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Abstract

The laws of energy and material conservation are fundamental principles across var-
ious scales and systems. Based on the conservation laws, I derive several theoretical
models to understand mechanisms behind the energy budget of ontogenetic growth
and the pattern of the late Pleistocene extinction of megafauna in the Americas.
First, I present a model, empirically grounded in data from birds and mammals,
that correctly predicts how growing animals allocate food energy between synthesis
of new biomass and maintenance of existing biomass. Previous energy budget models
have typically been based on rates of either food consumption or metabolic energy
expenditure. The model provides a framework that reconciles these two approaches
and highlights the fundamental principles that determine rates of food assimilation

and rates of energy allocation to maintenance, biosynthesis, activity, and storage.
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The model predicts that growth and assimilation rates for all animals should cluster

closely around two canonical curves.

Second, the previous model, which focuses on endotherms, has been extended
to understand effects of temperature on the energy budget of ontogenetic growth
of ectotherms. A tendency for ectotherms to develop faster but mature at smaller
body sizes in warmer environments has been studied for decades, and is called the
temperature size rule (TSR). It can be explained by a simple model in which the
rate of growth or biomass accumulation and the rate of development or differentiation
have different temperature dependence. The model accounts for both TSR and the
less frequently observed reverse-TSR, predicts the fraction of energy allocated to
maintenance and synthesis over the course of development, and the temperature
independent growth efficiency. It also predicts that less total energy is expended
when developing at warmer temperatures for TSR and vice versa for reverse-TSR. It
has important implications for effects of climate change on ectothermic animals and

also provides how selection may lead to the evolution of both TSR and reverse-TSR.

Finally, based on mammalian life history and life history scaling relationships,
an exploitation-extinction theory has been developed for the rate of human harvest
in the disappearance of the Pleistocene megafauna in the Americas. The theory
demonstrates that the added mortality of human harvest on populations need not
be selective to produce a size-biased extinction. The variation in the adult natural
instantaneous mortality rate and/or the maximum recruitment compensation at any
body mass are main components determining the probability of extinction. The
theory successfully predicts the shapes of the extinction probability curves for the late
Pleistocene extinction in the Americas. It provides a theoretical basis to challenge
a major criticism of the ”overkill” theory that early Paleoindian hunters had to be
extremely selective to have produced the highly size-biased pattern characteristic to

the late Pleistocene extinction of megafauna in the Americas.
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Chapter 1

Introduction: A theoretical
approach towards understanding

mechanisms

Ecology studies exchanges of energy and material between biotic and abiotic sys-
tems, and interactions and dynamics within biotic systems. Grounded in the laws
of energy and material conservation, mechanistic models can be built to explore a
complex system through multiple scales, to characterize the fundamental units and
behaviors of the system, to generate new questions, and to guide experiment designs.
Here, based on the conservation laws, I analyze two different biological processes—
ontogenetic growth and population extinction—at two different scales using the con-

ceptual frameworks of life history theory and metabolic theory of ecology.

Ontogenetic growth is one of the most fundamental processes in biology. The
process of growth entails the allocation of energy and materials to production of new
biomass and maintenance of existing biomass. Energy budgets of growing animals

have been analyzed since pioneering work of von Bertalanffy, Kleiber, and Brody in
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the 1940s [1-6]. These investigators set up the empirical and conceptual framework
for understanding the changes in body size and energy metabolism during ontogeny.
Subsequently many mathematical models have been used to characterize growth (e.g.,
[7,8]), but most of these provide only statistical descriptions of growth trajectories
rather than mechanistic treatments of the mass-energy balance of the growth process.
For example, Ricklefs [7] lists a family of “Piitter” growth models, which are purely
descriptive growth models, and have the general form of dm/dt = y;m¥—z;m?* (where
y1 and z; are coefficients and y and z are exponents), but differ in the values of the
exponents y and z. Ricklefs [7] argues that using different exponents gives better fits
to the growth curves of different species, due to variation in resource provisioning
and tissue maintenance. For example, growth curves of most altricial birds are best
fit by the logistic equation (y = 1,z = 2), whereas many precocial species conform
more closely to the Gompertz function (y — 1,z — 1), and a small number of slowly

growing pelagic seabirds and raptors are better fit by the von Bertalanffy function

(y=2/3,z=1).

However, is the goodness of fits to empirical growth curves informative if the goal
is to understand the mechanisms of allocation of energy and mass [9]? Descriptive
growth models make few implicit or explicit assumptions about the biological pro-
cesses that regulate growth and development. Coefficients and exponents obtained
by curve fitting might be useful for specific system prediction within narrow scale
range, but they are not insightful for understanding mechanisms. Conspicuous ex-
ceptions are von Bertalanffy’s model [1], which characterized growth as the difference
between rates of anabolism and catabolism, and the dynamic energy budget (DEB)
models of Kooijman [10] which provide a more complete treatment, relating growth
to the underlying biochemistry of metabolism. More recently, West, Brown and En-
quist [11] considered the allometry of mass and energy balance during ontogeny in
developing a general mechanistic Ontogenetic Growth Model (OGM). The OGM is a

mechanistic model that uses parameters from fundamental cellular properties which
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control growth and can be derived quantitatively from metabolic measurements that
are not directly related to growth. It predicts a canonical sigmoidal growth curve
that accurately describes the empirical growth trajectories for diverse kinds of ani-

mals when normalized by adult mass and time to maturity.

My first two chapters focus on understanding the energy budget of ontogenetic
growth starting from food intake for both endotherms and ectotherms. In Chapter
1, “A General Model of Energy Budget During Ontogeny”, we present a model that
correctly predicts how growing animals allocate food energy between synthesis of
new biomass and maintenance of existing biomass. The combustion of food supplies
the energy that fuels growth, maintenance, and activity, which is fundamental to
animal survival [6]. A large body of previous work used energy budget models to
understand ontogenetic growth [6,7,11-15]. They typically have their bases in rates
of either food consumption or metabolic energy expenditure. Our model provides
a framework that reconciles these two approaches and highlights the fundamental
principles that determine rates of food assimilation and rates of energy allocation
to maintenance, biosynthesis, activity, and storage. The model predicts that growth
and assimilation rates for all animals should cluster closely around two universal
curves. Data for mammals and birds of diverse body sizes and taxa support these

predictions.

In Chapter 2, “A general model for effects of temperature on ectotherm ontoge-
netic growth and development”, we extend the mechanistic model, which is derived
in Chapter 1 and mainly supported by endotherm data, to understand the energy
budgets of ontogenetic growth of ectotherms. Rates of nearly all biochemical reac-
tions and biological processes increase approximately exponentially with tempera-
ture. Body temperatures of ectotherms fluctuate with environmental temperatures,
so that changing temperature literally changes the pace of life of ectotherms. The

rate of ontogenetic growth and development is no exception. Ectothermic animals
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develop faster at warmer temperatures [16], and they usually mature at smaller body
sizes — as much as 20% smaller for a 10°C' temperature increase. This phenomenon
has been called the “temperature size rule” (T'SR) [17]. Like most biological “rules”,
however, there are exceptions, including well documented cases of a reverse-TSR,
where the mature body sizes are larger at higher temperatures. Here we develop
a simple model for the effects of temperature on ontogenetic development of ec-
tothermic animals. The model extends an earlier model for allocation of energy and
biomass to growth [18] by explicitly incorporating the temperature dependence of
the rate of development and the rate of somatic growth. Any imbalance in these
two rates results in either the TSR or reverse-TSR, depending on which process is
more sensitive to temperature. The model predicts the fraction of energy allocated to
maintenance and biomass synthesis at a given development stage, including the total
quantity of energy expended during development. We first model explicitly the case
of post-hatching development, where an animal consumes food to fuel its metabolism.
Later we consider the case of embryonic development, where the organism fuels its

metabolism from energy reserves stored in the egg.

My third chapter analyzes the mechanism behind the body size biased extinc-
tion pattern in the late Pleistocene megafauna extinction. Numerous species of
large-bodied mammalian herbivores such as mammoth and mastodons, horses and
their allies, camelids, oxen and bison, glyptodonts, giant sloths and other taxa were
widespread across the Americas [19-22] around 13,400 years ago when they disap-
peared within a relatively short time. Some 80% of the large-bodied species went
extinct, including all mammals over 600 kg [23]. Determining the mechanism un-
derlying the geologically abrupt [24] late Pleistocene extinction of megafauna in the
Americas has been difficult and fraught with controversy because it overlaps in timing
with both the initial arrival of humans into the Americas and a major transition from
glacial to interglacial climate. The controversial “blitzkrieg” or “overkill” theory [19],

which attributes the extinction to overharvest by early Paleoindian hunter-gatherer
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population, has slowly gained traction as the most parsimous explanation of the event
(e.g., [22]); indeed, even formerly staunch advocates of climate change have recently
concluded “human impacts probably figured prominently in the extinctions” [25].
However, a continuing criticism of the “overkill” theory has been the seeming im-
plausibility of a relatively small number of humans killing off millions of animals,
and the lack of direct archaeological evidence that early Paleoindian hunters preyed
on all large-bodied mammal species that went extinct (e.g., [26,27], but see [28,29]).
Moreover, opponents have argued that early Paleoindian hunters would have had
to be extremely selective to have produced the highly size-biased extinction, and
that the economics of foraging theory suggest that such a size-specialized diet would
have been energetically unfeasible [30]. In Chapter 3, we demonstrate theoretically
that additional mortality caused by human harvest, even if not size selective, was
sufficient to cause a size-biased extinction. Our results clearly indicate how animal
populations may be driven to extinction by human exploitation even in the absence
of other forms of habitat degradation. It simply requires that the added harvest
mortality overpowers the increased density dependent recruitment that is normally
present as population size approaches zero. Of course harvest mortality could fall
more heavily on large-bodied species, but invoking it is unnecessary in order to ex-
plain the resulting size bias. Our simple and quite transparent theory allows us to
account for the gradual rise in extinction risk with body mass [23,31] as well as to
predict the special characteristics of species at any fixed body mass that are relatively

more/less at risk of extinction.

These models: 1) highlight the fundamental principles that determine rates of
food assimilation and rates of energy allocation to maintenance, biosynthesis, activ-
ity, and storage and predict that growth and assimilation rates for all animals should
cluster closely around two canonical curves; 2) predict that the fraction of energy
allocated to maintenance and synthesis over the course of development, that growth

efficiency is independent of temperature, and that less total energy is expended when
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developing at warmer temperatures for TSR and vice versa for reverse-TSR. It has
important implications for effects of climate change on ectothermic animals and the
role of natural selection in the evolution of both TSR and reverse-TSR; 3) indicate
that variation in the adult natural instantaneous mortality rate and/or the maximum
recruitment compensation at any body mass are the main components determining
extinction probability, which provides a theoretical basis to challenge a major crit-
icism of the “overkill” theory that early Paleoindian hunters had to be extremely
selective to have produced the highly size-biased pattern unique to the late Pleis-
tocene extinction of megafauna in the Americas. The goal of all three theoretical
models is to understand the mechanisms underlying the system. They are derived
from first principles and simplifying assumptions, which allow us to capture the big
picture instead of specific details. These models provide not only first-order expla-
nations for important phenomena but also quantitative baselines that can be used as

a starting point to incorporate more detail and explain deviations from predictions.



Chapter 2

A General Model of Energy
Budget During Ontogeny

Collaborated with Chen Hou, Melanie E. Moses, William H. Woodruff, James H.
Brown, and Geoffrey B. West!

Abstract

All organisms face the problem of how to fuel ontogenetic growth. We present a
model, empirically grounded in data from birds and mammals, that correctly predicts
how growing animals allocate food energy between synthesis of new biomass and
maintenance of existing biomass. Previous energy budget models have typically had
their bases in rates of either food consumption or metabolic energy expenditure. Our
model provides a framework that reconciles these two approaches and highlights the
fundamental principles that determine rates of food assimilation and rates of energy

allocation to maintenance, biosynthesis, activity, and storage. The model predicts

!This work has been published at Science 322, 736 (2008) and 325, 1206-c (2009).
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that growth and assimilation rates for all animals should cluster closely around two
universal curves. Data for mammals and birds of diverse body sizes and taxa support

these predictions.

The “food of life” and the “fire of life” — the combustion of food to supply the
energy that fuels growth, maintenance, and activity — is fundamental to animal
survival [6]. A large body of previous work used energy budget models to understand
ontogenetic growth [6,7,11-15]. These models have contributed importantly to many
conceptual and applied problems, including life history theory, animal husbandry,
and biomedicine. Still largely missing, however, is a complete quantitative framework
that specifies how food is transformed into metabolic energy and stored biomass.
Here, we present such a framework, which quantifies explicitly how assimilated food

is transformed into biomass and metabolic energy during ontogeny.

When an animal is growing, some fraction of the assimilated food is oxidized
to fuel the total metabolic rate, B,,, whereas the remaining fraction is synthesized
and stored as biomass, S (Fig.2.1). Thus, the energy flux of assimilated food, A,

sometimes called the rate of intake of metabolizable energy [6,12], is expressed as

d
A - Btot + S == Btot + Ecd—/r? <21)

where A is defined as the combustion energy content of ingested food per unit time
minus the combustion energy content of excreta per unit time, E. is the combustion
energy content of a unit biomass, and dm/dt is the rate of change in biomass, m, at

time, t.
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Chapter 2. A General Model of Energy Budget During Ontogeny

We build on an ontogenetic growth model(OGM), which specifies the allocation of
metabolic energy between growth and maintenance and views the scaling of metabolic
rate with body size as the primary constraint on growth [11]. Tt partitions the
basal metabolic rate, By, between the rate of energy expenditure to maintain the
existing biomass, Bjint, and the rate to synthesize the new biomass, Bs,, (Fig.
2.1): 80, Bpasat = Bmaint + Bsyn = Bmm + Endm/dt, where B,, ~ M~/ is the
mass-specific maintenance metabolic rate, M is the adult body mass, and FE,, is the

energy required to synthesize a unit of biomass.

It is difficult to measure Bp,sq Over ontogeny because animals grow even while
resting. Therefore, for growing animals a more operational and realistic parameter is
resting metabolic rate, B,..s, which is the sum of By,sq and specific dynamic action
(SDA), the increment resulting from digestion. SDA is the energy expended for
intestinal absorption, nutrient transport, amino acid oxidation, and protein synthesis
[32,33]. Because some fraction of metabolic rate is allocated to SDA during growth
[32-35],we modify the OGM to obtain

d
Brest = Bmaint + Bsyn = Bmm + Emd_:? (22)

where B,, is larger here than in the OGM, which ignored SDA.

It is important to recognize the difference between the terms S = E.dm/dt in
Eq.2.1 and By, = E,,dm/dt in Eq.2.2 and, consequently, the difference between E,,
and E.. Energy expended during growth is partitioned between the energy content
stored in the newly synthesized biomass and the energy expended in synthesizing
this biomass from the constituent materials. So, .S is the rate of accumulated energy
content of new biomass, and F, is its combustion energy content. On the other hand,
By, is the metabolic power expended on biosynthesis, and E,, is the energy expended
to synthesize a unit of biomass. The term B;,, corresponds to the organizational
work of growth [12] and is completely dissipated as heat, not conserved in stored

biomass. In the OGM, the energy expended on biosynthesis was incorrectly estimated
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by using the empirical combustion energy [11].

For adult mammals and birds, the total metabolic rate is typically referred to as
field metabolic rate, and the relationship between total and resting metabolic rates
is expressed as By (M) = Buet(M) 4 Brest(M) = f Byest(M), where By, is the rate of
energy expenditure for locomotion, feeding, and other activities and f, the activity
scope, is a dimensionless parameter. In adult endotherms, f is about 2 to 3 and
independent of body mass [36,37] (see SI). Assuming that a similar relationship
holds during growth, we can write, using Eq.2.2, Byt (m) = fByaint(m) + f Bsyn(m).
We define the dimensionless storage coeflicient, v = S/By,,, = E./E,,, as the ratio
of the energy stored in a unit of biomass to the energy expended to synthesize this

biomass. Substituting v and By, into Egs.2.1 and 2.2 gives

A(m) = Bpgint(m) + Bact(m) + Bgyn(m) + S(m)

(2.3)
= (f +7)Brest(m) = ¥Buaini(m).

Equation 2.3 is quite general, independent of how Bics;, Bimaint, Or f scale with m.
Empirical measurements of metabolic rate over ontogeny and theoretical evidence
linking growth and metabolism show that resting metabolic rate B,esi(m) ~ Bom?/*
over ontogeny, where By is constant for a given taxon [38] (see ST). The mass-specific
maintenance rate, taking into account SDA, is B,, ~ BoM~'/* [11]. The use of these

scaling relations in Eq.2.3 yields

A(m) = (f +~)Bom®* — yBoM~4m

(2.4)
= Brest,adult[(f + 7)#3/4 — /ylu]

where i (= m/M) is relative mass and Byt aquie = BoM®/* is the resting metabolic
rate at the adult size.

Note that Eq.2.4 predicts that during ontogeny the food assimilation rate, A, un-
like metabolic rate, does not obey a simple power law as a function of body mass, m.

