth mass extinction event (Barnosky
et al. 2011; De Vos et al. 2015; Penn and Deutsch 2022),
the ability to estimate global species richness, including
the many undescribed species, is all the more relevant
to provide a baseline for what we have to lose.
A wide range of methods for estimating speciation

rates exists. Many of the current methods use molec‑
ular reconstructed phylogenies, complemented with
fossil and taxonomic data, and obtain these rates by
lineage‑based inference (Jetz et al. 2012; Pyron and Bur‑
brink 2013; Rabosky et al. 2014), for an extensive re‑
view of these methods, see also (Morlon 2014; Pennell

and Harmon 2013). Although new methodologies have
been developed to take into account time, diversity, and
trait dependencies on speciation rates (FitzJohn 2010;
Pyron and Burbrink 2013; Herrera‑Alsina et al. 2019),
these approaches are still limited by the availability
of data on extinct and extant taxa. Moreover, specia‑
tion rates are inextricably connected to extinction rates,
and the estimation of the latter is challenging, partic‑
ularly in cases where there is no fossil data of now
extinct species to inform methods (Rabosky 2010). Re‑
cent work has also suggested that the inference mod‑
els for speciation and extinction rates present intrinsic
methodological limitations, leading to infinite indistin‑
guishable diversification scenarios of speciation rates
for the same time‑calibrated phylogenies (Louca and
Pennell 2020).
One of the fundamental features of our planet, global

species richness, including undescribed species, is a
great challenge to estimate. Despite the potential for
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a conceptual link to the question of speciation rates,
the question of global richness has been approached
largely independently. One reason for the difficulty is
that limited sampling has precluded direct estimation
of the total number of extant species. Indirect estima‑
tion of global richness has relied on many approaches,
some of which include the opinion of taxonomic experts
(Gaston 1991; Stork 1993), inferences based on macroe‑
cological patterns (Raven 1985; May 1988; Hawksworth
1991), and trends in taxonomic data accumulation
(Mora et al. 2011), with phylogenetic approaches likely
to become more important in the future (Billaud et al.
2020). However, the controversy about the underlying
assumptions of such approaches (Gaston and Blackburn
2000; Bouchet and Duarte 2006) and the large inherent
uncertainty mean that the question of total diversity of
species on earth is not fully resolved.
Given the methodological difficulties of estimating

speciation rates and patterns of species richness using
statistical inference, a promising alternative would be
to obtain these estimates via mechanistic models of bi‑
ological diversity. Indeed, there are many reasons to
prefer mechanistic models over statistical inference or
correlative models, especially where there is a lack of
data (Grimm 1999; Yates et al. 2000). By explicitly rep‑
resenting the underlying processes that affect the biodi‑
versity units of interest, mechanistic models allow the
exploration of novel ecological conditions and the gen‑
eralization of scenarios across data shortfalls (Connolly
et al. 2017). Importantly, they also have emergent behav‑
ior, making predictions that do not follow trivially from
the original model assumptions. Such emergent predic‑
tions across multiple dimensions of ecology enable a
stronger test of themodel’s ability to capture underlying
processes.
In this study, we combine the benefits of two very

different mechanistic approaches: General Ecosystem
Models (Harfoot et al. 2014) and Ecological Neutral
Theory (Caswell 1976; Hubbell 2011). The Mading‑
ley Model is a General Ecosystem Model of global
heterotrophic life (Harfoot et al. 2014), that makes
predictions of, among other things, the numbers of
individual organisms and demographic rates for dif‑
ferent functional groups based on fundamental eco‑
logical assumptions. Neutral Theory (Hubbell 2011),
on the other hand, by ignoring functional differences
and focusing primarily on species, provides a tractable
approach to connect species richness, speciation rates
and number of individual organisms within indi‑
vidual functional groups. The potential synthesis of
these approaches could help to relax their individual
assumptions, and build a more unified theoretical ecol‑
ogy structure that integrates both functional group and
species‑focused paradigms. The concept follows previ‑
ous work based on the idea of nesting neutral models
within a niche‑based model of some kind (Chisholm
and Pacala 2010; Chisholm et al. 2016).
We implement a novel approach, building a pipeline

that connects the Madingley and neutral models. The

Madingley model allows us to estimate numbers of in‑
dividual organisms globally for functional groups of
terrestrial endotherms and ectotherms. Neutral Theory
allows us to connect number of individuals to speciation
rates and species richness within any given functional
group. By linking these models, we are able to esti‑
mate speciation rates for functional groups with known
species richness. Conversely, we can estimate species
richness for functional groups with given speciation
rates. We first apply the pipeline to well‑known groups
of endotherms based on empirical species richnesses.
We then extrapolate these patterns to estimate specia‑
tion rates for ectotherms. Finally, we run the pipeline
in the other direction to recover the expected species
richness of ectotherms, including all undescribed
species.
Our aim with this work is to demonstrate a proof of

concept for a novel synthesis of mechanistic ecological
theories. Then to show their utility as a way to calcu‑
late speciation rates and estimate global richness for all
terrestrial ectotherms and endotherms.

MATERIALS AND METHODS
First, we ran the Madingley model, using its default

parameter settings (Harfoot et al. 2014), and gathered
data from it including total number of individual or‑
ganisms in each functional group. Next, we developed
individual‑based ”life history” simulations of repro‑
duction, maturation and death to acquire generation
lengths of each functional group, based on the Mading‑
ley simulations. We gathered empirical data on global
species richness of terrestrial endotherms and use it
with analytical approximations of a neutral model, and
the numbers of individual organisms from the Madin‑
gley model, to predict speciation rates per capita per
generation for each functional group. We then convert
these to rates per species permillion years using the gen‑
eration length data. Finally, we extrapolate these spe‑
ciation rates for ectotherms and use the neutral model
and numbers of individuals from the Madingley model
again, but this time to recover species richness. Please
refer to Figure 1 for a conceptual overview of the meth‑
ods.
The choice of dividing biodiversity into endotherms

and ectotherms thus comes from the original separa‑
tion of the groups in the Madingley model, devised to
account for the effect of thermoregulation on the eco‑
logical processes of interest. In the context of this work,
the separation also enables the use data rich endotherms
to extrapolate speciation rates for relatively data poor
ectotherms.

The Madingley Model
The Madingley model divides global‑scale marine

and terrestrial environments into 2D grid cells. Each
grid cell contains amixture of individual organisms that
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FIGURE 1. Conceptual overview of the methods and analysis pipeline. The dark purple boxes correspond to our main pipeline, which can
be run in either direction: to get speciation rate per species per million years from species richness, or vice versa. Lighter orange boxes show
processes including simulations and analytical models, off‑white boxes show data, including intermediate data products. The left part of the
diagram shows the components of our main bi‑directional pipeline. The right part of the diagram shows how this pipeline is used in both
directions to achieve an estimate of global richness of terrestrial ectotherms. The light transparent shaded regions show how the pipeline exists
within each of the blocks on the right part of the diagram, in reverse when used on the second occasion. The full analysis shown in this diagram
is repeated for a full range of functional groups (e.g., herbivore, carnivore, and omnivore functional groups in terrestrial endotherms).

may interact in complex ways and disperse to other
grid cells (Harfoot et al. 2014). Heterotrophic life is di‑
vided into nineteen functional groups that differ in their
thermoregulation (endotherm or ectotherm), reproduc‑
tive strategy (iteroparous or semelparous) and diet class
(herbivore, omnivore or carnivore). Further ecological
generalizations are used within each of these groups:
a continuously varying body mass trait dictates the
metabolic scaling, movement and trophic interactions
of an organism across distinct juvenile and adult life
stages. Ecological interactions are governed by funda‑
mental mechanisms such as size‑structured predation
(Williams et al. 2010) and type‑III Holling functional re‑
sponses (Holling 1959). Since tracking each individual
in a global‑scale implementation of the model would be
computationally infeasible or arguably even impossible
(Purves et al. 2013; Harfoot et al. 2014), identical indi‑
vidual organisms within a given local community are
grouped together in ”cohorts.” Each cohort is described
by its categorical functional group and by its continu‑
ous body‑size trait. All the individuals in the same co‑
hort reproduce,mature, disperse, or die as a group,with
either the same process rate or probability of dying ap‑
plying to all individuals within any given cohort. This
kind of approach may be the only way to make a global
individual‑based mechanistic models tractable (Purves
et al. 2013).

Probing the Madingley Model Simulations for Data
It is computationally infeasible to collect data inde‑

pendently on every cohort in themodel, due to the sheer
size of the systembeing simulated,whichwould require
too much memory to be stored at every time step of
the simulation. To resolve this, we divided endother‑
mic heterotrophic life from the Madingley model into
discrete bins based on bodymass. Starting from themin‑
imum body mass, for each functional group, successive
bin boundaries differ by a factor of 2. Using herbivorous
endotherms as an example, the first bin includes masses
from 1.5 g to 3.0 g, the second from 3.0 g to 6.0 g, and so
on. Thus, pairs of individualswhose body size differs by
a factor of more than 2 cannot be in the same bin. This
logarithmic binning gives a higher resolution on the
small end of the bodymass distribution, where most in‑
dividuals lie, and is more natural for investigating allo‑
metric scaling. Narrower body size ranges would have
much higher computational cost on what was already a
computationally intensive simulation and analysis. The
same procedure was conducted separately for each of
3 diet classes of endotherms: herbivore, carnivore, and
omnivore; we do not refer to these as trophic levels be‑
cause all 3 diet classes vary over orders of magnitude in
size. Each size bin,within each functional group, is here‑
after referred to as a ”guild.”Whenever amass value for
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a guild is used, it represents the midpoint bodymass (in
arithmetic space) of the bin in which that guild sits. We
collected per capita rates of maturation, death and dis‑
persal between adjacent cells, as well as the number of
births and total abundance. These rates were collected
separately for each guild, for each month of the an‑
nual cycle, and for each terrestrial cell of the Madingley
model.
We ran the Madingley model at 2‑degree resolution

for a 100‑year burn‑in period, and then for a further 100
years for data collection. This length of time is sufficient
for these models to be stable (Harfoot et al. 2014). We
used default settings for the Madingley model, which
did not factor in anthropogenic habitat loss or climate
change (Harfoot et al. 2014). During the data collection
period, the relevant demographic rates were recorded
as running means. We performed 15 data‑collection
runs, and used an ensemble mean across the 100‑year
data collection period and across all 15 simulations in
our downstream analyses. The results of these simu‑
lations are available as Supplementary Material DOI:
10.5061/dryad.h44j0zpvc.

Individual‑Based Simulations and Generation Time
It is necessary to know generation length in years for

each guild in theMadingley simulations. This is because
the neutral‑theory‑based speciation rates are a probabil‑
ity per birth event whilst we wish to compare this to
rates per species per million years. In order to obtain
an accurate estimate of the emergent generation times
within the Madingley model, we performed a set of in‑
dependent, individual‑based simulations on a spatially
explicit grid using process rates collected from theMad‑
ingley simulations. To do this, for each guild, in each
grid cell, 𝐼 = 1000 independent adult individuals were
simulated from month to month. The starting month
was chosen randomly but in proportion to the fraction of
juveniles that mature into adults in each month. For ex‑
ample, if half of juveniles mature into adults inMay and
the other half in June then half of the individual based
simulations would likewise start in May and the other
half in June. In a grid cell, any given ”focal” adult either
progressed to the following month, or died based on
the mean mortality rate measured from the Madingley
model simulations for that guild, location and month.
Adult lifespan, inmonths,was recorded for any individ‑
uals that die. At each time step, the surviving focal adult
may disperse to an adjacent grid cell depending on a
random draw against the recorded mean dispersal rate
out of that grid cell. The focal adult also stochastically
produces offspring based on a Poisson process in each
month. The number of offspring was given by the av‑
erage number of births in the Madingley model, taking
into consideration spatial and temporal heterogeneity in
rates. Each offspring was then also simulated, in a sim‑
ilar manner to the adults, from the month and location
of birth, until reaching reproductivematurity. Offspring
were subject to juvenile mortality and dispersal checks

analogous to those of adults, but based on juvenile‑
specific rates collected separately from the Madingley
model simulations. Juveniles are not reproductively ac‑
tive and instead they had a stochastic opportunity to
mature based on the maturation rate for the grid cell
they occupy in each specificmonth of the year. The num‑
ber of time steps to maturity, in months, was recorded if
the individual offspring did not die beforematuring.We
calculated generation length for each guild in month‑
long time steps that we then scaled to years. The gener‑
ation length is the difference between the date of birth
of an individual and the average date of birth of its off‑
spring. Reproduction events happen throughout adult
life so the average time of offspring birth is themidpoint
of the part of an individual’s life when it is a reproduc‑
tive adult. Generation length can thus be calculated as
the sum of 2 components: the mean time between birth
andmaturity of a juvenile, plus half of the time between
maturation and death of an adult.