This prediction is well supported (see ST). In Fig.2.2, we plot some examples of the
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normalized assimilation rate (A/Byestadqur) versus m for six different animals and fit
the data with Eq.2.4. Values of f, v, and R? from the nonlinear least squares regres-
sion for these and several other bird and mammal species are in Table 2.2 (in ST).
The storage coefficient, v = E./FE,,, can in principle be determined independently
from the energetics of biosynthesis. The energy content of biomass, F,., averages
about 24,000 J/g for dry mass [39], with fourfold variation across vertebrates of dif-
ferent taxa and ontogenetic stages [40]. In contrast to E., E,,, the energy expended
to synthesize a unit of biomass, is difficult to determine empirically (but see ST).
Theoretical considerations suggest that the average energy required for biosynthesis
of macromolecules from monomers is about 2400 J/g (see SI). This theoretical value
of F,, gives an upper bound of v ~ 10, the precise value depending on the additional
energy expended on biosynthesis, metabolism, and excretion [13]. For mammals and
birds, v averages about 3 and ranges from 1 to 9 depending on species, diet, and
age [13,38](see SI). This result is consistent with values ranging from 0.8 to 7 for
fish, birds, and mammals estimated from the OGM [38](see SI). We estimated from
food assimilation that v ranges from 0.6 to 5.3 with an average of 2.71 + 1.18 (Ta-
ble 2.2), showing that, despite some variation, the empirical measurements are in
agreement with the theoretical prediction. Values of f vary somewhat, depending on
activity levels and behavior. The mean value of f estimated from food assimilation
is 2.67£0.61 (Table 2.2 in (SI)), also in agreement with data for adult mammal and
bird species (see SI).
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Figure 2.2: Examples of normalized assimilation rate as a function of relative body
mass for six mammals and birds (). The solid lines are fits of our model to these
data with use of Eq.2.4. (Parameters f and - were estimated by using a nonlinear
least squares regression method based on the Levenberg-Marquardt algorithm.) The
majority of assimilation rate curves reported in the literature are monotonic, but a
few, including curves for furbearers such as fox, are peaked relationships (see ST).
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When growth ceases, that is, p = 1 (m = M), Eq.2.4 predicts that the food
assimilation rate equals the total metabolic rate, which scales with mass, M. So, A
is equal to fByM?>/* across adults of different species. Data for ad libitum energy
intake from food of 120 species of zoo mammals with body masses ranging from 0.025
kg to 3000 kg show A = 7.07M%" supporting the prediction [41,42](see ST). Taking
the average value of By for resting metabolic rates of mammals, 3.92W /kg®/4(see
SI), gives f = 1.8. This is somewhat less than that expected for wild animals, which

may reflect lower activity levels in captivity.

Our model predicts that growth rates of diverse animals should exhibit universal
properties. The fraction of energy assimilation rate allocated to growth is the sum of
S and Bgy,. With Eq.2.2 and the definition of ~, this fraction becomes S+ Bs,,, = (1+
Y) Brest.adutt (1134 — ). If we normalize this quantity with respect to (1 +7)Byest.adult,
then all animal species, regardless of taxon or adult mass, should fall on the same
parameterless universal curve, p** — p. This further predicts that the maximum
energy utilization rate for growth occurs when d(p** — 1) /dplu=,, = 0, which gives
wo = (3/4)* = 0.316. Equation 2.3 suggests a way to test these predictions. If we
subtract the rate of metabolism for activity, By, and maintenance, B,,qint, from the
assimilation rate, A, the difference gives the rate of energy assimilation allocated to
growth, S+ B;,,,. This quantity, normalized as above, is plotted as a function of the

relative mass mu in Fig.2.3A.

The normalized assimilation rates for mammals and birds of widely varying body
sizes and taxa show such universal properties, clustering closely around the predicted

parameterless curve with a peak at ~ 0.316.
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Additionally, the rate of energy allocation to growth must be proportional to
the growth rate, dm/dt, so the universal curve and the value of uy = (3/4)* =
0.316 can be derived independently from the growth rate equation, Eq.2.2, dm/dt =
(Bo/E)m?/4[1 — (m/M)Y4]. This can be reexpressed as (E,MY*/By)du/dt =
p3/*— 1. Data for normalized growth rates, (FE,, M'/*/By)du/dt, for diverse mammals
and birds measured independently from the above measurements of assimilation rate
support this prediction (Fig.2.3B). So, estimations from the rate of food assimilation
and the rate of change in body mass independently predicted analogous universal

curves with a maximum at a relative body mass of ~ 0.316.

The predicted allometric scalings of metabolic energy allocation are summa-
rized in Fig.2.4A, which shows the rates of food assimilation and total, resting,
and maintenance metabolism for two individuals of different adult size depicted by
different colors. The figure illustrates the complete energy budget during growth,
A = Bpgint + Bact + Bgyn + S, and allocation of energy at any given size is shown by
the colored vertical lines. The assimilation rate, A, of a growing individual does not
scale as a power law with mass, whereas its rates of total and resting metabolism, B,

and B,.s, both scale as m?/*

and its maintenance rate, B,,qint = B,,m, scales lin-
early. In contrast, for adults of different sizes, rates of assimilation and total (dashed
line) and resting (maintenance, solid black line) metabolism all scale as M3/, Across
species of different adult masses, growth ceases when all resting metabolism is allo-
cated to maintenance [11], so that B,est = Biaint, as indicated in Fig.2.4A (circles)
representing two different adult masses, M; and M,. Lastly, if otherwise identical
individuals vary in energy allocated to activity, thereby having different values of

By and By, they must compensate by adjusting their assimilation rates, A, if they

are to mature at the same adult mass, M.
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Chapter 2. A General Model of Energy Budget During Ontogeny

One implication of the model is that when two individuals with the same By,
f, and 7 but different adult body masses, M; and My (M; > M,), have the same
body mass, m, during growth, the assimilation rate of the one with the greater adult
mass, M, must be larger than the one with the smaller adult mass, M,, that is,
A(m, My) — A(m, My) x (M;l/4 - Mf1/4)m > (. To test this prediction, we plotted
the assimilation rates of three pairs of closely related animals assumed to have the
same By, f, and 7 as a function of body mass, m, during growth. As illustrated in
Fig.2.4B, when members of each pair had the same body mass, m, during growth,

the one with larger adult size (M) had a higher assimilation rate.

Our quantitative, predictive model for the energy budget of an individual during
growth differs from phenomenological models that fit curves to data. It also differs
from dynamic energy budget theory (DEB), which assumes a 2/3 power scaling of
food assimilation rate during ontogeny, on the basis that energy uptake is limited by
absorptive surface area, which scales like any simple geometric surface [14]. By con-
trast, our model predicts that food assimilation rate cannot have a simple power-law
scaling relation with body mass during ontogeny. Furthermore, DEB assumes that
food assimilation rate is supply limited, whereas our model views assimilation rate as
arising from the developing organism matching food supply to metabolic energy de-
mand. Our model provides a point of departure for addressing pathological cases of
imbalance between supply and demand such as starvation or overeating. It captures
the salient features of energy acquisition and allocation during ontogenetic develop-
ment and quantitatively predicts universal assimilation and growth rate curves in
agreement with data for mammals and birds. How well it captures the fundamen-
tal features of growth in other organisms, such as ectothermic vertebrates, insects,

aquatic invertebrates, plants, and unicellular algae and protists, remains to be seen.
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2.1 Response to Comments on “Energy Uptake
and Allocation During Ontogeny”

abstract

Our extended ontogenetic growth model is a theoretical model based on conservation
of energy and general biological mechanisms underlying ontogenetic growth. We do
not believe that the comments of Makarieva et al. and Sousa et al. expose substantive
problems with our model. Nevertheless, they raise interesting, still unresolved ques-
tions and point to philosophical differences about the role of theory and of simple,

general models as opposed to complicated, specific models.

We presented a model for energy uptake and allocation over an organism’s growth
and development that reconciles rates of food assimilation with rates of allocation to
maintenance, biosynthesis, activity, and storage [43]. Makarieva et al. [44] and Sousa

et al. [45] raise concerns about our model, which we address here.

Makarieva et al. [44] take issue with the assumption of our extended ontogenetic
growth model that resting metabolic rate scales as M?3/* throughout postembryonic
growth and development, similar to the scaling across adult animals of different
species. They claim that young animals have elevated metabolic rates compared
with what is predicted for their body mass from interspecific scaling. This further
implies that metabolic rate as a function of mass throughout ontogeny cannot be
a simple power function. So, instead of plotting as a straight line on logarithmic
axes, the relationship must be biphasic or curvilinear, with the slope initially steeper

and subsequently shallower than the interspecific M3/4 scaling (as shown in Fig.1B
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in [44]). The scaling of metabolic rate during ontogeny is ultimately an empirical

issue, albeit one with important conceptual and methodological implications.

So what do the data say? In their Fig.1A, Makarieva et al. present data for
metabolic rates “measured at rest in the postabsorptive state” for eight species of
birds and mammals during postembryonic growth (data from [46]). Makarieva et al.
selected the “eight largest values of metabolic rates in early ontogeny,” which would
tend to bias their results in the direction of their claim, and show that the metabolic
rate early in ontogeny is relatively higher than predicted by our model [43]. We have
compiled and plotted in Fig.2.5 all the data from [46], including a ninth species,
quail, which deviates from predictions in Makarieva et al. [44] and was not included
in their analysis. Our analysis (see also Table 2.1) offers some support for Makarieva
et al.s claim that metabolic rates, relative to the predicted mass to the 3/4 power,
are consistently and substantially higher during early ontogeny than at adulthood.
Although the data for the individual species are well described by a power law (see
Table 2.1 and Fig.2.5), in most species there are times during early ontogeny when
metabolic rates are higher than what would be predicted for an adult of the same
size. Makarieva et al., following the model proposed by Wieser [47], claim that the
peak metabolic rate occurs at approximately 10% of adult mass, but this is true for
only four of the nine species. The other five species have peak values at relative sizes
that range from 1% to 48% of adult mass (see data and Fig.3 in [46]), and the rabbit

has two distinct peaks.
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Table 2.1: The scaling exponent over ontogeny, peak normalized metabolic
rate [K = B,(m)/(Bym®™)] where B, is resting metabolic rate of the growing
organism [44], and the relative body mass (u = m/M) of this peak for each

species, from [46].

Species Slope R? K i
Rat 0.71 0.9631xx 1.41 0.36
Guinea Pig 0.75 0.9901%x 1.12 0.23
Hen 0.60 0.9643%x 1.68 0.07
Rabbitt 0.77 0.905 1.55 0.05
Goose 0.86 0.9517« 1.71 0.13
Sheep 0.46 0.9185%x 1.71 0.11
Pig 0.66 0.9777xx 1.49 0.01
Cow 0.59 0.9452%x 1.57 0.13
Japanese Quail  0.96 0.9858%x 2.29 0.48
Mean 0.71 1.61 0.17
*x p < 0.0001

* p < 0.001

T Rabbit shows another peak at p = 0.25.
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Figure 2.5: Scaling of resting metabolic rate with body mass over ontogeny for nine
species from [46]. The red line is predicted by our extended ontogenetic growth
model. The blue line is fitted to the data. The histogram shows the frequency
distribution of the scaling exponents for these nine species.
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Our analysis highlights two important points. First, there are necessarily deviations
between detailed observations of individual growth curves and the predictions of
a parsimonious model such as ours, and it is valuable for such deviations to be
recognized in the literature. Second, the value of our model is that it provides a
baseline to which data can be compared, so that the causes of any observed deviations
can be revealed. Makarieva et al. point out such a systematic deviation from the
model. However, they provide only a statistical description of these deviations,
and one that does not capture the measurements for the majority of the species.
Moreover, they do not provide any mechanistic explanation for these deviations.
We suggest that these periods of peak metabolism may correspond with growth
spurts that have been observed in a number of species and are also deviations from

predictions of our model.

More generally, the comment of Makarieva et al. raises important, still unan-
swered questions about the energetics of growth and development. Our model was
intended primarily to focus on the consumption of food and the allocation of the
assimilated energy between maintenance of existing biomass and synthesis of new
biomass. It does indeed imply that the total metabolic rate of a growing animal
should be the same as that of an adult of the same mass. In doing so, it assumes that
a constant fraction of this total metabolic rate is due to resting metabolism, B,
and a constant fraction to activity, B, so that By = Byrest + Bact = Brest + f Brests
where B,esi, Baet, and By all scale as M3/*, and f is the activity scope. In adult
animals, the total metabolic rate is the field metabolic rate, where f ~ 3. To apply
our model to the metabolic rate measured early in ontogeny clearly depends on how
activity is defined. At present, however, it is not clear even whether rest and activity
represent comparable states for very young animals and adults. Most crucial for the
realism of our model is not how the total metabolic rate is partitioned between rest
and activity, but whether By, scales as ~ M?®* throughout postembryonic ontogeny,

the same as across adult animals of different size. This appears to be true across a
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wide variety of species [38].

Sousa et al. [45] make several specific criticisms to support their claim that only
the dynamic energy budget (DEB) theory of Kooijman [14] provides a complete the-
oretical and mechanistic treatment of growth. We respond by emphasizing that our
model is much simpler and more parsimonious than DEB. DEB requires three state
variables (reserve, structure, maturity) and 12 primary parameters to be measured
for every species [48], whereas our model contains only two variables (m and ¢) and
five parameters (M, By, f, E,, and E.). There is nothing inherently wrong with
the DEB approach, but for many theoretical and practical purposes it is desirable to
have models that are as simple as possible as long as they still capture the essence
of the phenomenon and give reasonably accurate predictions. As a particular case in
point, Sousa et al. correctly point out that our model does not contain an explicit
chemical description of metabolism. From this they correctly conclude that the model
we proposed cannot explain the variable chemical composition of organisms growing
with variable food. We note, however, that they present no data on how the chemical
composition of the diet affects body composition or growth trajectory. In fact, as
long as diets are relatively standard, the effects of such variable food are minor [12].
Sousa et al. also claim that because our model does not explicitly incorporate the
chemistry of metabolism, it cannot be applied to the growth of anaerobic organisms.
This is incorrect. The fact that it deliberately ignores the details of biochemistry
allows our model to provide a general quantitative accounting for the allocation of
energy and biomass during postembryonic growth of diverse animals with different

diets and biochemical pathways.

A critical difference between our model [43] and DEB is whether assimilation
rate scales as a power law of body mass as a growing animal increases in size. The
original DEB assumes that rate of food assimilation, because it is proportional to

gut surface area, scales as M?/3 [14,49]. We are unaware of any evidence supporting
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this assumption. Indeed, our model would suggest that the highly elaborated fractal-
like surface of the gut actually scales approximately as M?3/* across adult animals of
different species, so that the rate of energy uptake from food closely matches the rate
of metabolic energy expenditure. Sousa et al. [45] suggest that DEB can account for
changes in assimilation rate with increasing mass during growth “because the ratio
of reserve to structure is not constant.” Again, DEB introduces a level of detail and
associated problems of defining and measuring “reserve” and “structure” that are
peripheral to the central issue of how energy assimilation and allocation change with

mass during ontogeny.

Sousa et al.’s characterization of our model as “demand” limited is misleading.
DEB assumes that metabolic rate is limited by the availability and assimilation of
food. Our model [43] is based on the original ontogenetic growth model of West
et al. [11], which assumes that the scaling of metabolic rate with body mass is due
to functional and geometric constraints on the capacity of the vascular network to
supply energy to the body. So, like DEB, our model matches supply and demand,
imposing mass and energy balance to require that uptake from food equals metabolic

expenditure plus biomass storage.

Finally, we note that the comments of both Makarieva et al. [44] and Sousa et
al. [45] expose fundamental philosophical differences about the role of models in
biology. DEB is a single, very detailed model. It can potentially describe nearly
all aspects of the metabolic basis of growth and account for variation within and
across species due to variation in such factors as food supply, diet composition, and
environmental conditions; to do so, however, requires measuring all 3 variables and
12 parameters. Our model, by contrast, is a very simple one that aims to quantify
only the most essential features of energy acquisition and allocation. It is indeed
similar to the model of Bertalanffy [5], as the comment authors and we ourselves

have emphasized. Our model differs from Bertalanffy’s model chiefly in its more
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explicit treatment of rates of assimilation and metabolism, including whether the
latter scales as M?®/* or M?/3. Such simple models can provide a point of departure
for incorporating complexity due to factors such as food restriction, temperature, or
biochemical pathways of metabolism and for exploring additional phenomena such as
energy allocation during embryonic development and tradeoffs between growth and
reproduction in animals with indeterminate growth. We suggest that the complexity
of DEB is the primary reason that, although the theory is frequently cited, the
complete model is rarely implemented and applied to particular organisms. In most
cases, the details and complexity of DEB are not required and a much simpler model,

such as Bertalanffy’s model or our model [43], will suffice.

Both Makarieva et al. and Sousa et al. imply that models such as ours and
Bertalanfty’s are flawed because the small number of variables and parameters do
not include an explicit treatment of the chemistry of the diet and metabolic path-
ways. We emphatically disagree that more general models cannot “shed new light on
the fundamentals of ontogenetic growth.” Two parameters in our model, f and E,,,
are difficult to assess quantitatively with data currently available. f, the “activity
scope”, is discussed above. F,,, the quantity of energy used to synthesize a quantity
of biomass, is a fundamental biological parameter. We find it surprising that even
today there are few data that can be used to estimate the value of F,,, let alone
to assess how it may vary with diet, type of tissue being synthesized, taxon of or-
ganism, and environmental conditions. Indeed, most of the data used to inspire and
evaluate our models of growth and by Makarieva et al. in their critique come from
studies conducted decades ago. Without models that call attention to fundamental
features of biological energetics, additional decades likely will pass before biologists

are motivated to make the relevant measurements.
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2.2 Supporting Information (ST)

2.2.1 Theoretical estimates of the activity scope factor (f)

and storage coefficient (7)

The values of activity scope factor, f, and storage coefficient, 7, estimated from the
food assimilation rate for mammals and birds of diverse body size and taxa are given
in Table 2.2. For most species, the food assimilation rate, A, increases with the
body mass monotonically over ontogeny. For these species, we assume a constant
f over ontogeny. However, in fox and mink, A increases and then after attaining
approximately 80% of adult mass, decreases. Since A = B, + S, and S of these
three species increase monotonically, we hypothesized that the reason for the decrease
in A is due to reduced activity, which is reflected in varying values of f. For these

species, we assumed a simple function for f:

1) = Jo < ftq (2.5)

fo—alp—pa) 1> pa
where g4 is the relative mass at which A starts decreasing and a and f; are two
constants. The values of these parameters are given in Table A.1. We also calculate
an effective value of f, the harmonic mean value over ontogeny, f = fol f(p)dp , for

these species. The values of f are close to the average value of f of other species.

Our model did not fit the data for the female mink, which is the only case
exhibiting two distinct peaks in normalized assimilation rate at different stages (value
of 1) of ontogeny. We suspect that the data are in error, and have not included them

in subsequent analysis.

All original data from literatures are in Table A.5.
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Table 2.2: Values of f and ~y for various organisms (estimated using nonlinear least
squares regression method based on the Levenberg-Marquardt algorithm).