Metacommunity Richness with Protracted Speciation
After an initial genetic divergence between 2 potential

species, itmight takemanygenerations andhundreds of
thousands or millions of years before they can be con‑
sidered fully distinct species (Weir and Price 2011). One
way to include this mechanism in a neutral model is
to consider an additional parameter 𝜏, giving the du‑
ration of speciation as a number of generations. This
mechanism is known as protracted speciation (Rosin‑
dell et al. 2010) and generalizes the pointmutationmode
of speciation from Neutral theory (Hubbell 2011). The
speciation rate per individual organism, 𝜈, (hereafter
per capita speciation rate) may thus be smaller than
the per capita speciation‑initiation rate, 𝜇, and the 2 are
related by 𝜈 = 𝜇

1 + 𝜏 (Rosindell et al. 2010). We are
following the conventions of Neutral Theory with 𝜇 as
per capita speciation–initiation rate instead of extinction
rate common in Macroevolutionary literature.
We obtain an analytical solution (see Supplementary

Material) for the equilibrium metacommunity richness
of a non‑spatial neutral model with protracted specia‑
tion given by:

𝑆 = 𝜃 {[𝜓0 ( 𝜃𝛽
𝜃 + 𝛽 + 𝐽) − 𝜓0 ( 𝜃𝛽

𝜃 + 𝛽)]

− [𝜓0(𝛽 + 𝐽) − 𝜓0(𝛽)] } , (1)

where 𝐽 is the community size, 𝛽 = 𝐽 − 1
1 + 𝜏 , 𝜃 = (𝐽 − 1)𝜇

(1 − 𝜇) ,
and 𝜓0 is the digamma function. Note how 𝜃 depends
on the speciation‑initiation 𝜇, instead of the per capita
speciation 𝜈.
Whilst this solution is for a non‑spatial model ‑ we

show by simulations (see Supplementary Material) that
it also works as an approximation for the global species
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richness in a spatially‑explicit model with demographic
rates parameterized from the Madingley model.

Endotherm Empirical Data
We obtained empirical data for species richness of

terrestrial endotherms in each guild using the Elton‑
Traits 1.0 database of dietary and habitat requirements
for birds and mammals (Wilman et al. 2014). We fil‑
tered the available data to ensure it was comparable to
the ecology of simulated organisms in the Madingley
model. Specifically, we removed all mammals that had
“marine” foraging stratum category, and all of those
whose diet consisted of more than 10% fish, as this re‑
source is not explicitly modeled in the terrestrial‑only
simulations. To account for species that use freshwa‑
ter wetlands and waterways, not explicitly modeled in
Madingley, we also excluded species with any reference
to “aquatic,” “freshwater,” or “glean” on the comments
for foraging stratum. For birds, we excluded those as‑
signed “Pelagic specialist,” those that had “Vertebrates
and Fish and Carrion” as dominant diet category and
those whose diet consisted of more than 10% fish. We
also removed birdswhose prevalence of foraging onwa‑
ter surfaces (summing “below surface” and “just below
surface”) was greater than 50%. From a database with a
total set of 9995 birds, we were left with 8677 (87%), and
from 5403 mammals, 5084 (94%) remained.
We then categorized the remaining comprehensive

list of terrestrial endotherms into 3 dietary categories:
herbivore, carnivore, and omnivore. A species was con‑
sidered a herbivore if the sum of the diet prevalence of
fruit, nectar, seed, or other plant resources was equal to
100%, a carnivore if the sum was equal to 0%, and an
omnivore for everything in between.

Speciation Rates Per Species Per Million Years
With the empirical values for endotherm richnesses

and estimates of endotherm abundances from the Mad‑
ingley model, we estimated speciation rates for each
diet class at each interval of body mass. For each guild,
we numerically solved equation 1 for the speciation‑
initiation rates 𝜇, with 𝑆 for empirical richness and 𝐽 for
Madingley abundance, and 𝜏 as a free parameter.
The speciation–initiation rates correspond to proba‑

bilities of initiating speciation for each birth/death event
of an individual organism, thus not directly comparable
to speciation rates estimated using phylogenetic meth‑
ods, usually presented in units of per species (or per
lineage) permillion years. To obtain rateswith compara‑
ble units, we first calculate speciation‑completion rates
𝜈 = 𝜇

1 + 𝜏 , then perform the following transformation:

𝜈∗ = 𝜈
2 ( 𝐽

𝑆) ( 1
𝑇𝐺

) , (2)

where 𝜈 is the speciation‑completion rate (per individ‑

ual per birth/death event),
𝐽
𝑆 is the average number

of individuals per species (considering simulated indi‑
vidual abundances and empirical species richnesses),
and 𝑇𝐺 is the generation time (in million years), ob‑
tained from the individual‑based simulations using
demographic rates probed from the Madingley simu‑
lations. The factor of 2 arises because we are model‑
ing overlapping generations. As a result, the generation
length is half the adult lifespan; relatedly, half of liv‑
ing adults are post reproduction and belong to an older
generation (Rosindell et al. 2010). Equation 2 guarantees
that 𝜈∗ expresses the speciation rate for a given guild
in unit of per species per million years. Outputs are
available as Supplementary Material.