Species f v Value of R?
Heifer 2.14 217 0.998
Pig I 4.02  3.56 0.988
Pig II 3.29 341 0.990
Bull 2.06 2.56 0.988
Sheep [ 292 3.16 0.939
Sheep II 2.77  5.29 0.947

Horse (M = 700 kg) 296 1.45 0.974

(M=600kg) 291 069  0.981
Horse (M =500 kg) 270 135  0.973
Horse (M = 400 kg) 2.52 237 0.951
Horse (M = 200 kg) 224 3.08 0.980

Horse

Duck (male) 3.03 3.8 0.979
Duck (female) 3.16  3.44 0.975
Chicken I 2.64 3.93 0.997
Chicken IT 1.57 397 0.976
Chicken IIT 1.61 3.41 0.973
Common Loon 241 194 0.976
Squirrel Monkey 248 3.06 0.985
Rhesus Monkey 2.25 3.38 0.958

Fox (female) (f = f) 2.18 1.75 0.979
Fox (male) (f = f) 2.17 1.88 0.977

Mink (male) (f = f)  3.50 057  0.876
Mink (female) (f = f) 7.87 -6.19 0.923

Mean 2.67 2.71
SD 0.61 1.18
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2.2.2 The theoretical and empirical estimations of F,, and v

Empirical values of production efficiency, 7, storage coefficient, ~, and quantity of
energy to synthesize a gram of biomass, F,,, are listed in Table A.2. Details of the

calculation are the following.

The physiological production efficiency, 7, is a quantity closely related to . It is
a measure of the efficiency of the physiological processes responsible for egg and milk
production and tissue growth. It is defined as the energy content of production rela-
tive to the energy content of the biomass produced plus the fraction of the metabolic
energy expended to synthesize that biomass [12,13,50], n = E./(E. + E,,) x 100%.
With the definition v = E./E,,, we express v in terms of n as v = n/(1 —n).

E,, is defined as the quantity of energy expended to synthesize a unit of biomass.
Theoretical considerations suggest the minimum value of E,, would be the energy
required for biosynthesis of tissue macromolecules from monomers [13,51]. The value
of “one dry gram of average metazoan biomass contains approximately 0.01 moles
of polymeric linkages [52,53]. On average, three phosphate bonds are hydrolyzed
in the synthesis of each polymeric linkage and the free energy (A G) in going from
3 ATP to 3 ADP is approximately 86 kJ/mol. Hence 0.01 x 86kJ = 860J are re-
quired to synthesize 1 gram of biomass” [52]. By assuming an aerobic system with
tissue respiration operating at 65% efficiency, 860/0.65 = 1323J was calculated to
be required to generate the necessary ATP to synthesize 1 gram of dry biomass [52].
Taking the heat of combustion (E.) of 23.1 kJ [39] gives v ~ 17. The value of free
energy (A G), 86 kJ/mole, in going from 3ATP to 3ADP, is based on the standard
free energy change of hydrolysis of ATP. Since the concentrations of ATP, ADP, and
P; in the cell are much lower than the standard concentrations, and the pH inside
cells differ from the standard pH of 7.0, the actual free energy of hydrolysis of ATP

under intracellular conditions differs from the standard free-energy change [54]. On

29



Chapter 2. A General Model of Energy Budget During Ontogeny

the basis of the concentrations of ATP, ADP, and P; in rat hepatocyte, myocyte,
neuron, human erythrocyte and E. coli cells, we found that the actual free-energy
change of ATP hydrolysis under intracellular conditions in these cells ranges from
46.7 to 52.7 kJ/mol averaging about 49 kJ/mol, which is higher than the standard
value. Taking the average value, the free energy in going from 3 ATP to 3 ADP
is 49 x 3 = 147 kJ/mol, and the energy to synthesize one gram of dry biomass is
E,, =2262J/g,s0o~v=E./E, ~10.2.

The theoretical value of E,, should be considered the lower bound, therefore the
value of v obtained this way is an upper bound, because other energy requirements
for biosynthesis, including the cost of transport of molecules into and within cells,
the cost of mechanical separation of nucleic acid strands and daughter cells during
mitosis [52], need to be taken into account. However, it is difficult to separate the
energy used for growth from that used for maintenance in these energy requirement.
Recently, on the basis of the theoretical ontogenetic growth model, which theoret-
ically disentangled the allocation of energy to growth and maintenance, the value
of F,, for embryos and juveniles of birds, fish and mammals, was estimated with
data from growth curves and growth time [38]. We also used direct measurements of
metabolism and growth of dry biomass to estimate £, for chick embryos. These re-
sults span an order of magnitude. For embryos of birds and fishes, E,,, was calculated
to be about 800 to 2800 J/g; for mammalian embryos, it ranges from 2700 to 7100
J/g; for juvenile birds, it ranges from 1400 to 7500 J/g; and for juvenile mammals,
it ranges from 1800 to 9500 J/g. These values are for wet mass. From these values
we calculated the value of « for post-birth organisms. Taking E. = 7000 J/g(wet
mass) [39,55], values of 7 given by the data in [38] range from 0.74 to 5, which agree

with ours obtained from food assimilation rate in this paper, v = 0.6 — 5.3.

The values of production efficiency, and therefore the values of v and FE,,, vary

with species, age, temperature, composition of diet and type of substance accumu-
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lated [52]. For example, 1 in young chickens was 72% (v ~ 2.6) at 38°C' and decreased
to 57% (v ~ 1.3) at 21°C' [56]. Production efficiencies range from 50% to 90% (v ~
1 to 9) for mammals and chickens [13]. These values are consistent with the range of
values reported in Table 2.2 (0.57 to 5.29). n also varies widely; as a representative
value of n = 75%(y = 3) was adopted [50]. This value has been adopted by other

authors (for example, see [57]), and is very close to what we obtained here, v = 2.7.

n for embryos of several birds, fish and worms was calculated in [12,13]. For
example, the energy of combustion of an average hens egg is about 364 kJ. Of this,
159 kJ is assimilated into the chick and 109 kJ remains as unused material. The
remainder (96 kJ) is the energy lost through metabolism. So it was concluded that
“the efficiency is about 100 x 159/(159 + 96) = 62%” [12,13]. With this value, we
estimated a « for chicken embryo of about 1.6. However, the energy lost through
metabolism, 96 kJ, includes the energy used for maintenance and growth, and it is
unclear how to separate these two. So, the production efficiency 7 calculated this
way and the value of v we obtained above is the lower bound of the real value. In the
same way the values of 7 for embryos have been calculated for gastropods (62%~
67%), silkworms (63%), frogs (51%), sea urchins (59%), green iguanas (48%) and
herrings (70%). So the lower bounds of v for these embryos range between 1 and 2.3.

Production efficiency for tissue gain is usually determined by the multiple re-
gression method. This factorial approach partitions the metabolizable energy intake
between the energy requirement for maintenance, which depends on body size, and
the requirement for growth, which depends on the amount and composition of the
added gain. If the metabolizable energy intake is plotted against tissue energy accu-
mulation in a series of animals that grow by different amounts, then the slope given
by the nonlinear multiple regression is the production efficiency [50,58,59]. A wide
range of production efficiencies for different organisms post-born tissue gain were

calculated in this manner (See Table A.2). A similar method has been used to es-
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timate E,, for five avian embryos [60]. Instead of partitioning metabolizable energy
intake rate, the metabolic rate was partitioned between the rates of maintenance and
growth, and the nonlinear multiple regression method was used to fit the data [60].
When the metabolic rate was plotted against growth rate, the slope of the relation

gives F,.

2.2.3 Field and resting metabolic rate and the ratio of them

for mammals and birds

Data from resting metabolic rates (Byest = B rest M w) for mammals and birds are

listed in Table A.3.

For mammals, data from resting metabolic rates with body masses ranging from
0.01kg to 650kg, show that B,y = 3.93M%™ (R? = 0.963). The coefficient By =
3.93 W /kg?™ is 20% larger than the one of the basal metabolic rate, 3.28 W /kg®™
[55], reflecting the fact that B,..q includes Bpysq and Specific Dynamic Action (SDA).

For birds, the resting metabolic rate was measured during the daytime and night
[61], resulting in scaling exponents of 0.729 (day) and 0.734 (night) for non-passerines
and 0.704 (day) and 0.726 (night) for passerines. The coefficient By of non-passerines
at daytime was calculated to be 4.41 W /kg"™. This coefficient is about 10% larger
than the one of the basal metabolic rate 4.06 W /kg®™ for non-passerines [55].

Data from field metabolic rate (By;eq) of free-living and captive mammals and

non passerine birds are listed in Table A .4.

For adult mammals and birds, the relationship between field and resting metabolic
rates can be expressed as, Bfiia(M) = fByest(M), where f is a unitless constant re-
flecting the addition energy expenditure required to support activities beyond main-

Bricia(M Bo fie1aM3/4 By fi
tenance [36,62,63]. We use the formula f = B,:sz((M)) - Bodiz:sle?’/“ - Booilj
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calculate f for each data set. The parameter By ,es is shown in Table A.3.

Doubly labeled water method was used to measure the field metabolic rates of
free-living mammals [37]. For eutherians, which we study in this paper, the ratio
between field and resting metabolic rate, f, is 2.57, which is very close to the value
we obtained from the assimilated food data, f = 2.614+0.61. By measuring the daily
metabolizable energy intake rate, several studies of captive adult mammals also show
the 3/4 scaling power of the field metabolic rates. The values of f obtained in these
studies are a little less than 2, reflecting the limited activities levels for animals in

captivity.

A measurement of daily metabolizable energy intake of caged birds [64] found
that for non passerines, Byiq = 4.8M 0755 (N = 9). These scaling exponents are
close to the ones reported in [37] for both groups of birds, but the coeflicients By ficia
of the caged birds in this study are about twofold smaller than the values of the
free-living birds in other studies [37].

2.2.4 The empirical evidence for 3/4 power during ontogeny

Numerous studies provide data on the scaling of metabolic rate with body mass for
adult animals of different species. The preponderance of evidence supports an inter-
specific scaling exponent of 3/4 [55,65-68]. There are fewer studies that examine
how metabolic rate scales with mass over ontogeny, but the preponderence of these
also support an exponent of 3/4. Recently compiled data [69] from 497 studies of
the allometric scaling of metabolic rate within species, including both cases where
body size changes over ontogeny and where body size varies among adult individuals.
Our reanalysis of Glazier’s data shows that when the body mass range is sufficient
(larger than 2 orders of magnitude), the empirical estimates are very close to 3/4

with small variation [38]. Data for metabolic rate over ontogeny from Fishbase [70]
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was compiled and analyzed to accurately estimate the scaling exponent [38], and a
similar result was obtained: the exponent is close to 3/4, and it is less variable when
calculated for species with larger mass range. A similar distribution for intra-specific
and inter-specific scaling exponents (mean intra-specific = 0.72, inter-specific = 0.76)
was shown in ( [55], Fig.4.7). Several other analyses support the 3/4 power scaling
of metabolism over ontogeny in domesticated animals including steers, sheep and
cattle [71-74]. Additional studies compared both ontogenetic scaling exponents and
coefficients for domestic animals, and again found that they are close to the inter-
specific values: exponents of 0.74 for rams and 0.76 for wethers [75] and exponent
of 0.75 for beef cattle [76]. Finally, the data of biological time to some benchmark
stage or body size, which can be measured more easily and reliably than metabolic

rate, also supports the 3/4 power prediction by the OGM [38].
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Chapter 3

A general model for effects of
temperature on ectotherm
ontogenetic growth and

development

Collaborated with Melanie E. Moses, Geoffrey B. West, Chen Hou, and James H.

Brown

3.1 Abstract

The temperature size rule (T'SR) is the tendency for ectotherms to develop faster
but mature at smaller body sizes in warmer environments. It can be explained by a
simple model in which the rate of growth or biomass accumulation and the rate of
development have different temperature dependence. The model accounts for both

TSR and the less frequently observed reverse-TSR, predicts the fraction of energy
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allocated to maintenance and synthesis over the course of development, and also
predicts that less total energy is expended when developing at warmer temperatures
for TSR and vice versa for reverse-TSR. It has important implications for effects of

climate change on ectothermic animals.

keywords: development rate — ectotherm development — energy budget —

growth rate — temperature size rule

3.2 Introduction

Changes in environmental temperature regimes pose potentially severe problems for
ectothermic organisms. Their body temperatures fluctuate with environmental tem-
peratures and the rates of nearly all biochemical reactions and biological processes
increase approximately exponentially with temperature. So changing temperature

literally changes the pace of life.

The rate of ontogenetic growth and development is no exception. Ectothermic
animals develop faster at warmer temperatures [16], and they usually mature at
smaller body sizes — as much as 20% smaller for a 10°C' temperature increase. This
phenomenon has been called the ”temperature size rule” (TSR) [17]. Like most
biological "rules”, however, there are exceptions, including well documented cases of
a reverse- TSR, where the mature body sizes are larger at higher temperatures. Here
we develop a simple model for the effects of temperature on ontogenetic development
of ectothermic animals. The model extends an earlier model for allocation of energy
and biomass to growth [18] by explicitly incorporating the temperature dependence
of the rate of development and the rate of somatic growth. Any imbalance in these
two rates results in either the TSR or reverse-TSR, depending on which process is
more sensitive to temperature. The model predicts the fraction of energy allocated to

maintenance and biomass synthesis at a given development stage, including the total
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quantity of energy expended during development. We model explicitly the case of
post-hatching development, where an animal consumes food to fuel its metabolism.
Later we consider the case of embryonic development, where the organism fuels its

metabolism from energy reserves stored in the egg.

3.3 The Model

Growth and development are fueled by metabolism. It is well known that within
the normal temperature range metabolic rate increases approximately exponentially
with temperature. This relationship can be described by the Boltzmann relation,
e Pa/kT where E, is an ”activation energy” that reflects the kinetics of the underlying
biochemical reactions and quantifies the temperature dependence, k is Boltzmann’s
constant, and 7' is absolute temperature ( [16, 18], but see [77]). For processes
governed by aerobic respiration, such as growth and development of most ectothermic

animals, E, is typically ~ 0.65eV (corresponding to a Q19 of ~ 2.5 or a 2.5-fold

increase in development rate for a 10°C' increase in temperature) [16].

The effect of temperature on body size at maturity, however, depends on how
energy and materials are allocated during ontogeny. The body mass m(t,T) at
any time, ¢, during development depends on the magnitude of two different pro-

cesses which can have different temperature dependence: 1) growth rate or rate of

om

biomass accumulation, <, with temperature dependence e FalkT,

; and 2) develop-

ment rate or rate of ontogenetic differentiation, %%/, with temperature dependence

e Ea/kT where E, and E, are the respective "activation energies” (Fig.3.1). The

relative developmental stage, u' = #, is defined in terms of the time to the cur-

rent developmental stage, t, relative to the total development time, t4.,,. Similarly,

the relative body mass, u = 7}, as the body size at any time, ¢, relative to adult
body size [43]. Since 68—’;/ = #, the total time of development tg4., o e”/¥T The
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relative developmental stage is a simple way to standardize the overall ontogenetic
trajectory on a 0 — 1 scale, so i/ = 0.1 means 10% of time to adulthood. The adult
mass, M = fol g—;’?@,u’, is proportional to e~ (Fs=Fa)/FT Tt can also be calculated as
M = fotde“ %—7?825 o e~ Fe=Ea)/FT  Unless these two processes, growth and develop-
ment, have exactly the same temperature dependence (E, = Ey), size at maturity

will vary with temperature (Fig.3.1).

The animal consumes food to fuel growth and development from hatchling to
adult. We use extended ontogenetic growth model [43] to capture the energy allo-
cation during growth. The rate of food assimilation, A, is the sum of the rates of

energy consumption for maintenance and growth. So

A = Biaint + Beyn + 5 (3.1)
and

B = Bpaint + Beyn (3.2)

where B,,qin: is the rate of energy expended on maintenance, Bgy, is the rate of
energy used to synthesize the new biomass, B is the total metabolic rate, S is the
rate of energy allocation to or storage in new biomass, and Biy,, + S is the rate of
energy expended on growth. Assuming that the energy content per unit of biomass
remains constant over ontogeny and is independent of temperature, these equations
reflect energy and mass balance at any time, ¢t. The integrated form over the entire

development period is

Qtot = Qmaint + stn + Qsto (33)

where Q)¢ is the total quantity of energy expended, Q) qint is energy expended on
maintenance, sy, is energy expended to synthesize new biomass, and @4, is energy

stored in new biomass.
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Chapter 3. A general model for ectotherm growth and development

To incorporate effects of body size and temperature into Eq.3.1, we make two
assumptions: 1) Throughout ontogeny, metabolic rate, B, scales with body mass as
B = Bym?®/*, where B, is constant within and among individuals of the same species
developing at the same temperature, but varies with temperature and species. The

4 scaling of metabolic rate has been questioned (but see [38,43,

generality of m®/
55]). It is straightforward to substitute a generic scaling exponent, 1, or a different
numerical value when there is compelling evidence for deviation from three-quarter-
power scaling. 2) The temperature dependencies of the component processes can be

characterized by Boltzmann relations as indicated above and below.