Ectotherm Richness
The method that we applied to estimate speciation

rates for endotherms, as functions of body mass and
diet class, can be run in the other direction to infer ec‑
totherm richnesses. First, we fitted power law functions
separately for each diet class, to per species per million
years speciation rates, and to generation times, as func‑
tions of body mass. We then extrapolated the results to
obtain estimates of these quantities for smaller values
of body mass, in particular those corresponding to the
smaller body size guilds within ectotherm functional
groups. This step involved assuming a power law re‑
lationship with speciation rate. Such a power law has
been used previously (Etienne et al. 2012), we hope that
as larger amounts of empirical data become available,
future work will test the assumption further following
(FitzJohn 2010; Etienne et al. 2012). For each guild of ec‑
totherms, we have Madingley simulated abundances,
the extrapolated values of speciation rate 𝜈∗, and gen‑
eration time 𝑇𝐺 from our individual‑based simulations.
We thus obtain, for each guild, the speciation rates per
individual per birth/death event, 𝜈, as a function of the
unknown species richness, 𝑆, by inverting equation 2.
Thus, for each bodymass guild, we obtain an expression
for 𝜈 in terms of 𝑆 that can be substituted into equa‑
tion 1, allowing us to numerically solve the result for
𝑆. The resulting 𝑆 provides an estimate of total species
richness for that ectotherm guild. Outputs are available
as Supplementary Material.

Ectotherm Empirical Data
Empirical data for reptile species richness was ob‑

tained from a database of extrapolated bodymasses, di‑
ets, and trophic levels (alongside other traits) of all ver‑
tebrate species (Etard et al. 2020). We counted the num‑
ber of species at each interval of body size (with the same
body size bins used to probe Madingley abundance
distributions) for each trophic level (herbivore, carni‑
vore, and omnivore). From this dataset we were also
able to exclude species that were related to ”Wetland,”
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”Marine,” or ”Marine intertidal or costal supratidal”
habitats, selecting only for terrestrial reptiles, which
accounted for 9999 species. For amphibians, since we
would not be able to exclude the use of aquatic habi‑
tats at a given stage during life time, these data were
not included in our account of terrestrial ectotherms.
At each body size interval, a number of species had
undefined or unknown diet class. We distributed the
count of unknown species into each diet class follow‑
ing the proportions of known diet classes for that body
size interval. Some of the largest body size intervals had
unknown diet class for all species, in which cases we
assigned every species to carnivore, as they tend to be
larger.

RESULTS

Madingley Abundances and Empirical Richnesses
The total abundance of herbivores and omnivores in

the Madingley simulations shows a decreasing trend
with increasing bodymass, for bodymasses above 103 𝑔
(left and right panels, first row ‑ Fig. 2). Herbivores fur‑
ther show a slight interior peak in abundance at just
under 106 𝑔 despite an overall decreasing trend.
Terrestrial endothermic herbivores and omnivores

with body masses below 102 𝑔 were scarce or absent
in the Madingley simulated data. Similarly, terrestrial

endothermic carnivores with body masses below 103 𝑔
were absent in our simulations (central panel, first row ‑
Fig. 2). Abundances of carnivores peak at a bodymass of
105 𝑔, with a slight tendency of decreasing abundances
at smaller and larger body masses.
Empirical species richness of endotherms, based on

the EltonTraits database (Wilman et al. 2014) after our
filtering process, peaked at a body mass of approxi‑
mately 102 𝑔 for herbivores and omnivores, and at a
body mass of around 10 𝑔 for carnivores (second row ‑
Fig. 2). Numbers of species dropped sharply either side
of the peak. The Madingley simulations supported car‑
nivores and omnivores with large body masses (above
3 ⋅ 105 𝑔) that are absent in the empirical species data.

Protracted Speciation Rates and Generation Times
For all diet classes, the relationship between speciation‑

initiation rates and body size was largely independent
of the values of 𝜏 (Fig. 3). Although the values of the
rates scale up and down with varying 𝜏, the general
pattern is kept constant, for each diet class, as a func‑
tion of body size. Speciation‑initiation rates, for all 3 diet
classes, show a sharp decline with increasing body size
for organisms of small size (below 103 𝑔) . After this, the
herbivore speciation rate increases with body mass to
form an interior peak between 103 𝑔 and 106 𝑔, whilst

FIGURE 2. (First row) Average global abundances (in number of individuals) from the Madingley model at equilibrium for terrestrial en‑
dotherms. Standard errors are very small compared to the average values, therefore error bars are not visible. (Second row) Total empirical
species richness for terrestrial endotherms. All plots are shown as a function of body mass: the midpoint of the body mass interval correspond‑
ing to each guild. Separate results are shown for 3 diet classes: herbivores (green, left), carnivores (orange, center), and omnivores (purple,
right).
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FIGURE 3. Numerical estimates of speciation‑initiation rates (protracted speciation neutral model) for herbivore (left), carnivore (center), and
omnivore (right) terrestrial endotherms, as a function of body mass. Results are shown for four different durations of protracted speciation:
𝜏 = 103, 104, 105, and 106. Results are obtained as average values of speciation‑initiation over 15 different samples of Madingley abundances
and error bars correspond to one standard error of the mean. Often the error is smaller than the size of the point symbol and in these cases, it
is not visible.

the omnivore speciation rate increases subtly with in‑
creasing body size, and the carnivore speciation rate re‑
mained flat (above 103 𝑔 for omnivores and above 104 𝑔
for carnivores).
Increasing values of 𝜏 led to increasing estimates of

speciation‑initiation rates, for all guilds in each of the
dietary groups. For each diet class, some of the values
of speciation‑initiation rates for the smallest body mass
guilds (𝜏 = 105 and 𝜏 = 106) are not shown because
equation 1 presented no numerical solution for 𝜇 (see
Supplementary Material).
There are only negligible numbers of very small ter‑

restrial endotherms predicted by the Madingley model
simulations, particularly below 100 𝑔 (Fig. 2). As a result
there is no modeled abundance data for those groups
and no valid estimates of speciation rates. For carni‑
vores, only guilds with body mass above 103 𝑔 show
stable results for equilibriumabundances and thus there
are no predicted speciation rates for carnivores below
this body size (Fig. 3). Since the peaks for empirical
richnesses for carnivores and omnivores are located be‑
tween 10 and 100 𝑔, speciation rates for a significant
portion of the global biodiversity for these groups could
not be evaluated by this method.
Estimated values of the generation times for all the

guilds of terrestrial endotherms are below 20 months
(Fig. 4). Across all guilds for which the 3 diet classes
are present, omnivores show the highest generation
times, followed by herbivores, and lastly carnivores.
Carnivores and large‑sized herbivores (above 104 𝑔)
are reasonably consistent with the theoretical allomet‑
ric scaling for generation times, which predicts an in‑
crease of generation length with body mass as a power
law with exponent 0.25 (Savage et al. 2004). For omni‑
vores, the comparatively reduced slope indicates slower
increase of generation time with body mass (see Sup‑
plementary Material for a comparison with empirically
estimated generation times).