Rewriting Eq.3.2 to incorporate explicitly body mass dependence gives

om

B
Bym?/4 0 E, .
om + 81&

Additionally, Bt = Bpm, where B,, = ByM~Y* is the mass-specific rate of

om

energy expenditure for maintenance, M is the body mass at maturity, By, = E, 5},

and FE,, is the quantity of energy expended to synthesize a unit of biomass, assumed
here to be independent of temperature. Dividing both sides of Eq.3.4 by m3/* gives

1 Om

LN
BO_(M) / BO+EmWE'

(3.5)

Now incorporating the temperature dependencies in Fig.3.1 and M o e~ (Fa—Fa)/kT

Eq.3.5 gives

Ce~Ba/kT _ M1/401€7Ea/kT + Emuf3/40263(Eg7Ed)/4kTCS€7Eg/kT (3.6)

where p = 77 is the relative body mass at any time, ¢, which is temperature-
independent; £, , £, , and Ej; are the activation energies for the rates of over-
all metabolism, growth, and development, respectively; and C}, Cy, and Cj3, are
temperature-independent coefficients. Therefore, Eq.3.6 gives the relationship among

the temperature dependencies of rates of metabolism, growth, and development

1 3
E,—-E, —°E,=0. 3.7
49 g (3.7)
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The model predicts the trajectories of biomass accumulation rate and develop-
ment rate over ontogeny from hatching to maturity. Rewriting Eq.3.4 by normalizing
with respect to M, the body mass at maturity, gives a normalized biomass accumu-
lation rate (see ST)

Em am o *Ea/kT

Colh o (1" = ), (3.8)

where (' is a temperature-independent coefficient. By normalizing with respect to

—Eo /KT

the effect of temperature, e , in Eq.3.8 predicts the biomass accumulation rate

normalized to both temperature and body mass at maturity

Oy M3/te=E/FT g~ H

— [ (3.9)

This model makes two additional predictions for the energy budgets of ectotherms

during ontogeny. First, introducing effects of temperature into Eq.3.2 gives (see SI)

BS?J” 1 1/4
— = (= — 1. 3.10
Bmaint (,LL) ( )

This predicts that the same fraction of metabolic energy is allocated to maintenance
and synthesis at any given relative body mass regardless of temperature and taxon.
Second, integrating Eq.3.1 with respect to time gives Eq.3.3, and introducing effects

of temperature gives

tm 3 2
Qtot = / (Bmaint+Bsyn+S)at = {Ec_4Em[r)/?m+77m+7m+1n(1_7m>]} (311)
0

where t,, is the time to reach some near-asymptotic adult size, mggu; = (1—¢)M with
e < 1 and y, = (Mate)/4 [11]. In Eq.3.11 E,, E,, and v, are all independent of
temperature, so the total quantity of energy consumed, )., during ontogeny varies
predictably with temperature as Qo ox M o< e~ (Fa=Fa)/¥T  The model predicts that
TSR ectotherms should consume less energy and reverse-TSR ectotherms should

consume more energy when developing at higher temperatures.
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3.4 Empirical Evaluation

Experimental data for a variety of ectotherm taxa, such as nematodes, molluscs,
crustaceans, insects, and amphibians (Table 3.1), support the model. The activation
energy for metabolic rate, F,, for each organism has been calculated based on Eq.3.7.
The average of those calculated E, is 0.62 4+ 0.03eV. This average and most of the
individual values are close to the predicted 0.65eV, but a few outliers in Table 3.1
and earlier studies [16, 78] encompass a total range from 0.15eV to 1.2eV. Equation
3.9 predicts that all organisms should exhibit identical “canonical” curves for nor-
malized rates of biomass accumulation over ontogeny. Data for several organisms
generally support this prediction. As predicted, the absolute rates, normalized only
with respect to mass, increase with increasing temperature (Fig.3.2A), but when
normalized with respect to both mass and temperature, these curves all converge on
the same shape with a peak at p =~ 0.3 (Fig.3.2B). So, the highest rate of growth or
biomass accumulation occurs at about 1/3 of adult mass, independent of tempera-
ture. This peak occurs at the same fraction of adult mass in ectotherms as it does

in endotherms [43].

3.5 Discussions

It is well documented that in ectotherms rates of both somatic growth and onto-
genetic development increase approximately exponentially with increasing tempera-
ture, so time to maturity is shorter at higher temperatures. Whether body size at
maturity is smaller or larger, however, depends on the difference in the tempera-
ture dependence between these two rates: the TSR occurs when development rate
is more temperature-sensitive, the reverse-TSR when biomass accumulation rate is

more sensitive.
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Figure 3.2: Different species of ectotherms developing at different temperatures fol-
low the same canonical curve of biomass accumulation rate. (A) Normalized for
differences in adult mass, rates of biomass accumulation are higher at higher tem-
peratures, but the trajectories differ only in absolute rates (heights). (B) So, when
also normalized with respect to temperature and mass, the rates for different species
and temperatures all cluster closely around the theoretically predicted curve, which
peaks at 31.6% of adult body mass. Species are Macrocyclops albidus, Acanthocyclops
viridis, Lucilia illustris, and Caenorhabditis elegans. (Original data and calculations

in ST)
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Chapter 3. A general model for ectotherm growth and development

The TSR and reverse-TSR are necessary consequences of differences in the tem-
perature dependence of somatic growth rate and development rate. Many investiga-
tors have studied these processes (e.g., [17,79-82]). It is now well documented that
differences in size at maturity after developing at different temperatures can be due
to differences in cell size, number of cells, or some combination of these. For exam-
ple, Caenorhabditis elegans, other nematodes, rotifers, and some arthropods, have a
determinate fixed number of cells at maturity, so variation in adult body size is due
entirely to variation in cell size. In Drosophila, however, differences in adult body
size after developing at different temperatures may be due primarily to differences

in either cell size or cell number [83,84].

This study appears to offer four important advances over previous theoretical and
empirical treatments of the TSR. First, we present an analytical model that is both
very simple and very general. It incorporates a minimum number of assumptions,
parameters, and functions required to characterize the primary effect of temperature
on the two critical processes: rate of biomass accumulation and rate of develop-
ment. The parameters can all potentially be measured to evaluate the model, its
assumptions, and its predictions empirically. Model predictions provide a quantita-
tive baseline against which to compare data for different kinds of animals developing
under different physiological and environmental conditions. The assumptions can be
relaxed to generate more complicated models for animals where they may not apply.
This level of simplicity and generality stands in contrast to studies using a Sharpe-
Schoolfield model (see [82,85]), which incorporates multiple parameters of enzyme
kinetics that may be only indirectly relevant and are difficult to measure directly, and

to studies on other aspects of development, such as hormonal regulation [80,86,87].

Second, our model easily accommodates cases where differences in adult body size

after developing at different temperatures are due to any combination of variation
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in cell size or cell number. In organisms with a fixed number of cells at maturity,
such as C. elegans, variation in adult body size depends on the amount of somatic
growth and hence the increase in cell size. This case can be analyzed quantitatively
by modifying the model to define the relative developmental stage by relative number

of cells rather than relative time.

Third, our model not only accounts for how temperature gives rise to both the
TSR and reverse-TSR, it also predicts the effect of developmental temperature on
three other important aspects of development. The first is the trajectory of biomass
accumulation rate over ontogeny (Eqs.3.8 and 3.9; Fig.3.2). The model predicts that
after normalizing for body mass at maturity, all ectotherms should exhibit quantita-
tively similar patterns of ontogenetic growth, with temperature affecting only the ab-
solute growth rate. The second is the proportion of energy allocated to maintenance
and biosynthesis at a given relative size is independent to temperature (Eq.3.10).
The model predicts that organisms growing in different temperatures allocated the
same proportion of its metabolic energy into maintenance and biosynthesis. The
proportion only changes as the relative mass, u, changes. The third novel prediction
is how temperature affects the total quantity of energy used at each stage of develop-
ment (Eq.3.11). We know of no other model that predicts these important unifying
features of ontogeny. They are relevant to understanding effects of environmental
temperature on the life history, ecology, and evolution of ectotherms. And again,
when deviations from model predictions are observed empirically, these cases call
attention to the importance of other factors left out of our deliberately very simple

prediction.

Fourth, the model can be modified for the case of an embryo developing within
an egg and fueled by energy reserves stored in yolk. In this case, the total quantity
of energy available is fixed by egg size. The model predicts that when eggs of the

same size are incubated at higher temperatures, a TSR ectotherm consumes less
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energy during incubation and may hatch with unused yolk, whereas a reverse-TSR
ectotherm uses more energy, consumes more yolk, and may hatch at a less developed
stage. Actually, some TSR ectotherms appear to compensate by producing smaller
eggs at higher temperatures [88,89], supporting the prediction that they consume
less total energy during development [90]. More complicated treatments may be
required to incorporate other features of embryonic development, such as: i) cell size
usually decreases over ontogeny with multiple cycles of cell division as a single-celled
zygote develops into a multicellular hatchling; and ii) relative water content of the
embryo may decrease and energy density of accumulated biomass may increase over

ontogeny [91,92].

It remains to explain why the majority of ectotherms follow the TSR, whereas
only a minority exhibits the reverse-TSR. Several authors have proposed adaptive
explanations (e.g., [93—-103], and many other studies in the context of geographic vari-
ation in ectotherm body size in gradients of environmental temperature, especially
in Drosophila). Our model is generally consistent with these hypotheses, but offers
additional insights. Both growth rate and development rate vary approximately ex-
ponentially with temperature, and the magnitude of temperature dependence of each
rate is subject to natural selection. In general, natural selection should tend to keep
the temperature dependence of these rates very nearly equal, so that the develop-
mental program buffers size at maturity against perturbations due to differences in
temperature. However, Eq.3.7 shows that E, — E4 is very sensitive to £, and Ey
(e.g., A (B, — Eg) = 4(0 E,— A Ey)), and consequently body mass at maturity,
M, is extremely sensitive to these temperature dependencies. Usually selection can
be expected to minimize the time and the total energy consumed during ontogeny.
Time can be minimized by behavioral temperature regulation, selecting higher tem-
peratures for both incubation and post-hatching development. This tendency for
“warmer to be better” [104] should translate into a TSR. Selection to incorporate

a margin of safety so that embryos do not run out of yolk should also favor TSR.
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A reverse-TSR should be expected only in rare cases when it is advantageous to
develop at colder temperatures, such as to behaviorally select cold microclimates to
avoid predators or to prolong development due to constraints of environmental sea-
sonality [103]. The theory developed here should also apply to special cases, such as
when temperature dependence of solubility and diffusion of oxygen in aqueous media

limits egg size and development of aquatic organisms [105,106].

One interesting application of our theory is to organisms that have temperature-
dependent sex determination, which occurs in many reptiles and amphibians, some
fish, and at least one bird (e.g., [107-110]). Small differences in temperature during
development should potentially affect not only the gender of the hatchling, but also
the time of development and body size at hatching. It is known that warmer temper-
atures during development can produce either males or females, depending on taxon,
for example, generally males in crocodilians and females in turtles. In the Australian
brush turkey (Alectura lathami) higher temperatures during incubation of eggs result
in proportionately more females with larger body mass at hatching [108], consistent
with reverse-TSR. Temperature-induced sex-related differences in development time
and body size at hatching should have potentially important consequences for sub-

sequent life history and ecology.

The quantitative model developed here, and similar but more complicated an-
alytical mathematical or computer simulation versions that could be developed for
cases that do not meet the simplifying assumptions, provide a theoretical basis for as-
sessing responses of ectothermic organisms to changes in environmental temperature
regimes. The magnitude of recent anthropogenic global warming is already sub-
stantial and likely to increase for decades and perhaps centuries [111]. The impacts
on ectothermic animals and their ecology will undoubtedly be profound. Many of
these impacts can be understood in a general theoretical context that is based on the

fundamental effect of temperature on metabolism, and the effects of metabolism on

90



Chapter 3. A general model for ectotherm growth and development

many aspects of organism structure and function, population and ecosystem ecology,
and biological evolution [67]. It will be impossible to conduct the detailed studies,
on one species at a time, to predict effects of climate change on the abundance,
distribution, and diversity of species. A practical alternative will be to start by de-
veloping general theory, like the model presented here, that is based on fundamental

biological principles and can make testable quantitative predictions.
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3.7 Supporting Information (ST)

3.7.1 Normalizing growth rate

Eq.3.4 could be rewritten as

%>3/4 = By + Ep, L _om

B -z
ol M M3/4 ot

(3.12)

where By is constant within and among individuals of the same species developing at

the same temperature, but varies with temperature and species [55]. Eq.3.12 gives an

B0M3/4

o relative body size.

(4% — ), where p = 4

expression for growth rate ‘% = =i
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. —Eq/kT ny3/4
This can be expressed as Im — im0 M7Z () 3/4

o T ), which is called normalized

growth rate.

The normalized growth rate predicts series growth curves for different tempera-

tures (Figs.3.2 and 3.3).

3.7.2 Partition of energy allocation of maintenance and syn-

thesis over ontogeny

Introducing temperature effects into Eq.3.2 gives,

—Eq /KT, 3/4 Bye Fe/T
Bsyn = Boe @ m — Wm (313)
Boe—Ea/kT
Bmaint = Wm (314)
hence,
Byyn ~ MYA 1
B = Y7 1= _M1/4 —1. (3.15)

3.7.3 Calculation and original data for table 3.1

Because M o e~ (Bo—Ea)/kT ¢, o e=Fa/bT and E, — %LEg — %Ed = 0 (Eq.3.7), data
in Table B.3 provide the estimated Ey, F,, and £, in Table 3.1.
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Figure 3.3: The illustration of temperature effects on growth rate (%—T oc e~ Ba/kT),

According to OGM [11] and EOGM [43], growth rate peaks at 31.6% relative body
size. Original data are available at Table B.1. Used parameters are available at Table
B.2.
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Chapter 4

A life history approach to the late

Pleistocene megafaunal extinction

Collaborated with Eric L. Charnov and Felisa A. Smith

4.1 Abstract

A major criticism of the “overkill” theory for the late Pleistocene extinction of
megafauna in the Americas has been the seeming implausibility of a relatively small
number of humans selectively killing off millions of large-bodied mammals. Critics
argue that early Paleoindian hunters had to be extremely selective to have produced
the highly size-biased pattern unique to this event. Here, we develop an exploitation-
extinction theory based on mammalian life history, which demonstrates the added
mortality pressure of human harvest on populations need not be selective to pro-
duce a size-biased extinction. Moreover, our model indicates variation in the adult
natural instantaneous mortality rate and/or the maximum recruitment compensa-

tion at any body mass are main components determining the shape of the extinction
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probability curve. Our theory successfully predicts the shapes of the extinction prob-
ability curves for the late Pleistocene extinction in the Americas, although results
are slightly different for North and South America taken individually. While we can
recapture the pattern without invoking size-dependence for North America, a slight
positive size-bias hunting is required for South America. This may reflect the dy-
namics of the human migration across the Americas. Early Paleoindian hunters may
have had a higher encounter rate with megaherbivores in South America because
of the tighter geographical configuration of the continent, or perhaps they began

targeting cost-efficient prey once it was clear they were naive to human hunting.

keywords: population dynamics — probability distribution — logistic regression
— late Quaternary — mammalian extinctions — human harvest — North and South

America — mortality rates

4.2 Introduction

The Americas of 13,400 years ago were vastly different than today. Numerous species
of large-bodied mammalian herbivores such as mammoth and mastodons, horses and
their allies, camelids, oxen and bison, glyptodonts, giant sloths and other taxa were
widespread across both continents [19-22]. These megaherbivores were preyed upon
by large-bodied carnivores such as sabertooth cats, short-faced bears and the dire
wolf. Within a relatively short time, however, some 80% of these large-bodied species
were extinct, including all mammals over 600 kg [23]. Determining the mechanism
underlying the geological abrupt [24] late Pleistocene extinction of megafauna has
been difficult and fraught with controversy because it overlaps in timing with both
the initial arrival of humans into the Americas and a major climatic transition. More-
over, there are two major unique features of the extinction that must be explained.

First is the rapidity with which it occurred. More than 150 species were extirpated
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in the Americas within 1000 to 1500 years [24,112]; recent work proposes an even
tighter window, with an estimate of 400 years for North America [112]. The second is
the strikingly size selective nature [19,23,113], which is completely unprecedented in
the evolutionary history of Cenozoic mammals [20,113]. These salient features lead
to the development of the “blitzkrieg” or “overkill” theory [19], which attributes
the extinction to overharvest by early Paleoindian hunter-gatherer population. This
theory has been controversial, but variants have slowly gained traction as the most
parsimous explanation of the event (e.g., [22]); indeed, even formerly staunch ad-
vocates of climate change as the driver have recently concluded “human impacts
probably figured prominently in the extinctions” [25]. However, a continuing criti-
cism of the “overkill” theory for the late Pleistocene extinction has been the seeming
implausibility of a relatively small number of humans killing off millions of animals,
and the lack of direct archaeological evidence that early Paleoindian hunters preyed
on all large-bodied mammal species that went extinct (e.g., [26,27], but see [28,29]).
Moreover, opponents have argued that early Paleoindian hunters would have had to
be extremely selective to have produced the highly size biased extinction character-
istic of the extinction, and that the economics of foraging theory suggest that such a
size-specialized diet would have been energetically unfeasible [30]. Despite modeling
efforts by Alroy [20], which suggested that a size bias in exploitation rate was not
needed to explain the body mass bias of Pleistocene extinction of mammals, such an

argument has not yet been laid to rest [114,115].

Here, we demonstrate theoretically that a large enough extra mortality caused by
human harvest, even if not size selective, was sufficient to cause a size-biased extinc-
tion. Our results clearly indicate how animal populations may be driven to extinction
by human exploitation even in the absence of other forms of habitat degradation.
This simply requires that the added harvest mortality overpowers the increased den-
sity dependent recruitment that is normally present as population size approaches

zero. Of course harvest mortality could fall more heavily on large-bodied species,
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but invoking it is unnecessary in order to explain the resulting size bias. Our simple
and quite transparent theory allows us to account for the gradual rise in extinction
risk with body mass [23,31] as well as to predict the special characteristics of species

at any fixed body mass that are relatively more or less at risk of extinction.

4.3 Model Development

The model is based on basic population dynamics. A stable animal population has
birth rates equal to death rates or, for continuous time, instantaneous mortality rates
equal to recruitment rates: 6 = (,,-b,where 6 represents the adult instantaneous mor-
tality rate, (,, the probability of surviving to reproductive age o , and b the number of
daughters produced per mother per unit time. For simplicity, we assume daughters
produced per mother per unit time and adult mortality rate are independent of adult
age. However, considerable evidence [116-120] supports the operation of a density
dependent response, so that if population declines, recruitment rate increases; which
is reflected as - (, - b, where 3, the recruitment response, is > 1. The population
grows since the recruitment rate now exceeds the adult mortality rate that is unaf-
fected by population size. The reciprocal of adult mortality rate is the average adult
life span. Thus, the average number of daughters surviving to age o produced over
the adult life span, or the net reproductive rate, Ry , can be presented as % . For
stable and unexploited populations § = 1 and hence Ry = 1. When the population
is exploited, 3 increases as the population declines until the maximum recruitment

response (Bmqz) is reached.

To derive the extinction threshold, we start with a stable population and impose
an additional source of instantaneous mortality due to human harvest (F). If the
additional mortality is invariant with respect to age class, the overall adult mor-

tality rate is simply increased to 6 + F' |, while survival to adult at age o is now
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decreased by a factor of e ¥"*(SI text). Since the net reproductive rate in the newly-
Ca'b'eiF'a
o+ F

Blabe " 7 ’Caélﬁ:Fu. As the population approaches zero, the

exploited population decreases to , which is less than one, the recruitment

rate increases, so that we obtain

recruitment response approaches (., which gives the maximum net reproductive

rate Romar = W# If Ropnaz is less than one, the population will go extinct.