FIGURE 4. Generation times for terrestrial endotherm guilds. The
times were estimated from individual‑based simulations using sta‑
tionary demographic rates in the Madingley model, as a function
of body size. Results are shown for herbivores (green circles), carni‑
vores (orange squares), and omnivores (purple triangles). The dashed
line shows a reference slope for the allometric scaling ∼ 𝑀0.25 with
arbitrary intercept.

Speciation Rates for Terrestrial Endotherms
Speciation rates, converted to units of per species per

million years, show a consistent pattern of decline with
body mass in the 3 diet classes of terrestrial endotherms
(Fig. 5). In the case of the herbivore diet class, there is ad‑
ditionally an almost flat relationship between body size
and speciation rate at intermediate body sizes. For most
guilds, speciation‑initiation varies in a range smaller
than one order of magnitude for all the assessed val‑
ues of 𝜏 (Fig. 3). As a result, an inversely proportional
relation approximately holds between 𝜏 and speciation
rate per species per million years.
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FIGURE 5. (First 3 panels) Speciation rates per species per million years as a function of bodymass for 3 diet classes of terrestrial endotherms.
For each class, the rates are calculated for four distinct values of speciation‑completion time: 𝜏 = 103, 104, 105, and 106. Rates for each guild
correspond tomean values over 15 estimates, using stationary abundances fromdifferentMadingley simulations. Values for the standard errors
of the mean are very small compared to the mean values, therefore error bars are not visible. (Rightmost panel) Estimates of speciation and
extinction rates (gray and black diamonds, respectively, in units of event per species per million years) obtained from previous studies, labeled
as follows: (1) Rolland et al. (2014), (2) Rabosky et al. (2015), (3) Weir and Schluter (2007), (4) Barnosky et al. (2011), and (5) De Vos et al. (2015).

The comparison between the 3 diet classes also shows
that, while herbivores and omnivores present similar
values of speciation rates for the same body size group,
speciation rates for carnivores are often higher, for the
interval where the rates could be estimated for the 3
groups (approximately between 103 𝑔 and 105 𝑔). The
difference is particularly clear for smaller‑bodied carni‑
vores (see Supplementary Material).
Direct comparison is also possible with estimates of

speciation rates for birds and mammals from previous
works (Fig. 5 ‑ gray diamonds, rightmost panel). Here
we focus on rates inferred from reconstructed molecu‑
lar phylogenies (but see also (Alroy 1999) for rates di‑
rectly inferred from fossil data). The speciation rates we
obtain with our method are consistent with the range
of values obtained from the literature through entirely
different methods, particularly for values of 𝜏 equal to
105 and 106 (although not shown in Fig. 5, rates esti‑
mated from fossil data in (Alroy 1999) also correspond
the same range).
By using equation 1 to estimate speciation rates, we

implicitly assume that the empirical patterns for rich‑
ness correspond to equilibrium richness of the neu‑
tral model with protracted speciation. In a neutral
model, net zero diversification rate is reached at equi‑
librium, when speciation rates equal extinction rates.
Thus, the values we obtain for speciation rates as func‑
tions of body mass in Figure 5 also correspond to ex‑
tinction rates (under the assumptions of our model).
Direct comparison with estimates of baseline extinc‑
tion rates from the literature (Fig. 5 ‑ black dia‑
monds, rightmost panel) also reveals that extinction
rates obtained via our method are consistent with those

obtained from phylogenetic analysis, for values of 𝜏 =
105 and 106.

Mechanistic Estimates of Ectotherm Richness
Fitted plots and parameter tables for the power law

functions of speciation rate per species per million years
can be seen in the Supplementary Material. We have es‑
timated richnesses for ectotherms, as functions of body
mass and diet, by extrapolating these functions for 𝜏 =
105 and 106, the 2 values of speciation‑completion time
which aremore consistent with previous estimates from
phylogenetic approaches (see Fig. 5). The results for
ectotherm richnesses can be seen in Figure 6, which
also shows comparative data on empirical richnesses
of iteroparous ectotherms of large body size (see Meth‑
ods). As a general trend, species richness decreases with
increasing body mass for all groups, at least for larger
values of body mass. At the small body size end of
the spectrum there is a relatively brief band where this
relationship is reversed. For semelparous ectotherms,
while herbivores and omnivores present similar values
of abundance at each body mass bin, values of specia‑
tion rates for herbivores are greater than the ones for
omnivores (for the same values of 𝜏) in the body mass
range from 10−2 to 104 𝑔. For semelparous carnivores,
although values of abundance are orders of magnitude
lower in comparison to herbivores and omnivores, spe‑
ciation rates are higher, for values of body mass below
105 𝑔. Summing the richnesses of all bodymass intervals
for the 3 diet classes, we have total global richnesses
for semelparous ectotherms ranging from 9.97 ⋅ 105 to
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FIGURE 6. Global species richnesses for terrestrial ectotherms, as functions of body mass and diet. Results are shown for 2 reproduction
strategies, semelparous (first row) and iteroparous (second row), following the definitions of functional groups in the Madingley model.
Shaded regions correspond to the range of estimated richnesses for each body mass for the 2 values of speciation‑completion times used
(𝜏 = 105 and 106), while circles correspond to the mean values for these ranges. Empty squares on the second row show empirically estimated
richnesses for reptiles above 1 kg obtained in Etard et al. (2020) (see Methods).

2.75 ⋅ 106 species, and for iteroparous ectotherms rang‑
ing from 1.75⋅104 to 1.56⋅105 species (the smallest values
corresponding to 𝜏 = 106 and the highest, to 𝜏 = 105).
The total number of terrestrial animals, including our
predicted numbers of ectotherms, and our empirically
derived number of 13, 703 endotherms (given particu‑
lar diet restrictions and excluding marine or freshwater
environments ‑ see Methods), was between 1.03 − 2.92
million species, depending on the value of 𝜏.

DISCUSSION
In this study, we sought to connect two previously

unconnected areas of theory to address two questions
that have so far been approached independently. The
”Madingley model” (Harfoot et al. 2014) is a first‑of‑
its‑kind general ecosystem model, able to make mech‑
anistic global‑scale predictions about broad functional
groups of organisms on land and in the ocean. One key
limitation to the Madingley Model, however, is that it

omits species identities and so cannot make predictions
about species richness or speciation. In contrast, ecolog‑
ical neutral models (Hubbell 2011) do not incorporate
the functional differences that are captured by theMad‑
ingley model, but focus instead on making predictions
about species, including speciation and extinction rates.
By combining the two, we introduce a body of mecha‑
nistic theory that operates tractably at the global level
and also includes the species concept. In this study, we
applied our approach to estimate speciation rates of ter‑
restrial endotherms as a function of diet class and body
size, and to estimate the total diversity of terrestrial
ectotherms, including all undescribed species.

Per Capita Speciation and Generation Length
Our results for Per capita per‑birth speciation‑

initiation rates 𝜇 represent an interim result from our
analysis pipeline, relevant only in the context of neutral
theory. It is still worthwhile to consider the mechanistic
reasons behind the patterns in 𝜇 that we observe. These
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seem to be mostly arising from fluctuations in the num‑
bers of individual organisms for different guilds pre‑
dicted by theMadingleymodel. The hump in𝜇 for inter‑
mediate body sizes of herbivores appears to correspond
to the slight dip in the total number of individual organ‑
isms at the same body size, as estimated by theMading‑
ley model. Similarly, our result that small carnivores di‑
versify faster than herbivores or omnivores of the same
body size coincides with there being fewer individual
organisms without there being proportionately fewer
species. Whilst the values of 𝜇 are not typically studied,
it seems plausible to us that the empirical relationship
with body size could be hump‑shaped where there is a
dip in numbers of individuals without a corresponding
dip in numbers of species. This case is what our model
shows.
To translate these per‑birth speciation rates into a rate

per species per million years required us to know both
number of individuals per species and number of gen‑
erations per million years. To derive the latter, we used
generation lengths in years predicted by the combined
use of the Madingley model and our individual‑based
simulations. Our estimated values of the generation
times for all the guilds of terrestrial endotherms are be‑
low 20 months (Fig. 4). This is rather short, especially
for guilds of large body sizes, and is consistent with the
accelerated pace of life predicted for organisms in the
Madingley model, as compared to empirical estimates
(Harfoot et al. 2014). The relationship between genera‑
tion length and body size did, however, show compara‑
ble results to a power lawwith exponent 0.25, consistent
with previous expectations (Savage et al. 2004). For our
main results in terms of species numbers, altering gen‑
eration length by a factor probably has little effect. To
see why this is the case, consider a halving of estimates
for generation length across all species. Thiswould dou‑
ble speciation rates per million years for endotherms
due to there being twice as many generations per mil‑
lion years. The extrapolated speciation rates per million
years for ectotherms would also be doubled as they are
based on the values for endotherms. When these rates
get translated back to a per generation basis, however,
we are dividing the doubled speciation rate per million
years by the number of generations in a million years,
which has also doubled. This would cancel out the dou‑
bling and return speciation rate per generation back to
something close to where it would have been with the
original generation length.

Speciation Rate Variability with Body Size and Diet Class
Our estimations of speciation rate per species permil‑

lion years, as a function of body mass and diet class
depend on the speciation‑completion time, 𝜏 (the time
it takes to form 2 separate species from 2 lineages that
started to diverge). As a result, we have a range of speci‑
ation rates for the samediet class and bodymass interval
as 𝜏 varies (Fig. 5). However, while the resulting curves
in Figure 5 move up and down with 𝜏, they do not

change shape. Thus, the qualitative way that speciation
rates vary with body size and diet class is independent
of the value of 𝜏, and thus remains a robust finding of
our models.
In general, previous work across different taxa has re‑

ported mixed relationships that focus on diversification
rate, species richness, and body size (Orme et al. 2002;
Wollenberg et al. 2011; Feldman et al. 2016). Previous
studies suggest that diversification may decrease with
increasing body size, but may also be humped or with
no relationship. Previous work has also approached the
question of howdiversificationmay varywith diet class,
suggesting that herbivores diversify fastest, followed by
carnivores and then omnivores (Price et al. 2012). What
is noteworthy about previous work is the focus on net
diversification, rather than on speciation, which is no‑
toriously difficult to pick apart from extinction (Louca
and Pennell 2020). There is a general agreement that
the answers remain unresolved. As a result, these pre‑
vious works are neither supportive nor in contradiction
with our results about speciation rate and its relation‑
ship with body size and diet. We did not find a single
simple relationship between body size, diet, and spe‑
ciation rate, but certain results did stand out. For ex‑
ample, speciation rates per species per million years
were generally higher with smaller body sizes (Fig. 5).
There are several factors contributing to this based on
the mechanisms of our underlying models. Firstly, the
Per capita per‑generation speciation rates are highest
for the smallest bodied species, though don’t always
increase with decreasing body size so this factor alone
is insufficient (Fig. 3). Secondly, the shorter generation
time of smaller bodied species (Etienne et al. 2012) leave
more generations and thus more opportunities for spe‑
ciation per million years. Thirdly, the larger popula‑
tion size of small‑bodied species would have a positive
effect because there are more individuals who could
potentially start the speciation process. We also found
that smaller carnivores have higher speciation rates than
herbivores and omnivores of the same body size. This
may be because the higher values of 𝜇 for carnivores are
not entirely cancelled out when we translate 𝜇 back into
speciation rates per species per million years.