Thus, we obtain (SI text):

F
e~ 1

< .
1+ % Bmam

(4.1)

Here, F'/0 can be understood as the required recruitment compensation to avoid
extinction for a population. The maximum recruitment compensation (C') of a given

population can be calculated as:

676‘040 B 1
1+C B Bmax.

(4.2)

If the maximum recruitment compensation is smaller than the required recruitment
compensation to avoid extinction for a population (e.g., if C' < F'/0), the population
is doomed to extinction. Clearly, species with the same « - 6§ and [,,,, values have

the same maximum recruitment compensation.

We can determine the maximum recruitment compensation for mammals fairly
readily. The average value of « - § for mammals is close to 0.6 and independent
of adult body mass [121]. Moreover, the maximum recruitment response, faz, 18
about 2 ~ 3 and is also independent of body mass [117-120]. Although Eq.4.2 has
no analytical solution, it is well approximated as C' ~ k- In 3,40 for Be: < 3.5 with
ko< (a-0)7%%2 (for -0 = 0.6, k = 0.71) (Fig.4.1). This approximation is used below

for calculating the maximum recruitment compensation.
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Figure 4.1: The numerical solution of the maximum recruitment compensation, C.
The maximum recruitment compensation for various values of «- 0 and ,,4,. At the
average « - of 0.60, C' = 0.49 if §,,,. = 2. C'is well approximated by C' =~ k-In 8,42,
where k is an inverse function of a - 6.
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Implicit in the simple version of our model are the following assumptions. First,
all species share the same maximum recruitment compensation and suffer the same
human harvest mortality rate. Second, the scaling relationship of adult natural
mortality rate, § = IM %% ( [122]; where I is a mortality scaling coefficient), was
the same in the Pleistocene as today. Third, across species of any given mass there
is variability in adult natural mortality; this is confirmed by empirical data ( [121],
Fig.4.5A). The influence of these assumptions is illustrated in Fig.4.2. Since the
population is doomed to extinction if § < F//C, at small body mass M all species’
adult mortality rates are above the deterministic extinction threshold (F£'/C') so none
go extinct. As body mass increases, a progressively larger proportion of species
are at risk as their adult mortality rates approach the threshold (e.g., 8 < F/C).
At the largest body mass My, all species go extinct because their adult mortality
rates are all below the threshold. Note that because the mortality rate scales as
0 = IM~°%_ the average value of In# decreases as body mass increases. Thus, the
probability of extinction at any fixed body mass depends on both the mortality rate
and the variation around that mortality rate. This variation, which is derived from
the influence of life history or ecological differences among species (depicted as a
series of values about each M in Fig.4.2), gives rise to a gradually rising extinction
probability curve. Of course, the probability of extinction likely depends on more
than simply variation around @ = IM %25, Variability in the maximum recruitment
compensation (C'), and/or the harvest mortality rate (F) also contribute to extinction
probability increasing with body mass, as would any size selection harvest mortality
rate. However, the principle would be the same: the proportion of species crossing
the threshold gives the proportion going extinct at that body mass. Noticeably, the
scaling relationship of § oc M %% is crucial. It is the one factor changing consistently
with body mass and it drives extinction probability from 0 to 1. A qualitative version

of this argument is presented in Brooks and Bowman [123].
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Figure 4.2: The extinction threshold combined with the adult mortality rate, 6, scal-
ing generates size-biased extinction. The extinction threshold is the ratio of harvest
mortality rate, F', and the maximum recruitment compensation, C, (go extinct if
F/C > 0). The variation in  among species at any fixed body mass, M, means
that the extinction probability will rise gradually with In M. At size M; no species
crosses the threshold (F'/C') and none go extinct; at size My all go extinct. Three
of seven go extinct at Ms, five of seven at Mz, and so forth. The 6 scaling derives
extinction probability from 0 to 1 with increasing M. The variation around the 6
scaling turns a deterministic threshold into a gradually rising extinction probability
curve.
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A more comprehensive model can be derived by considering some of the important

sources of variation in the threshold rule (F/6 > C).

Assume a harvest mortality rate F' = I; - M°, where ¢ is the body mass bias
of harvest and [; is a harvest coefficient. When 6 = 0, there is no bias to the
harvest; as 6 > 0 there is increasing preference for larger-bodied animals. Recall
that 0 = IM~%? and C' = & - In 42, thus the threshold rule (F/§ > C) can be

rewritten as

- In/+Ink+In(InpBhe) —Inl

In M ,
02549

(4.3)

where the extinction index, which is the right side of the inequality, is defined as

In7/+Ink+In(lnBe) —Inl
0.25+9

x (4.4)
and is independent of body mass. The extinction index of each species is determined
by I, K, or Bpma, and thus can be characterized by a probability distribution curve
(i.e., g(x) in Fig.4.3), which is also independent of body mass. For example, given a
body mass of My, any species of this size with an extinction index above In M; will
survive; those below it will go extinct. The overall extinction probability for species
with body mass M; is a cumulative probability function of g(z) from —oo to In My,

such as:

In My

Pra(t) = [ gla)da (45)
Thus, Eq.4.5 provides the gradually raised extinction probability curve. Note, our
extinction rule (e.g., inequalities 4.1 and 4.3) is a deterministic threshold when pa-
rameters are constant. If species vary in parameter values, we obtain an extinction

probability curve that gradually increases with body mass.
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InM

Figure 4.3: The probability of extinction at a given body mass. At any body mass
(M), only some species’ extinction indices may cross the extinction threshold (In M)
if species at that size differ somewhat in 0, « - 6, and/or Bpa. The variable z
aggregates I, k, and (., to produce a probability distribution g(x). The area
under g(z) up to z; = In M; gives the proportion of species at M; that have indices
smaller than the extinction threshold (In M), and thus go extinct. P(M;) is thus
the probability of extinction at M;.
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4.4 Results

Our model suggests variation in the adult instantaneous mortality rate and/or the
maximum recruitment compensation at any body mass is the main factor contribut-
ing to the shape of the extinction probability curve. The shape of the extinction
probability curves for the late Pleistocene extinction in the Americas is successfully
predicted by our model, although results differ somewhat for North and South Amer-
ica (Table 4.1 and Fig.4.4).

4.4.1 Estimation of Harvest Mortality Rate for a Mid-Size

Mammal

We estimate the extinction probability curves for North and South America, and
for the Americas together using logistic regression on a database of late Quaternary
mammals [124]. Our analysis suggests that mammals of ~ 60kg had a 50% chance
of extinction during the terminal Pleistocene (Fig.4.4). Previous work has suggested
that in a stable population the adult mortality rate of 60kg mammal is about § = 0.25
yr~t [121]. When B4, = 2 and « -0 = 0.6, the maximum recruitment compensation
(C') can be computed as 0.49 (Fig.4.1). Using these values, the human harvest

mortality rate for a 60kg mammal should be F|y—g0 = 0.49 x 0.25 = 0.12 yr—*.

4.4.2 Estimation of the Probability Distribution of the Ex-
tinction Threshold, g(z)

To estimate components of the g(x) curve, we use data from Purvis and Harvey [121]
on mortality rates and age of first breeding to generate a probability distribution of

the variation in mortality rate and In(«-6) (SI text). The extinction threshold
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distribution is normal, with a standard deviation of ~0.54. For the more realistic
situation, allowing to vary (., only slightly changes the standard deviation (SD =
0.60), but has a larger influence on the slope. Compare the general form of the
slope ”é%iig) with fixed 3,4, versus Wg_]é%ij;) with varying S.. (see Calculating the

distribution of x in Method and Eq.4.11).

4.4.3 Empirical Test of the Model

We use our theory to explore quantitatively the terminal Pleistocene extinction of
large-bodied mammals in North and South America (see Calibrating the Extinction
Probability Curve, P Curve in Methods). The predictions from our model are in good
agreement with the empirical data (Fig.4.4). The predicted slope without invoking
any size-selectivity (e.g., 6 = 0) is 0.76, well within the 95% confidence intervals
for the empirical data from both the combined continents (Fig.4.4A; Table 4.1) and
North America alone (Fig.4.4B). However, our predicted slope lies outside the 95%
confidence intervals for South America unless we set § = 0.15. This implies some
small degree of size-biased hunting is required to recover the actual pattern from the

model (Table 4.1; Fig.4.4C).
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P, the probability of extinction
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Figure 4.4: Extinction proba-
bility (P) versus In M for Pleis-
tocene mammals. Data (late
Quaternary mammal database
MOM (v 3.6) from Smith et
al. [124]) are fitted by logis-
tic regression using the statis-
(A)

In both Americas, slope of fit-

tical program R [125].

ted extinction probability curve
is 0.85. Our theory matches
this distribution without size-
dependent harvest mortality, F',
(0 = 0). (B) In North Amer-
ica, fitted slope = 0.66 and
our theory matches this distri-
bution with no size-dependence
(0 = 0). (C) In South Amer-
ica, fitted slope = 1.23 and size-
dependence (6 = 0.15) is re-
quired for the theory to match.
See text and Table 1 for further

discussion.
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Regardless of the data employed, some variation in [3,,,, seems necessary. With-
out the variation in [, the predicted slope (0.85) is larger than the estimated
slope for NA alone (Table 4.1), which implies that humans preferentially hunted
small mammals over larger ones, an unlikely situation. None of these quantitative
results of g(z) would alter if §,,,, were centered at 3, since the actual value of faz
is not used in the calculation. Of course, this all assumes that it is appropriate to

use demographic data from living mammals (Fig.4.5).

4.5 Discussion

Our theory quantitatively illustrates that the additional but not size-selective mor-
tality imposed by human harvest was sufficient to have resulted in the strongly size
biased extinction found in the Americas, if we assume F' &~ 0.12 for a ~ 60kg mam-
mal. It is not necessary to invoke size bias by early Paleoindian hunters to have
produced the highly size-biased pattern unique to this event. Rather, it simply re-
quires that the added harvest mortality overpower the increased recruitment that is
normally present as population size approaches zero. Our model almost perfectly

recapitulates the empirical data (Fig.4.4).

Fishery scientists have studied overfishing, theoretically and empirically, for nearly
half a century [116,126-131]. Here we have built upon, and extended these determin-
istic extinction ideas to a mammal-like life history. However, unlike fishery science,
our estimation of the instantaneous harvest mortality rate F' = 0.12 yr=! for 60
kg mammals in the Pleistocene is based on indirect evidence. To directly calculate
the instantaneous harvest mortality rate would require knowledge of both the early
Paleoindian human population size or density and empirical evidence of exploitation
efficiency (refered to in fisheries as the catchability coefficient, e.g., [130,131]). These

are unlikely to ever be quantified precisely.
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Because most scientists view the late Quaternary extinction in the New World as
part of a single event (e.g., [19,20,113,132]), we combine data for both continents
in our analyses. When we examine the continents independently, we find some
intriguing differences. While results for North America are indistinguishable from
the results as a whole (Fig.4.4), South America is quantitatively different (Table
4.1). Not only is the fitted logistic slope nearly twice as steep as that for North
America (1.23 versus 0.66; Table 4.1), but our model output lies outside the 95%
confidence interval for the logistic regression. Indeed, to generate a theoretical curve
consistent with the empirically derived one in South America required us to invoke
some size bias for human harvest mortality (e.g., we set 6 = 0.15). This raises
some interesting questions. Did early Paleoindian hunters “learn” to prefer large-
bodied prey by the time they reached South America? While they may have hunted
indiscriminately upon first reaching the New World, perhaps the naive nature of the
prey they encountered allowed them to begin concentrating on large-bodied, more
cost-effective prey as they migrated southward. Alternatively, perhaps the difference
in openness of habitats altered the susceptibility of prey in South America. It is also
true that data for the late Quaternary of South America are less robust because of

taphonomic and other issues [124].

Sensitivity analyses suggest that the adult mortality scaling relationship is the
most important component influencing the magnitude of slope of our model. Al-
though variation in all components of the model potentially influence the rate of
change of the slope of the extinction probability curve, only adult mortality (0 =
IM~925) determines the sign. The adult mortality scaling relationship is also impor-
tant in terms of determining variation in the probability distribution of the extinction
threshold, g(z). Note that reduced variation about g(z) implies that the extinction
probability rises sharply with body mass; larger variation implies a slower rise in
extinction probability with body mass. We have not implicitly included variation

in human harvest (e.g., in I;) because we have no a priori basis for characterizing

69



Chapter 4. A life history approach to the late Pleistocene megafaunal extinction

this. However, variation in the human harvest rate will increase the overall variation
in g(z), thus reducing the rate of change in the slope of the predicted extinction

probability curve (Table 4.1).

Potentially our theory could be modified to reflect mortality due to other natural
or human-mediated sources where a single added mortality pressure is imposed on
the population. To adopt this model to a mass extinction where substantial envi-
ronmental perturbations occur would require modification of many of the life history
scaling relationships. However, it is straight forward to examine targeted human har-
vest of particular age stages. Currently, our theory (inequalities 4.1 and 4.3) assumes
hunters harvest all age groups from independent juveniles to adults, but we could
modify this to target only adults as is commonly done in conservational fisheries.
Such a modification on Eq.4.2 gives an analytic solution for maximum recruitment
compensation as simple as C' = S0 — 1, which is independent of « - 6. Therefore,
the g(z) curve (inequality 4.1 and Eq.4.5) is likewise very simple and depends upon
the distributions of residuals of the adult mortality scaling relationship (In[) and

the distributions of In -1

max-*

Interestingly, human mediated Pleistocene extinctions in Australia are also re-
portedly highly size dependent, but with a much steeper slope than the other con-
tinents [31,133]. At present, we cannot extend our model to this continent because
our demographic data (e.g., Fig.4.5) are based on Eutherian mammals, which may
vary in important ways from marsupials [133]. The steeper slope characteristic for
Australia may suggest a smaller standard deviation of the g(x) curve, which might
suggest lower variation around the adult mortality scaling relationship. Alternatively,

perhaps 0 is even larger, which would imply a stronger size bias in hunting.

Finally, several important points arise from our theory. First, species with rela-
tively low mortality rates (6), and/or low maximum recruitment response () for

any given body mass are more likely to have gone extinct. These would be species ly-
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ing below the line in Fig.4.1 or have small z in Eq.4.4 and Fig.4.4. 1t is difficult to test
this directly because of the unknown adult mortality rate, age of first reproduction
and the recruitment response for these ancient species. Second, systematically ana-
lyzing variations around canonical curves or values can provide an insight to diverse
behaviors or responses in the natural system, which helps to explore macro-patterns.
Third, our model clearly indicates that extinction is inevitable if Ry, < 1. Early
Paleoindian hunters did not have to find and kill all individuals of a population or
species to drive them extinct. Rather, once sufficient pressure was imposed on a
species to drive the maximum net reproductive rate less than one, the species was

doomed to extinction.

4.6 Methods

4.6.1 Calculating the probability distribution of z, g(x)

By omitting the I; term, which merely positions the curve, Eq.4.4 gives

In/+Ink+1In (hl ﬁmaz)
0.25+ 4 '

x (4.6)

1

03575 for the moment, there are three main sources of varia-

Ignoring the multiplier
tion, which contribute to variation in z. These are: a) the variation of the residuals
around the adult mortality scaling relationship (the variation of In I'); b) the variation
among species of In (« - #) (the variation of In x); and c) the variation among species
in the maximum recruitment response (the variation of In (In f,,4,)). The variation
among species in In k is captured by the distribution of In (« - 6), since numerically
k o< (- 0)7*2(Fig.4.5B). The variation among species in In (In B,,4,) is less well
defined, so we bracket likely values; these range from 2 to 3. This range for 5,4z

values arises because the recruitment rate in mammals is constrained. The proba-

bility of surviving to reproductive adulthood, (,, is already quite high (estimated to
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be 0.3 ~ 0.4 [120]).The number of daughters produced per mother per unit time, b,
is expected to be highly dependent upon adult body mass, which is not expected
to change much as population size, N, changes. If b is fixed, (5,4, can only reflect
the increase in (, at low N, and the maximum (, is one. In reality, the value of
maximum (, is likely to be far below 1 (e.g., 0.6 ~ 0.8), S0 B4, may be less than
2 ~ 3. Here, we explore the effect of this variation. For Case I, we center [3,,,. at
2 and allow species to vary following a distribution that constrains f,,,, to be not
smaller than 1 and not larger than 3. A normal distribution for In 3,,,, with a mean
of 0.69 (e.g., Bmar = 2) and a standard deviation of 0.15 places 99% confidence in-
terval at 0.30 to 1.09, which gives (., from 1.35 to 2.97. In case II, we set S,,00 = 2
, and hold it constant for all species. Supporting information (SI text) details our
simulation/calculation which generates the distribution of Inx + In 7 + In (In S,,4,)
numerically by combining the appropriate component distributions to produce a
continuous distribution for the sum. With 10,000 random picks the distribution of
Ink + In7 + In(In Be:) is normal with a standard deviation of 0.60 (Case I: var-
ied Baz). If we repeat this procedure allowing no variation in f,,4., the resulting
distribution is also normal with a standard deviation of 0.54 (Case II: fixed S0z )-
Substituting the distribution of Inx + In I + In (In 3,4, ) into Eq.4.6 reveals that the
probability distribution of the extinction threshold, g(x), is normal with a standard

deviation of 0.60/(0.25 + §) (Case I: varied B,,4.), and 0.54/(0.25 + §)(Case II: fixed
Bmam)-

4.6.2 Calibrating the Extinction Probability Curve

The additional harvest instantaneous mortality rate, F', may or may not depend on
body mass. Consider a human population of density H, hunting on a landscape and
harvesting prey in direct proportion to their abundance. Each mammal population

will experience the same harvest mortality rate, which is F' = ¢ - H, where ¢ is the
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exploitation efficiency or, as it is typically referred to in fisheries, the catchability
coefficient [20,130,131]. If harvest mortality rate is dependent on prey body mass
(M), the exploitation efficiency is proportional to M?, which would give F' oc H - M?
(or in our formulation, F' = I, - M?). We apply this model to the mass extinction of
Pleistocene mammals in the Americas about 13,000 BP, which is often attributed to
newly arrived humans [19-21,23]. We have no way to estimate the harvest mortality
from F' = q- H. Without actually knowing harvest mortality, we cannot precisely
know the position of the predicted extinction probability curve (Prg) on the In M
axis. However, its steepness, the logistic regression slope, does not depend upon its
position. Consequently, we use an inverse calculation to obtain the harvest mortality.
By assuming -0 = 0.6 and S,,,4, = 2, we obtain F' = 0.49-6 (Fig.4.1). We combine
the body mass at the 50% extinction probability from the fitted extinction probability
curve (Prr), M|p, =05, and the adult mortality scaling relationship, § = A - M 0%
derived from for living mammals, to estimate the adult mortality at this mid-risk-size
(0|p, p=05). If the g(x) curve is symmetric (Fig.4.3), the harvest mortality can be
estimated by 0.496|p, , at this mid-risk-size. We then place the predicted Pry curve
going through 0.5 at M|p, ,—o5 in Fig.4.4.

4.6.3 Datasets and Data Processing

We use an updated version of the global late Quaternary mammal database MOM (v
3.6) from Smith et al. [124]. Data are extracted for both North and South America
and represent the entire terrestrial, nonvolant mammalian fauna for each continent.
For the 150 species that are extirpated in the late Pleistocene, body mass estimates
are derived from allometric regressions on molars or limb bones derived from studies
of extant mammals; Body mass for modern species is empirically determined and
represented an average across geographical range and gender (see [124] for details).

Following the lead of Polishchuk [31], we exclude bats (Chiroptera) and pinipeds
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(Odobenidae, Otariidae, and Phocidae) and fit the curve by logistic regression (see
SI text).

4.7 Supporting Information (ST)

4.7.1 The Calculation of juvenile survivorship

The juvenile survivorship is a ratio, N, /Ny, where N, is the number of individuals
who survive till age of first breeding, a, and Ny is the number of cohorts born. In
this paper, (, is the juvenile survivorship of a stable population. If the additional
human harvest mortality, F', is invariant with respect to age class, overall juvenile

survivorship decreases. The number of individuals harvested per time is

AN _
N — _FN. (4.7)
Thus, rewriting Eq.4.7 as % = —Fdt and integrating it from newborn to age « as
Nq @ .
fNo dTN = — fo Fdt yields
%_z —_ e—Fa_ (48)

Equation 4.8 is the juvenile survivorship when human harvest of population occurs.
Therefore, the overall juvenile survivorship is the product of the juvenile survivor-
ship of a stable population and the juvenile survivorship associated with the human

harvest, (e~ 7.

4.7.2 The Calculation of Inequality 4.1

The maximum net reproductive rate is Ronez = 5’"“%‘;# If Romaz < 1, popu-

6ma.7:'<a'b'e_F'

lations will go extinct. Thus, o ® <1 can be rewritten as

BumazCab: — a6
maze(?—‘r%) < 1 (49)
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We assume that for a human exploited population, all life history parameters remain
the same as the stable population. This gives 6 = (, - b, and inequality 4.9 can be

simplified as

_F,.
Bmaz-e 0 of

wr <1 (4.10)

which gives inequality 4.1.

4.7.3 The random process to generate the distribution of

r=Ink+1Inl+In(InpBuw), g(x)

The distribution of = Ink + In 1 + In (In Be:), g(x), is generated numerically by
randomly picking 10,000 such sums that are combining the distributions of appro-
priate components, In [ and In (k1n S,,4,), to produce a continuous distribution for

the sum.

The variation in In [ indicates variation of the residuals around the adult mor-
tality (6) allometry, which was obtained from Purvis and Harvey’s dataset [121]
(Fig.4.5A). The obtained variation is not significantly different from a normal dis-
tribution (Dagostino-Pearson-test: df = 56, p = 0.332 with alternative hypothesis:

distribution is not normal).

The variation among species in In (kIn 3,,4,) is uncertain, so we attempt to place
bounds on it. The maximum recruitment response, Sqz, is about 2~3 and inde-
pendent of body size [117-120]. S, values are small because juvenile survivorship,
(4, cannot increase much in mammals and the number of daughters produced per
mother per unit time, b, is more or less invariant. (, is already quite high (estimated
to be 0.3~0.4 [120]) and b is expected to be highly dependent upon adult body size,
which is not expected to change much as population size, N, changes. If b is fixed,

Bmaz can only reflect the increase in (, at low N, and the maximum (, is, of course,
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one. Probably, maximum (, is far below 1 (maybe 0.6~0.8), rather limiting (3,4, to
the range of 2~3. Consider case I where (,,,, is centered at 2 with a distribution
that does not reach too close to ,,.. = 1. We assume that In (,,,, is normal with a
mean of 0.69 (8. = 2) and a standard deviation (SD) of 0.15, which places 99% of
the probability between [,,.,, = 1.35 and 2.97. In case II we assume that (3,,,. = 2

as a constant and the same for all species.

The between-species variation in In (x1ln 5,,4,) is more complicated than In /.
Inequality 4.1, if_ge < Bmﬁ, is awkward to work with since F'/6 does not have an
analytical solution. The threshold rule is that species go extinct if F//0 > C', where
C is the maximum recruitment compensation. Though the maximum recruitment
compensation is very well approximated as C' & k-In 5,45 for B < 3.5 (see Fig.4.1)
and the appropriate x value is well approximated by a power function: k oc (a-0)~942
(for -0 = 0.6, k = 0.71) (Fig.4.1). This rule is applied in numeric estimations
for calculating threshold (F/6). For a better accuracy of the final distribution a
numerical calculation of C' is conducted in R [125]. According to inequality 4.1,
C is a function of a - 6 and [,,,:, which can be calculated numerically. « - 0 is
obtained from Purvis and Harvey’s dataset [121]. « -0 is significantly different from
a normal distribution (Dagostino-Pearson-test: df = 53, p < 0.001 with alternative
hypothesis: distribution is not normal), but In(a-6) is not (Dagostino-Pearson-
test: df = 53, p = 0.370 with alternative hypothesis: distribution is not normal).
In (a - #) has mean of -0.62 and SD of 0.41. To calculate any C, a random In (« - 0)
is picked from its normal distribution, and so is a random In (,,,, (picked from its
normal distribution if Case I; equals to 0.69 if Case II.). Total 10,000 values of
C are calculated to estimate the distribution of C. However, InC' is significantly
different from a normal distribution (Dagostino-Pearson-test: df = 999, p < 0.001

with alternative hypothesis: distribution is not normal).

The final continuous distribution of x = Ink + InT 4 In (In 5,,4,) is generated
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numerically by randomly picking 10,000 such sums by combining the distributions
of appropriate components, In/ and In C', where In C' is estimated by numerical as
a function of o - 0 and f,,., in R instead of the approximation of InC' = Ink +
In (In Bes). However, Inl and «a - 6 are slightly covariant (cov = 0.078, Purvis
and Harvey’s dataset [121]). Therefore, for the final distribution of z has to be
calculated from a multivariable normal distribution of In/ and « - 6. Total 10,000
of = are calculated to estimate the distribution of x for each case respectively (Case
[ with varied (3,4, and Case II with fixed S,,4.). ¢(x) is not significantly different
from a normal distribution for both cases (Case I with mean of -0.70 and SD of
0.60, Dagostino-Pearson-test: df = 999, p = 0.338 with alternative hypothesis:
distribution is not normal; Case II with mean of -0.67 and SD of 0.54, p = 0.349

with alternative hypothesis: distribution is not normal).
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Figure 4.5: Distributions of different parameters. (4) Adult mortality () scaling
allometry from Purvis and Harvey’s dataset [121] gives the standard deviation (SD)
of residuals as 0.57, which is the SD of InI. (B) The empirical distribution of « - 6
from Purvis and Harvey’s dataset [121] gives the SD of 0.41. (C) The estimated
distribution of In §,,,, with SD of 0.15. (D) The distribution of x = Inx + In 1 +
In (In By4.) with varied B4, (Case 1) is estimated with SD of 0.60. We use the full
standard deviation of the residuals (0.57) in our calculations, which assumes no error
in the estimates of each In 6. If we assume each In @ carries an error of plus or minus
25% for the 95% CI, it would reduce the standard deviation of the between species
In 6 by less than 5%, too small to affect our conclusions. A similar conclusion applies
to In (o - 0) variance.
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4.7.4 Datasets and Data Processing

Following the lead of Polishchuk [31], we estimate extinction probability, P, curve
P

using logistic regression, which consists of fitting of the function In(=5) = D +
slope - In M to the 0, 1 data, where D is a constant, and the slope is of particular
interest [31] as it shows the steepness of the curve. Fig.4.3 shows the resulting P
versus In M curve for North America; summary statistics are in Table 4.1. Fig.4.4
has all the species in the updated Lyons et al. data [23], except bats and marine
mammals. From Fig.4.3, Ppg = 0.5 when M ~60kg for both continents. As first
noted by Polishchuk [31] in Lyons et al. [23] data set, the continents differ in slope
(Table 4.1). Since the P curve is a cumulative probability distribution, its steepness

is also characterized by standard deviation (SD) of its probability density curve,

g(x) curve (Table 4.1). There is a standard mathematical formula,

SD = r, (4.11)

between these two parameters.
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Chapter 5

Coda: The role of mechanistical

models

As the discipline of ecology is developing, more and more modeling elements get in-
volved. Existing approaches combine knowledge from statistics, mathematics, com-
puter science, and physics to understand the flows of energy and materials within
biotic systems and between biotic and abiotic systems. There are various kinds of
models, which can be categorized approximately into four groups: descriptive mod-

els, predictive models, simulation models, and mechanistic models.

Descriptive models are pure statistical models. Statistics provides powerful tools
to describe empirical data. With today’s powerful computational ability, almost all
data can be described by certain functions or combinations of functions. However,
pure curve fitting is generally not informative, because there is hardly any biological
or physical meaning to those parameters obtained from regression. Even though the
model may “explain” most of the variation in the data set, there is no understanding
of the system. Furthermore, the fitting is necessarily restricted to the ranges of the

data, so that descriptive models have limited predictive power.
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Predictive models are generally based on partial mechanism for their model struc-
ture. To be able to make predictions, the model has to be extendable from original
data ranges. This kind of model usually must be based on processes at lower levels
of organization than the phenomenon being modeled, such as a family of “Piitter”
growth models [7]. They are mathematic models that still use curve fitting to obtain
their parameters, though they typically incorporate little or no mechanism. This is

useful if prediction within a certain range is the goal of the modeling exercise.

Simulation models attempt to create a toy model of a particular system and
provide numerical solutions to mathematic models where analytical solutions are
difficult or impossible. With the rapid growth of computer science, concepts such
as machine learning and network quickly influenced ecological studies. Simulation
models may use some algorithms from purely statistical models, or combine simu-
lations with mechanisms from idealized or actual systems. They provide graphical
output or visualizations which can be useful to explore and gain new insights into

the system.

Mechanistic models focus on the fundamental units and behaviors of the sys-
tem based on first principles and natural laws. They always start with real world
problems. According to the level and complexity of the solution wanted, they make
assumptions and definitions of system parameters and functions. Following basic
principles and natural laws, these models generally derive inspirations from various
physical systems and are couched in rigorous mathematics. Parameters used in the
models have physical meaning. It is preferred that these parameters be indepen-
dently measurable. The intent of such models is often to predict a canonical pattern
or behavior, which can then be evaluated by empirical data. If the model does not
capture the major features of the system, a reconstruction from ground level is re-
quired. The mismatch between the model and data also provides a possibility to

generate new questions.
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Chapter 5. Coda: The role of mechanistical models

All these kinds of models are used in scientific research. According to their dif-
ferent characteristics and goals, they contribute in different ways. However, they are
not independent of each other. Both the predictive and simulation models are based
upon a few known behaviors mechanisms of a specific system. They both need cer-
tain amount of input data in order to make meaningful predictions. Their goals are
to explain most observed variation and make accurate predictions of system behavior
within certain domain ranges. They generally do a very good job of capturing the
important details for the given system. However, since mechanisms and input data
are all from the given system, substantial information about the specific system is
required in order to make accurate predictions. On the other hand, the mechanistic
models are built from ground zero, based on natural laws and first principles. The
goal is to characterize fundamental units and behaviors of the system and facilitate
comparisons across systems. They make simplifying assumptions and use limited
parameter values. Mechanism models sacrifice the ability to capture details of sys-
tems. They provide canonical solution of similar systems, but they do not aim to
perfectly fit any of those systems. Their goal is to understand the essential mecha-
nisms underlying systems. They can provide a basis for more detailed predictive and

simulation models.

Current academic science, at least in ecology, most modeling activities focus on
predictive and simulation models. These are very useful without a doubt, especially
in applied sciences. However, those two kinds of models are both depend on having
lots of information—meaning existing data—on the system. Without exploring the
system more aggressively by mechanistic models, they are limited. Ideally, predic-
tive and simulation models can be developed hand-in-hand with mechanistic models.
Constructions of predictive and simulation models can benefit from theoretical plat-
form built by mechanistic models, and output of predictive and simulation models
can be used to prove or disprove assumptions and functions of mechanistic models.

Science should be open minded to the roles and contributions of all kinds of mod-
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els. In science, there is no absolute right or wrong, but the accumulated weight of

evidence leading to increased understanding of mechanism and predictive power.
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Appendix A

Data sources for Chapter 2

Data of food assimilation rates for several mammals and birds over ontogeny are

listed in Table A.5.

Data of resting metabolic rates for mammals are listed in Table A.6.

Data used to construct the growth rates for mammals and birds in Fig.2.3B are

taken from the Supplementary Information of West et al. [11].

The growth rates,

dm/dt, are calculated by numerically taking the derivative between adjacent points

with respect to time of the growth curves and smoothing using the adjacent averaging

method.

Table A.1: Parameters from Eq.2.5 (estimated using nonlinear least squares regres-

sion method based on the Levenberg-Marquardt algorithm).

fo a  pg flu=1) f ¥

Fox (male) 226 3.82 0.78 1.44 217 1.88 0.977
Fox (female) 2.25 5.09 0.84 1.42 2.18 1.75 0.979
Mink (male) 3.68 8.48 0.80 1.97 3.50 0.57 0.876
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Appendix A. Data sources for Chapter 2

Table A.5: Data of food assimilation rates for several mammals and birds over

ontogeny.

Species m (kg)  Metabolic Energy (W) Adult M (kg) Reference
Heifer 181 494.6627 454 135]
Heifer 272 634.5328

Heifer 363 743.6997

Heifer 454 820.4577

Pig 1 4 39.73583 100 [136]
Pig1 7.5 78.5025

Pig 1 15 158.2165

Pig 1 35 293.1729

Pig I 65 407.5346

Pig I 100 486.0371

Pig 11 9.99999 82.32893 117 [137]
Pig 11 19.99998 151.3715

Pig II 29.99997 209.2718

Pig 11 40 257.828

Pig 11 50 298.5481

Pig 11 60 332.6968

Pig 11 70 361.3344

Pig 11 80 385.3505

Pig I1 90 405.4908

Pig II 100 422.3808

Pig 11 110 436.5451

Pig 11 117 445.0768

Continued on Next Page. ..
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Table A.5 — Continued

Species m (kg)  Metabolic Energy (W) Adult M (kg) Reference
Bull 25 85.28667 1000 [135]
Bull 150 434.962

Bull 200 597.0067

Bull 250 682.2933

Bull 300 818.752

Bull 400 989.3253

Bull 500 1057.555

Bull 600 1108.727

Bull 700 1194.013

Bull 800 1279.3

Bull 900 1364.587

Bull 1000 1449.873

Sheep 1 10 67.8287 50 [136]
Sheep 1 20 140.5023

Sheep 1 30 174.4167

Sheep 1 40 203.4861

Sheep 1 50 203.4861

Sheep 11 10 82.36343 60 [136]
Sheep 11 20 159.8819

Sheep 11 30 193.7963

Sheep 11 40 198.6412

Sheep 11 50 227.7107

Sheep 11 60 227.7107

Continued on Next Page. ..