Quantitative Speciation Rates and Background Extinction
Rates

Overall, our speciation rates per species per mil‑
lion years, regardless of diet class and body size, are
consistent with independent estimates for endotherms
obtained from studies using different phylogenetic
methods that do attempt to separate speciation from net
diversification. For example, Rolland et al. (2014) obtain
95% credibility intervals for posterior distributions on
speciation rates that range, approximately, from 0.085
to 0.101 for temperate mammals and from 0.107 to
0.116 for tropical mammals (study 1 – Fig. 5). Rabosky
et al. (2015), working with bayesian inference on New
World Birds phylogenetic data obtain per‑taxon rates
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that range from 0.04 to 0.11 new species per million
years (study 2 – Fig. 5). Weir and Schluter (2007) esti‑
mate intervals of speciation rates for birds and mam‑
mals varying with latitude, with estimated per‑lineage
per‑million years rates of 0.15‑0.2 at the Equator and 0.6‑
0.75 at 50∘ latitude, N or S (study 3 – Fig. 5). Overall,
speciation rates for endotherms obtained from previous
studies are within a range from 0.04 to 0.11, which cor‑
responds to the range seen for 𝜏 between 105 and 106

(gray rectangles in Fig. 5). These values of 𝜏 are broadly
consistent with expectations for the speed of segrega‑
tion of lineages (Weir and Price 2011) though smaller
values of 𝜏 might be plausible and would be consistent
with larger underlying background rates of speciation
and extinction. This speed should certainly be less than
the expected waiting time between successful specia‑
tion events, but should also not be small, which would
correspond to a generally unrealistic scenario (Rosin‑
dell et al. 2010). Our model, in line with applications of
protracted speciation to neutral theory (Rosindell et al.
2010), has a fixed duration of speciation. In contrast, ap‑
plications of protracted speciation to models of phylo‑
genetic trees (Etienne and Rosindell 2012; Etienne et al.
2014), and incorporating the mechanistic effects of gene
flow (Rosindell and Phillimore 2011; Tao et al. 2021),
have tended to have stochastic completion of specia‑
tion events, resulting in a distribution of possible wait‑
ing times to speciation. Further work could consider the
implications of alternative implementations of the pro‑
tracted speciation concept, however, whilst 𝜏 itself is so
broadly variable, and so weakly influencing our results,
itwould not be a priority tomake the variable stochastic.
Under our neutral models, a dynamic equilibrium

between speciation and extinction is assumed for any
particular guild. This enables us to equate our speci‑
ation rates directly to extinction rates per species per
million years and to a net diversification rate of zero.
Retaining the same range of 𝜏 between 105 and 106 the
values we obtain for background extinction rates also
present a reasonable correspondence with the range of
extinction rates obtained from previous studies, rang‑
ing from 0.0 to 1.8 extinctions per species per million
years (or equivalently per million species per year, the
more usual unit for background extinction rate) (Weir
and Schluter 2007; Barnosky et al. 2011; De Vos et al.
2015) (studies 3–5 – Fig. 5). In the context of this study,
forcing net zero diversification rates provides a newper‑
spective on speciation and extinction as well as how
they vary with body size. The approach avoids the
time scale dependence of speciation rates that have
been pointed outwhen estimating rates fromphylogeny
(Harmon et al. 2021; Louca et al. 2022). This is because
our speciation rate is determined based on what is re‑
quired to explain the given species richness at equilib‑
rium, given the number of individual organisms in the
guild. Future work may consider relaxing the dynamic
equilibrium assumptionwhichwould enable speciation
rates to change through time. Finding true underlying

speciation rates, and background extinction rates, re‑
mains a challenge. We suggest that both inferential
methods and mechanistic models of different kinds are
needed, and should ideally get consistent results, in or‑
der to provide convincing answers through a ‘mixed
approach’.

Total Species Richness of Terrestrial Animals
The possibility of reversing the neutral model com‑

ponent of our pipeline to estimate species richness for
ectotherms provides a novel approach to investigate
biodiversity patterns of undersampled groups. Our re‑
sults for estimated total species richness are sensitive to
changes in speciation rates (per species per Mys) and,
to a lesser extent, to values of ectotherm abundances
(see Supplementary Material). This explains the large
difference in predicted numbers of species between om‑
nivores and the other 2 diet classes. Analogous reason‑
ing can be used to interpret the differences between diet
groups for iteroparous ectotherms. The positive correla‑
tion between richness and body mass for smaller values
of bodymass is not necessarily realistic, but is associated
with the low abundances for small‑bodied organisms
inMadingley’s stationary distributions, a known limita‑
tion of theMadingleymodel (Harfoot et al. 2014), rather
than of the way it is used in this application.
Overall, our estimated number of terrestrial species is

between 1.03 and 2.92 million, dominated by guilds of
ectotherms that likely correspond to arthropods. These
results are broadly consistent with current estimates
of extant terrestrial arthropods of 7 million species
(Stork 2018). Our estimated numbers of iteroparous
ectotherms, ranging from approximately 17, 500 to
156, 000 also compare well to extant reptile and am‑
phibian fauna of 11, 570 and 8, 482 species, respectively
(Uetz et al. 1995; AmphibiaWeb 2022). This compari‑
son, however, should be taken with caution because
many iteroparous ectotherms will also be arthropods,
and conversely many amphibians will not be terrestrial.
The empirical estimates of species richness for rep‑

tiles with body size above 1000 𝑔 should exclude the
majority of arthropods in the iteroparous ectotherms
group (Fig. 6). Most amphibians will also be excluded
given the constraints to body sizes above 1000 𝑔 and
terrestrial environments. These numbers will thus be
suitable as an initial validation of our theoretical pre‑
dictions of species richness for groups in the same body
size intervals. Apart from iteroparous carnivores below
104 g, theoretical predictions and empirical estimates of
species richness for iteroparous ectotherms do not differ
by more than one order of magnitude. Further valida‑
tion of these results will be possible in the future when
new data on ectotherm richnesses are gathered or when
the granularity at which general ecosystemmodels rep‑
resent different taxonomic divisions enables predictions
for more finely divided functional groups.
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Limitations and Potential Future Work
Since the publication of the original Madingley