91



Appendix A. Data sources for Chapter 2

Table A.5 — Continued

Species m (kg)  Metabolic Energy (W) Adult M (kg) Reference

Horse (M=700kg) 225 763.5574 700 [138]
Horse (M=700kg) 275 860.4556
Horse (M=700kg) 420 1104.639
Horse (M=700kg) 525 1395.333
Horse (M=700kg) 600 1395.333
Horse (M=600kg) 200 639.5278 600 [138])
Horse (M=600kg) 245 7441778
Horse (M=600kg) 375 972.8574
Horse (M=600kg) 475 1240.296
Horse (M=600kg) 540 1251.924
Horse (M=500kg) 175 558.1333 500 [138]
Horse (M=500kg) 215 666.6593
Horse (M=500kg) 325 825.5722
Horse (M=500kg) 400 1027.12
Horse (M=500kg) 450 1019.369
Horse (M=400kg) 145 523.25 400 [138]
Horse (M=400kg) 180 562.0093
Horse (M=400kg) 265 662.7833
Horse (M=400kg) 330 837.2
Horse (M=400kg) 365 833.3241
Horse (M=200kg) 75 282.9426 200 [138]
Horse (M=200kg) 95 337.2056

Continued on Next Page. ..
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Table A.5 — Continued

Species m (kg)  Metabolic Energy (W) Adult M (kg) Reference
Horse (M=200kg) 140 399.2204

Horse (M=200kg) 170 449.6074

Horse (M=200kg) 185 441.8556

Duck (male) 0.27 4.41663 3.61 [139]
Duck (male) 0.78 15.45821

Duck (male) 1.38 22.48467

Duck (male) 1.96 25.69676

Duck (male) 2.49 29.71188

Duck (male) 2.96 32.72322

Duck (male) 3.34 33.727

Duck (male) 3.61 33.727

Duck (female) 0.27 4.41579 3.29 [139]
Duck (female) 0.74 14.65238

Duck (female) 1.28 22.27965

Duck (female) 1.82 25.69185

Duck (female) 2.3 28.70262

Duck (female) 2.73 31.9141

Duck (female) 3.06 32.71697

Duck (female) 3.29 32.71697

Chicken I 0.13 4.99219 21 [137]
Chicken I 0.32 7.5348

Chicken I 0.56 10.29446

Chicken I 0.86 13.56574

Continued on Next Page. ..
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Table A.5 — Continued

Species m (kg)  Metabolic Energy (W) Adult M (kg) Reference
Chicken I 1.25 16.49594

Chicken I 1.69 18.35639

Chicken I 21 20.37187

Chicken 1T 0.035 1.00378 1.475 [139]
Chicken 1T 0.1 2.81058

Chicken II 0.26 5.21965

Chicken II 0.45 6.8257

Chicken II 0.66 7.22721

Chicken II 0.75 7.62873

Chicken 1T 0.98 8.03024

Chicken II 1.1 8.43175

Chicken II 1.22 8.63251

Chicken 11 1.375 9.03402

Chicken II 1.475 10.0378

Chicken ITT 0.037 1.40502 1.6 [139]
Chicken II1 0.12 3.21148

Chicken III 0.325 5.62009

Chicken III 0.5 7.02512

Chicken ITI 0.75 7.62727

Chicken III 0.9 8.0287

Chicken 111 1.1 8.43014

Chicken II1 1.24 9.03229

Chicken III 1.38 9.43373

Chicken III 1.5 10.03588

Continued on Next Page. ..
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Table A.5 — Continued

Species m (kg)  Metabolic Energy (W) Adult M (kg) Reference
Chicken IIT 1.6 11.03947

Common Loon 0.46307 6.52112 3.354 [140]
Common Loon 0.67864 9.70216

Common Loon 1.09381 13.92315

Common Loon 1.40519 16.85949

Common Loon 1.7006 19.42882

Common Loon 2.02794 21.38634

Common Loon 2.34731 22.79334

Common Loon 2.77046 24.93437

Common Loon 3.02595 25.60735

Common Loon 3.27345 25.54618

Rhesus Monkey 0.65 8.61981 6.5 [141]
Rhesus Monkey 1.71 18.15972

Rhesus Monkey 1.76 18.69241

Rhesus Monkey 2.37 26.10157

Rhesus Monkey 4.5 29.29769

Rhesus Monkey 6.5 36.22259

Squirre Monkey 0.11 2.39708 0.788 [141]
Squirre Monkey 0.15 3.14769

Squirre Monkey 0.2 3.9225

Squirre Monkey 0.3 5.4237

Squirre Monkey 0.4 5.95639

Squirre Monkey 0.5 6.5375

Continued on Next Page. ..
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Table A.5 — Continued

Species m (kg)  Metabolic Energy (W) Adult M (kg) Reference
Squirre Monkey 0.788 8.0387

Fox (female) 1.35 12.45379 5.5 [142]
Fox (female) 2.3 20.06175

Fox (female) 3.25 23.64767

Fox (female) 3.95 26.79746

Fox (female) 4.6 27.86354

Fox (female) 5.1 24.71375

Fox (female) 5.4 20.934

Fox (female) 5.5 20.01329

Fox (male) 1.45 13.3745 6.5 [142]
Fox (male) 2.5 21.80625

Fox (male) 3.6 26.1675

Fox (male) 44 29.85033

Fox (male) 5.1 30.91642

Fox (male) 5.75 27.86354

Fox (male) 6.25 24.22917

Fox (male) 6.5 23.64767

Mink (female) 0.45 6.10575 1.325 [142]
Mink (female) 0.65 11.19388

Mink (female) 0.81 13.76217

Mink (female) 0.93 15.65204

Mink (female) 1.03 14.00446

Mink (female) 1.11 13.22913

Continued on Next Page. ..
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Table A.5 — Continued

Species m (kg)  Metabolic Energy (W) Adult M (kg) Reference
Mink (female) 1.18 12.59917

Mink (female) 1.24 12.88992

Mink (female) 1.28 12.59917

Mink (female) 1.32 11.19388

Mink (female) 1.325 10.17625

Mink (male) 0.63 8.38329 2.38 [142]
Mink (male) 0.93 14.87671

Mink (male) 1.24 19.09258

Mink (male) 1.52 21.56396

Mink (male) 1.73 21.07937

Mink (male) 1.9 21.27321

Mink (male) 2.04 21.37013

Mink (male) 2.16 21.12783

Mink (male) 2.26 18.75338

Mink (male) 2.33 16.282

Mink (male) 2.35 15.65204

Mink (male) 2.38 13.76217
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Appendix B

Data sources for Chapter 3

Table B.1: Data in Figs.3.2 and 3.3.

Temperature Time  Wet mass

Species' Sex (°C) (h) (mg) Reference
C. elegans ~ NA 10 52.0 215 x 1073 [79]*
C. elegans ~ NA 10 140.5  3.46 x 1072 [79]*
C. elegans NA 10 186.2 7.29 x 1072 [79]*
C. elegans NA 10 239.1 0.29 [79]*
C. elegans NA 10 334.2 0.90 [79]*
C. elegans NA 10 382.8 1.10 [79]*
C. elegans NA 10 478.9 1.26 [79]*
C. elegans NA 10 578.3 1.34 [79]*
C. elegans NA 10 647.2 1.32 [79]*
C. elegans NA 15 137.5 0.53 [79]*
C. elegans NA 15 187.0 1.05 [79]*

Continued on Next Page. ..
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Appendix B. Data sources for Chapter 3

Table B.1 — Continued

Temperature Time  Wet mass
Species' Sex °C) (h) (mg) Reference
C. elegans NA 15 234. 2 1.19 [79]*
C. elegans NA 15 306.2 1.14 [79]*
C. elegans NA 15 358.1 1.23 [79]*
C. elegans NA 15 401.1 1.14 [79]*
C. elegans NA 15 474.5 1.17 [79]*
C. elegans ~ NA 25 1.52  2.81 x 10~ [79]*
C. elegans NA 25 16.7  6.34 x 1073 [79]*
C. elegans ~ NA 25 243 197 x 1072 [79]*
C. elegans NA 25 348  6.07x 1072 [79]*
C. elegans NA 25 41.8 0.25 [79]*
C. elegans NA 25 52.3 0.32 [79]*
C. elegans NA 25 70.0 0.58 [79]*
C. elegans NA 25 95.5 0.83 [79]*
C. elegans NA 25 118.6 0.79 [79]*
C. elegans NA 25 190.2 0.93 [79]*
C. elegans NA 25 139.7 0.95 [79]*
C. elegans NA 25 165.2 1.01 [79]*
L. dllustris ~ NA 2 22.5 2.60 [148]
L. illustris ~ NA 26 25.7 3.18 [148]
L. illustris ~ NA 26 26. 5 4.55 [148]
L. illustris ~ NA 26 33.9 7.71 [148]
L. dllustris ~ NA 2% 45.8 32.1 [148]
L. illustris ~ NA 26 48.6 38.5 [148]

Continued on Next Page. ..
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Appendix B. Data sources for Chapter 3

Table B.1 — Continued

Temperature Time  Wet mass
Species' Sex °C) (h) (mg) Reference
L. illustris ~ NA 26 59.4 46.3 [148]
L. illustris ~ NA 26 76.0 47.4 [148]
L. illustris ~ NA 20 45.6 2.76 [148]
L. dllustris ~ NA 20 46.6 3.43 [148]
L. illustris ~ NA 20 50.9 6.50 [148]
L. dllustris ~ NA 20 69.0 22.1 [148]
L. illustris ~ NA 20 7.7 37.1 [148]
L. illustris ~ NA 20 88.6 35.7 [148]
L. illustris ~ NA 20 93.7 43.0 [148]
L. illustris ~ NA 20 102.6 45.0 [148]
L. illustris ~ NA 20 1144 46.1 [148]
L. illustris ~ NA 15 51.0 0.67 [148]
L. illustris ~ NA 15 96.5 4.33 [148]
L. illustris ~ NA 15 122.5 12.4 [148]
L. dllustris ~ NA 15 141.6 22.7 [148]
L. illustris ~ NA 15 164.6 33.3 [148]
L. illustris ~ NA 15 174.8 38.9 [148]
L. illustris ~ NA 15 193.4 43.6 [148]
L. illustris ~ NA 11 141.1 1.02 [148]
L. illustris NA 11 164.4 1.49 [148]
L. illustris ~ NA 11 199.1 2.19 [148]
L. dllustris ~ NA 11 221.2 4.55 [148]
L. illustris ~ NA 11 241.7 5.33 [148]

Continued on Next Page. ..
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Appendix B. Data sources for Chapter 3

Table B.1 — Continued

Temperature Time  Wet mass

Species' Sex °C) (h) (mg) Reference
L. illustris ~ NA 11 266.6 8.12 [148]
L. illustris ~ NA 11 287.7 9.91 [148]
L. illustris ~ NA 11 329.3 21.4 [148]
L. illustris ~ NA 11 361.6 28.9 [148]
L. illustris ~ NA 11 437.7 42.2 [148]
L. illustris ~ NA 11 466.5 44.6 [148]
A. viridis  female 5 1405.1 9.88 x 1073 [149)°
A. viridis ~ female 5 1896.8 1.82 x 1072 [149)°
A. viridis  female 5 1642.2 1.94 x 1072 [149]
A. viridis  female 5 2168.8 6.45 x 1072 [149)°
A. viridis  female 5 2485.9 0.10 [149)°
A. viridis  female 5 3010.8 0.18 [149]°
A. wviridis  female 8 826.5 5.60 x 1073 [149]
A. viridis  female 8 978.8 1.10 x 1072 [149)°
A. viridis  female 8 1156.6 1.75 x 1072 [149]
A. viridis ~ female 8 1323.5 5.49 x 1072 [149]°
A. viridis  female 8 1552.8  9.23 x 1072 [149)°
A. viridis  female 8 1976.2 0.17 [149)°
A. viridis  female 10 612.9 4.34 x 1073 [149)°
A. viridis  female 10 727.0 1.03 x 1072 [149]
A. viridis  female 10 850.0 1.62 x 1072 [149)°
A. viridis  female 10 972.9 4.35 x 1072 [149)°
A. viridis  female 10 1167.9 8.62 x 1072 [149)°

Continued on Next Page. ..

105



Appendix B. Data sources for Chapter 3

Table B.1 — Continued

Temperature Time  Wet mass

Species' Sex °C) (h) (mg) Reference
A. viridis ~ female 10 1545.0 0.15 [149)°
A. viridis  female 12 504.6  4.86 x 1073 [149]
A. viridis  female 12 598.1 9.61 x 1073 [149)°
A. viridis  female 12 696.8 1.61 x 1072 [149]
A. viridis ~ female 12 797.7  3.93 x 1072 [149]°
A. viridis ~ female 12 954.1 8.32 x 1072 [149]
A. viridis  female 12 1291.4 0.14 [149)°
A. viridis  female 15 359.6  2.95 x 1073 [149)°
A. viridis  female 15 425.6  7.70 x 1073 [149]
A. viridis  female 15 484.6  1.48 x 1072 [149)°
A. viridis  female 15 571.9  3.68 x 1072 [149)°
A. viridis  female 15 685.5 7.60 x 1072 [149]°
A. viridis  female 15 974.1 0.14 [149]
A. viridis ~ female 20 235.0 1.56 x 1073 [149)°
A. viridis  female 20 2834 572 x 1073 [149]
A. viridis  female 20 326.4 1.34 x 1072 [149]°
A. wviridis  female 20 399.9 3.12 x 1072 [149]
A. viridis  female 20 457.8  7.04 x 1072 [149)°
A. viridis  female 20 679.9 0.14 [149)°
A. wviridis male 5 1405.1 9.88 x 1073 [149]
A. viridis ~ male 5 1896.8 1.82 x 1072 [149)°
A. viridis male 5 1642.2 1.94 x 102 [149)°
A. viridis male 5 2168.8 4.25 x 1072 [149)°
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Table B.1 — Continued

Temperature Time  Wet mass

Species' Sex °C) (h) (mg) Reference
A. viridis ~ male 5 2417.4 7.76 x 1072 [149)°
A. viridis  male 5 2661.7 9.30 x 1072 [149]
A. viridis ~ male 8 826.5 5.60 x 1073 [149)°
A. viridis ~ male 8 978.8 1.10 x 1072 [149]
A. viridis ~ male 8 1156.6 1.75 x 1072 [149)°
A. viridis ~ male 8 1323.5 3.65 x 1072 [149]°
A. viridis ~ male 8 1486.3 5.84 x 1072 [149)°
A. viridis ~ male 8 1679.8 7.80 x 1072 [149)°
A. viridis male 10 612.9 4.34 x 1073 [149]
A. viridis  male 10 727.0 1.03 x 1072 [149)°
A. viridis ~ male 10 850.0 1.62 x 1072 [149)°
A. viridis ~ male 10 972.9  3.46 x 1072 [149]°
A. viridis male 10 1105.7  4.05 x 1072 [149]
A. viridis ~ male 10 1274.8  7.32 x 1072 [149)°
A. wviridis male 12 504.6  4.86 x 1073 [149]
A. viridis male 12 598.1  9.61 x 1073 [149]°
A. viridis ~ male 12 696.8 1.61 x 1072 [149]
A. viridis ~ male 12 797.7 3.33 x 1072 [149)°
A. viridis ~ male 12 900.5 3.75 x 1072 [149)°
A. wviridis male 12 1047.4  7.07 x 1072 [149]
A. viridis ~ male 15 359.6  2.95 x 1073 [149)°
A. viridis ~ male 15 425.6  7.70 x 1073 [149)°
A. viridis ~ male 15 484.6  1.48 x 1072 [149)°
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Table B.1 — Continued

Temperature Time  Wet mass

Species| Sex (°C) (h) (mg) Reference
A. viridis ~ male 15 571.9  2.85 x 1072 [149)°
A. wiridis male 15 638.3  3.50 x 1072 [149]
A. viridis ~ male 15 758.4  6.82 x 1072 [149)°
A. viridis ~ male 20 235.0 1.56 x 1073 [149]
A. viridis male 20 283.4 5.72x 1073 [149]°
A. wviridis male 20 326.4 1.34 x 1072 [149]
A. viridis ~ male 20 399.9 2.47 x 1072 [149)°
A. viridis ~ male 20 421.4  3.48 x 1072 [149)°
A. viridis ~ male 20 516.4 6.69 x 102 [149]
M. albidus  female 5 1519.9 7.10 x 1073 [149)°
M. albidus  female 5 1763.6 1.18 x 1072 [149)°
M. albidus  female 5 2005.1 2.07 x 102 [149)°
M. albidus  female 5 2285.8 5.03 x 1072 [149]
M. albidus  female 5 2581.6 5.68 x 1072 [149)°
M. albidus  female 5 2926.7 0.15 [149]
M. albidus  female 8 950.1 6.51 x 1073 [149]°
M. albidus  female 8 1111.3 1.12 x 1072 [149)°
M. albidus  female 8 1273.8 1.89 x 1072 [149)°
M. albidus female 8 1453.8  4.73 x 1072 [149)°
M. albidus  female 8 1670.2 5.21 x 1072 [149]
M. albidus female 8 1933.8 0.14 [149)°
M. albidus  female 10 7115 4.73 x 1073 [149)°
M. albidus female 10 834.4 828 x 1073 [149)°
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Table B.1 — Continued

Temperature Time  Wet mass

Species| Sex (°C) (h) (mg) Reference
M. albidus female 10 981.4 1.83 x 1072 [149)°
M. albidus  female 10 1137.1 4.32 x 1072 [149]
M. albidus  female 10 1314.9 4.97 x 1072 [149)°
M. albidus  female 10 1543.1 0.12 [149]
M. albidus  female 12 424.5 3.55 x 1073 [149]°
M. albidus  female 12 529.1 828 x 1073 [149]°
M. albidus  female 12 634.3 1.72 x 1072 [149)°
M. albidus  female 12 743.9 3.73 x 1072 [149)°
M. albidus  female 12 889.6  4.62 x 1072 [149]
M. albidus female 12 1089.0 0.12 [149)°
M. albidus  female 15 332.1 296 x 1073 [149)°
M. albidus female 15 404.7 6.51 x 1073 [149)°
M. albidus  female 15 498.6 1.18 x 1072 [149]
M. albidus  female 15 607.7 2.90 x 1072 [149)°
M. albidus  female 15 702.0 4.32 x 1072 [149]
M. albidus  female 15 863.7 0.11 [149]°
M. albidus  female 20 173.0 2.37x 1073 [149]
M. albidus  female 20 2104 592 x 1073 [149)°
M. albidus  female 20 270.9 9.47 x 1073 [149)°
M. albidus  female 20 331.3  2.54 x 1072 [149]
M. albidus ~ female 20 404.2  4.14 x 1072 [149)°
M. albidus  female 20 514.6  9.35 x 1072 [149)°
M. albidus  male 5 1519.9 7.10 x 1073 [149)°
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Table B.1 — Continued

Temperature Time  Wet mass

Species| Sex (°C) (h) (mg) Reference
M. albidus  male 5 1763.6 1.18 x 1072 [149)°
M. albidus  male 5 2005.1 2.07 x 1072 [149]
M. albidus  male 5 2285.8 3.55 x 1072 [149)°
M. albidus  male 5 2517.3  4.02 x 1072 [149]
M. albidus  male 5 2720.1 4.73 x 1072 [149)°
M. albidus — male 8 950.1 6.51 x 1073 [149]°
M. albidus  male 8 1111.3 1.12 x 1072 [149)°
M. albidus — male 8 1273.8 1.89 x 1072 [149)°
M. albidus  male 8 1453.8 3.43 x 1072 [149]
M. albidus  male 8 1627.4 3.79 x 1072 [149)°
M. albidus  male 8 1790.2 4.44 x 1072 [149)°
M. albidus  male 10 7115 4.73 x 1073 [149)°
M. albidus  male 10 834.4 8.28 x 1073 [149]
M. albidus  male 10 981.4 1.83 x 1072 [149)°
M. albidus  male 10 1137.1 3.20 x 102 [149]
M. albidus ~ male 10 1284.9 3.67 x 1072 [149)°
M. albidus  male 10 1427.7  4.02 x 1072 [149)°
M. albidus  male 12 424.5 3.55 x 1073 [149)°
M. albidus  male 12 529.1 8.28 x 1073 [149)°
M. albidus  male 12 634.3 1.72 x 1072 [149]
M. albidus  male 12 743.9 2.90 x 1072 [149)°
M. albidus  male 12 868.2 3.37 x 1072 [149)°
M. albidus  male 12 997.5 3.97 x 1072 [149]°
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Table B.1 — Continued