model, it has been used in many applications, such as
understanding the effect of perturbations to ecosystems,
from habitat loss and fragmentation (Newbold et al.
2020; Bartlett et al. 2016), large carnivore loss (Hoeks
et al. 2020) and bushmeat hunting (Barychka et al. 2021).
It was also applied to investigate the impact of arbuscu‑
lar mycorrhizal fungi on higher trophic levels (Stevens
et al. 2018). As more data becomes available, the pos‑
sibility of reassessing some of Madingley’s limiting as‑
sumptions might open a broad range of potential lines
of investigation.
The version of the Madingley model from which we

derived our data assumes a pristine world in which
there has been no anthropogenic change. Given our
aims to understand historic speciation rates and back‑
ground extinction rate (without anthropogenic species
loss), this assumption seems justified. We calibrated
our speciation rates to match presently extant terrestrial
endotherms rather than the numbers of terrestrial en‑
doterms that existed prior to anthropogenic influences.
This will mean that our total numbers of species take
into account anthropogenic change to some extent. The
difference caused by this is probably relatively small for
most body sizes since only a very small percentage of
described species have so far been declared extinct and
our pipeline only requires species numbers (not empiri‑
cal abundances of individuals for each species). Increas‑
ing numbers of endangered yet extant specieswould not
affect our results. An exception would be large‑bodied
species where hunting has caused a large proportion
of extinctions due to anthropogenic change. This is one
of the reasons why the Madingley model supported
the existence of some large‑bodied endotherm groups
not matched by our empirical data (Fig. 2). It would
be possible to account for recently extinct species but
this would require a comprehensive database of all re‑
cently extinct endothermic life, together with body size
and diet data. Future work could more explicitly incor‑
porate anthropogenic change and study its effects. For
example, by changing the environmental and landscape
input data in Madingley, according to projected scenar‑
ios of climate change. Similarly, habitat loss could be
simulated via removal of a proportion of primary pro‑
ductivity from the landscape for use in food production
and support of domesticated animals (Newbold et al.
2020).
Another limitation in our approach is the lack of

small‑bodied organisms in the stationary abundances
in the Madingley model. This affects not only the esti‑
mation of speciation rates for endotherm body masses
lower than 100 𝑔, but also results in larger errors in the
estimation of ectotherm richness by extrapolation of the
endotherm rates. Stationary distributions of ectotherms
in Madingley are also underrepresented in a large in‑
terval in comparison to the lower bounds allowed in
Madingley for these groups (lower bounds for body

masses of semelparous and iteroparous ectotherms in
Madingley are 0.0004 𝑔 and 1 𝑔, respectively). There are
numerous possible drivers of the lack of abundance of
small organisms in Madingley. For example, the lack of
temperature‑dependence for foraging parameters (Rall
et al. 2012) may wrongly disadvantage small‑bodied or‑
ganisms. The high relativemetabolic costsmay impose a
disproportionately large additional energetic burden on
small organisms (Sibly et al. 2012). Vegetation in Mad‑
ingley is not vertically structured, so there is no distinct
rainforest canopy for example. Often it is vertical struc‑
turing that creates new niches favoring small‑bodied
taxa (Krause et al. 2022). In the natural world, smaller
organisms are frequently able to exploit flushes of high
energy resources such as nectar, fruits, and seeds, all of
which are not explicit in the Madingley model. Another
possibility is that since modeled endotherms in Mad‑
ingley are active for one hundred percent of a model
time step and cannot seekmetabolic refuge to limit their
energy expenditure, they cannot optimize their energy
budgets as natural organisms such as hummingbirds
(Payne 2010) and bats (Eisenberg 1981) do by way of
torpor and crepuscular behaviors. The effect of all these
drivers on Madingley biodiversity distributions should
be explored in future work.
A promising line of investigation resides on the im‑

provement of the performance of spatial neutral mod‑
els. Here we used the analytical solution of non‑spatial
neutral models as an approximation to the global rich‑
ness, with which we estimated speciation rates for en‑
dotherms and richnesses for ectotherms. Although it
can be shown that the non‑spatial analytical richness
seems a reasonable first approximation for the global
richness in a spatial model (see Supplementary Mate‑
rial), we know that abundance distributions in Mad‑
ingley are strongly affected by spatial heterogeneities
in availability of resources and species dispersal ker‑
nels. The main reason to use this approximation is the
heavy computational cost of performing spatial neu‑
tral simulations (Thompson et al. 2020), with values of
speciation rates and abundance needed to match the
empirical patterns. In these spatialmodels, the introduc‑
tion of optimizations such as Gillespie algorithms may
lead to a significant gains in performance, allowing es‑
timates of spatial richness distributions instead of only
total global richness. Developments on this front could
benefit not only our method’s estimates for speciation
rates and undescribed species richnesses, but the field of
ecosystemmodeling as a whole, with mechanistic mod‑
els playing a central role in producing theoretical and
applied advancements.

CONCLUSION
In this work, we have synthesized two mechanistic

models to connect previously disparate fields of ecolog‑
ical theory. The result is a new pipeline with synergistic
models capable of making predictions about large‑scale
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and partially observed phenomena, illustrated here
with a study of species richness and speciation rates.
Our method opens the possibility of exploring drivers
of speciation and background extinction from a mech‑
anistic approach; this opens up the possibility of mak‑
ing emergent predictions around other evolutionary
processes and questions. The deeper potential of our
approach is that it paves the way to incorporate an‑
thropogenic change, and thus mechanistically predict
anthropogenic extinctions with potential conservation
applications. This line of investigation is hard to per‑
form with traditional models based on phylogenetic in‑
ference, since they are not underpinned by a general
ecosystem model or process‑based ecologica theory.
Perhaps what is most remarkable about our results is

that both species richness and speciation rate estimates
for all terrestrial animals have been obtained using only
limited data from larger endotherms and their speci‑
ation rates, with the rest of the predictive process be‑
ing grounded in mechanistic models. Our hope is that
this work will pave the way for future general ecosys‑
tem model and neutral model combinations. Not just
to apply this to the marine and freshwater realms, but
also as part of an ongoing interest in general ecosystem
models, that can now include mechanistic predictions
about species diversity.Whilst this does involvemaking
many assumptions, it is likely the only approach that
will lead to tractable process‑based models of global
species diversity from first principles. The addition of
neutral theory to general ecosystem models introduces
the species concept and brings the original vision of
general ecosystem models one step closer to reality.
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