Temperature Time  Wet mass

Species' Sex °C) (h) (mg) Reference
M. albidus  male 15 3321 2.96 x 1073 [149)°
M. albidus  male 15 404.7  6.51 x 1073 [149]
M. albidus  male 15 498.6 1.18 x 1072 [149)°
M. albidus  male 15 607.7 1.95 x 1072 [149]
M. albidus  male 15 702.0 2.25 x 1072 [149]°
M. albidus — male 15 813.3 3.67 x 1072 [149]°
M. albidus  male 20 173.0 2.37 x 1073 [149)°
M. albidus  male 20 2104 5.92x 1073 [149)°
M. albidus  male 20 270.9 9.47 x 1073 [149]
M. albidus  male 20 331.3  1.72 x 1072 [149)°
M. albidus  male 20 399.9  1.95 x 1072 [149)°
M. albidus  male 20 481.8  3.55 x 1072 [149]°
A. vernalis female 5 1040.7  2.96 x 1073 [149]
A. vernalis female 5 1187.8 7.10 x 1073 [149)°
A. vernalis female 5 1363.9 8.88 x 1073 [149]
A. vernalis female 5 1520.3 1.42 x 1072 [149]°
A. vernalis female 5 1693.8 3.97 x 1072 [149)°
A. vernalis  female 5 1938.2 0.10 [149)°
A. vernalis  female 8 507.8  2.96 x 1073 [149)°
A. vernalis female 8 631.6 6.51 x 1073 [149]
A. vernalis female 8 748.3 8.88 x 1073 [149)°
A. vernalis female 8 878.1 1.30 x 102 [149)°
A. vernalis  female 8 1006.7 3.73 x 1072 [149)°
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Table B.1 — Continued

Temperature Time  Wet mass

Species' Sex °C) (h) (mg) Reference
A. vernalis female 8 1178.3 9.53 x 1072 [149)°
A. vernalis female 10 4134 2.37x 1073 [149]
A. vernalis female 10 485.9 592 x 1073 [149)°
A. vernalis female 10 571.8 828 x 1073 [149]
A. vernalis female 10 668.5 1.24 x 1072 [149]°
A. vernalis female 10 777.8  3.55 x 1072 [149]
A. vernalis  female 10 922.8 8.58 x 1072 [149)°
A. vernalis female 12 321.3 237 x 1073 [149)°
A. vernalis female 12 384.3 5.92x 1073 [149]
A. vernalis female 12 463.3  7.69 x 1073 [149)°
A. vernalis female 12 551.1 1.18 x 102 [149)°
A. vernalis female 12 645.4  3.20 x 1072 [149]°
A. vernalis female 12 750.6  8.11 x 1072 [149]
A. vernalis female 15 231.3 237 x 1073 [149)°
A. vernalis female 15 275.3 592 x 1073 [149]
A. vernalis female 15 3212 7.69x 1073 [149]°
A. vernalis  female 15 391.1 1.12x 1072 [149]
A. vernalis female 15 468.2  2.96 x 102 [149)°
A. vernalis female 15 542.3  7.81 x 1072 [149)°
A. vernalis female 20 108.8 2.37x 1073 [149]
A. vernalis  female 20 130.9 5.33 x 1073 [149)°
A. vernalis female 20 154.3 7.10x 1073 [149)°
A. vernalis female 20 201.6  1.01 x 1072 [149)°
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Table B.1 — Continued

Temperature Time  Wet mass

Species' Sex °C) (h) (mg) Reference
A. vernalis  female 20 253.0 2.54 x 1072 [149)°
A. vernalis female 20 284.6  7.57 x 1072 [149]
A. vernalis  male 5 1040.7  2.96 x 1073 [149)°
A. vernalis  male 5 1187.8 7.10 x 1073 [149]
A. vernalis  male 5 1363.9 8.88 x 1073 [149)°
A. vernalis  male 5 1520.3 1.12 x 1072 [149]
A. vernalis  male 5 1648.8 1.72 x 1072 [149)°
A. vernalis  male 5 1801.3 2.96 x 1072 [149)°
A. vernalis  male 8 507.8  2.96 x 1073 [149]
A. vernalis  male 8 631.6 6.51 x 1073 [149)°
A. vernalis  male 8 748.3 8.88 x 1073 [149)°
A. vernalis  male 8 878.1 1.07 x 1072 [149]°
A. vernalis  male 8 972.4 1.48 x 1072 [149]
A. vernalis  male 8 1078.3 2.66 x 1072 [149)°
A. vernalis  male 10 413.4 237 x1073 [149]
A. vernalis  male 10 485.9 5.92 x 1073 [149]°
A. vernalis  male 10 571.8 8.28 x 1073 [149]
A. vernalis  male 10 668.5 1.01 x 1072 [149)°
A. vernalis  male 10 7414 1.42 x 1072 [149)°
A. vernalis  male 10 827.3 2.31 x 1072 [149]
A. vernalis  male 12 321.3 237 x 1073 [149)°
A. vernalis  male 12 384.3 592 x 1073 [149)°
A. vernalis  male 12 463.3  7.69 x 1073 [149]°
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Table B.1 — Continued

Temperature Time  Wet mass

Species' Sex °C) (h) (mg) Reference
A. vernalis  male 12 551.1  1.01 x 1072 [149)°
A. vernalis  male 12 611.1 1.42 x 1072 [149]
A. vernalis  male 12 676.9 2.19 x 1072 [149)°
A. vernalis  male 15 231.3 237 x 1073 [149]
A. vernalis  male 15 275.3  5.92x 1073 [149]°
A. vernalis  male 15 321.2  7.69 x 1073 [149]
A. vernalis  male 15 391.1 888 x 1073 [149)°
A. vernalis  male 15 436.1  1.36 x 1072 [149)°
A. vernalis  male 15 483.8  1.95 x 1072 [149]
A. vernalis  male 20 108.8 2.37 x 1073 [149)°
A. vernalis  male 20 130.9 5.33x 1073 [149)°
A. vernalis  male 20 154.3  7.10 x 1073 [149]°
A. vernalis  male 20 201.6 8.28 x 1073 [149]
A. vernalis  male 20 229.5 1.24 x 1072 [149)°
A. vernalis  male 20 2479 1.78 x 1072 [149]

1 Latin name list: Caenorhabditis elegans, Lucilia illustris, Acanthocyclops
vernalis, Macrocyclops albidus,Acanthocyclops viridis.

* To calculate the mass of C. elegans, we assume its density is the same
as water density, 1000kg/m3. We do not analyze the data from 15°C
because its early stage data is not available.

b We assume dry mass is 30% of the wet mass. We eliminate A. vernalis
because of the resolution of the figure in original paper is not fine to
extract the precise data.
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Table B.2: Parameters used in Figs.3.2 and 3.3. E,, here is smaller than the
values published in our previous work [38] mainly on birds and mammals. Species
studied here are invertebrates, such as insects, crustaceans and nematodes.

E,, (g/J), 4 By By at  Group of
Species Sex  for wet mass (W/kg®™) (W/kg"™) T, (°C) By
C. elegans NA 700 2.2 x 107 0.0236 20 Nematoda
L. illustris ~ NA 80 3.5 x 1010 0.487 24 Beetles*
M. albidus ~ Male 350 7.99 x 101 0.361 29 Copepods
Female 350 5.44 x 1011 0.361 29 Copepods
A. viridis ~ Male 350 1.17 x 101 0.361 29 Copepods
Female 350 1.17 x 1010 0.361 29 Copepods

* Beetles are the closest organisms to L. illustris in the dataset [55]. However, it will
potentially cause more deviation from the model prediction.
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Table B.3: Data in Table 3.1.

Temperature Body mass Time

Species' Sex (°C) or size*  (days) Reference
D. willistoni male 16 0.67" 31 [150]
D. willistoni male 19 0.63" 16 [150]
D. willistoni male 25 0.57" 10 [150]
D. willistoni male 29 0.41° 10 [150]
D. willistoni female 16 0.77° 31 [150]
D. willistoni female 19 0.8 16 [150]
D. willistoni female 25 0.7 10 [150]
D. willistoni female 29 0.6 10 [150]
D. equinozialis male 16 0.57" 34 [150]
D. equinozialis male 19 0.58" 19 [150]
D. equinoxialis male 25 0.53 11 [150]
D. equinozialis male 29 0.46° 10 [150]
D. equinozialis female 16 0.78" 34 [150]
D. equinozialis female 19 0.8 19 [150]
D. equinozialis female 25 0.65° 11 [150]
D. equinozxialis female 29 0.61° 10 [150]
D. pseudoobscura  male 13 1.28F 45 [150]
D. pseudoobscura  male 16 1.27f 32 [150]
D. pseudoobscura  male 19 1.08" 22 [150]
D. pseudoobscura  male 24 0.84" 18 [150]
D. pseudoobscura female 13 1.52F 45 [150]
D. pseudoobscura  female 16 1.54° 32 [150]
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Table B.3 — Continued

Temperature Body mass Time

Species! Sex (°C) or size*  (days) Reference

D. pseudoobscura female 19 1.26° 22 [150]
D. pseudoobscura female 24 1.01° 18 [150]
D. persimilis male 13 1.24F 42 [150]
D. persimilis male 16 1.2° 31 [150]
D. persimilis male 19 1.13° 18 [150]
D. persimilis male 24 0.93 18 [150]
D. persimilis female 13 1.56° 42 [150]
D. persimilis female 16 1.43° 31 [150]
D. persimilis female 19 1.42° 18 [150]
D. persimilis female 24 1.2° 18 [150]
D. melanogaster NA 12 0.95" NA [151]
D. melanogaster NA 14 1.02° NA [151]
D. melanogaster NA 17 1.04° NA [151]
D. melanogaster NA 21 0.98" NA [151]
D. melanogaster NA 25 0.89" NA [151]
D. melanogaster NA 28 0.82° NA [151]
D. melanogaster ~ NA 31 0.73f NA [151]
D. melanogaster NA 12.9 NA 53.1 [152]
D. melanogaster NA 13.7 NA 42.3 [152]
D. melanogaster NA 14.6 NA 32.8 [152]
D. melanogaster NA 16.5 NA 23.6 [152]
D. melanogaster NA 18.3 NA 18.2 [152]
D. melanogaster NA 21.1 NA 13.3 [152]
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Table B.3 — Continued

Temperature Body mass Time
Species! Sex (°C) or size*  (days) Reference
D. melanogaster NA 23.8 NA 10.2 [152]
D. melanogaster NA 25.7 NA 8.62 [152]
D. melanogaster NA 27.5 NA 7.34 [152]
D. melanogaster NA 28.2 NA 7.36 [152]
D. melanogaster NA 29.2 NA 7.78 [152]
D. melanogaster NA 30.0 NA 8.72 [152]
D.simulans NA 12.7 NA 49.2 [152]
D.simulans NA 13.7 NA 39.5 [152]
D.simulans NA 14.6 NA 30.7 [152]
D.simulans NA 16.4 NA 22.4 [152]
D.simulans NA 18.2 NA 17.3 [152]
D.simulans NA 20.9 NA 12.3 [152]
D.simulans NA 23.7 NA 9.50 [152]
D.simulans NA 25.5 NA 7.96 [152]
D.simulans NA 27.4 NA 7.08 [152]
D.simulans NA 28.4 NA 7.36 [152]
D.simulans NA 29.2 NA 8.70 [152]
R. sylvatica NA 16.4 540" 91 [150]
R. sylvatica NA 20.6 330" 51 [150]
L. illustris NA 26 47.45 3.17 [148]
L. illustris NA 20 46.1° 4.77 [148]
L. illustris NA 15 43.6" 8.06 [148]
L. illustris NA 11 44.6° 19.4 [148]
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Table B.3 — Continued

Temperature Body mass Time

Species! Sex (°C) or size*  (days) Reference

C. brunneus female 25 82.1F 17.2 [153)°
C. brunneus female 30 121.8° 10.9 [153)°
C. brunneus female 35 138.5f 6.8 [153)°
O. viridulus female 25 95.4" NA [153]°
0. viridulus female 30 148.1° 9.4 [153])°
0. viridulus female 35 165.6° 8.8 [153)°
M. maculatus female 30 61.6" 11 [153)°
M. maculatus female 35 74.9° 8.4 [153)°
S. lineatus female 30 109.6° 10 [153])°
S. lineatus female 35 134.2f 7 [153)°
A. viridis female 5 53.53 125.5 [149]
A. wiridis female 8 49.58° 82.3 [149]
A. wiridis female 10 45.99* 64.4 [149]
A. viridis female 12 42.05* 53.8 [149]
A. viridis female 15 40.95° 40.6 [149]
A. viridis female 20 40.53" 28.3 [149]
A. viridis male 5 27.80 1109  [149]
A. viridis male 8 23.40° 70.0 [149]
A. viridis male 10 21.96% 53.1 [149]
A. viridis male 12 21.228  43.6 [149]
A. viridis male 15 20.47* 31.6 [149]
A. viridis male 20 20.05 21.5 [149]
M. albidu female 5 44.38° 121.9 [149]
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Table B.3 — Continued

Temperature Body mass Time

Species! Sex (°C) or size*  (days) Reference

M. albidu female 8 41.36° 80.6 [149]
M. albidu female 10 36.92° 64.3 [149]
M. albidu female 12 35.86¢ 45.4 [149]
M. albidu female 15 33.55% 36.0 [149]
M. albidu female 20 28.05% 214 [149]
M. albidu male 5 14.20¢ 113.3 [149]
M. albidu male 8 13.31° 74.6 [149]
M. albidu male 10 12.07* 59.5 [149]
M. albidu male 12 11.89¢ 41.6 [149]
M. albidu male 15 11.01°% 33.9 [149]
M. albidu male 20 10.65* 20.1 [149]
A. vernalis female 5 30.53 80.8 [149]
A. vernalis female 8 28.58" 49.1 [149]
A. vernalis female 10 25.74% 38.4 [149]
A. vernalis female 12 24.32° 31.3 [149]
A. vernalis female 15 23.43 22.6 [149]
A. vernalis female 20 22.72¢ 11.9 [149]
A. vernalis male 5 8.88¢ 75.1 [149]
A. vernalis male 8 7.99% 44.9 [149]
A. vernalis male 10 6.92¢ 34.5 [149]
A. vernalis male 12 6.57% 28.2 [149]
A. vernalis male 15 5.86¢ 20.2 [149]
A. vernalis male 20 5.33" 10.3 [149]
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Table B.3 — Continued

Temperature Body mass Time
Species! Sex (°C) or size*  (days) Reference
H. azteca NA 23.6 0.25¢ NA [101]
H. azteca NA 17.1 0.73¢ NA [101]
H. azteca NA 13.2 1.06% NA [101]
H. azteca NA 10.5 1.29% NA [101]
H. azteca NA 9.2 1.487 NA [101]
H. azteca NA 6.6 1.92¢ NA [101]
A. aquaticus NA 11.1 0.83* NA [101]
A. aquaticus NA 7.6 1.77% NA [101]
A. aquaticus NA 5.5 2.20¢ NA [101]
A. aquaticus NA 5.5 2.30¢ NA [101]
A. aquaticus NA 4.6 2.62° NA [101]
A. aquaticus NA 3.5 3.06% NA [101]
A. aquaticus NA 2.2 4.30° NA [101]
I. baltica NA 14.1 1.48° NA [101]
L. baltica NA 9.1 2.61% NA [101]
L. baltica NA 9.2 3.04¢ NA [101]
P. sculpta female 12.9 6.28* NA [154]
P. sculpta female 134 5.92¢ NA [154]
P. sculpta female 14.8 5.821 NA [154]
P. sculpta female 16.3 5.25% NA [154]
P. sculpta female 16.7 6.05% NA [154]
P. sculpta female 16.9 5.85% NA [154]
P. sculpta female 17.4 4.86* NA [154]
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Appendix B. Data sources for Chapter 3

Table B.3 — Continued

Temperature Body mass Time
Species! Sex (°C) or size*  (days) Reference
P. sculpta female 18.4 4.62F NA [154]
P. sculpta female 20.2 5.61F NA [154]
P. sculpta female 20.8 5.66% NA [154]
P. sculpta female 21.6 4.88% NA [154]
P. sculpta female 23.6 4.68* NA [154]
P. sculpta female 23.9 4.86* NA [154]
P. sculpta female 24.2 5.06% NA [154]
P. sculpta female 25.6 4.59* NA [154]
P. sculpta female 26.0 4.66% NA [154]
P. sculpta female 26.3 4.81% NA [154]
P. sculpta female 27.2 4.94% NA [154]
P. sculpta female 27.3 4.59*% NA [154]
P. sculpta female 29.0 4.64% NA [154]
P. sculpta female 29.4 4.6 NA [154]
P. sculpta female 30.3 4.68% NA [154]
P. sculpta female 30.4 4.55% NA [154]
P. sculpta malel 12.9 4.54* NA [154]
P. sculpta malel 13.4 5.38% NA [154]
P. sculpta malel 14.7 4.66* NA [154]
P. sculpta malel 16.7 4.96% NA [154]
P. sculpta malel 16.9 4.82% NA [154]
P. sculpta malel 17.4 4.33 NA [154]
P. sculpta malel 18.4 4.43* NA [154]
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Appendix B. Data sources for Chapter 3

Table B.3 — Continued

Temperature Body mass Time
Species! Sex (°C) or size*  (days) Reference
P. sculpta malel 20.1 4.53 NA [154]
P. sculpta malel 20.9 4.50¢ NA [154]
P. sculpta malel 21.6 4.26% NA [154]
P. sculpta malel 21.5 4.66* NA [154]
P. sculpta malel 23.6 4.46* NA [154]
P. sculpta malel 24.3 4.53% NA [154]
P. sculpta malel 25.5 4.36% NA [154]
P. sculpta malel 26.0 4.37 NA [154]
P. sculpta malel 27.2 4.47* NA [154]
P. sculpta malel 27.3 3.96% NA [154]
P. sculpta malel 29.0 4.164 NA [154]
P. sculpta malel 29.4 4.16* NA [154]
P. sculpta malel 30.3 4.16% NA [154]
P. sculpta malel 30.3 4.06% NA [154]
P. sculpta male2 12.9 7.49*% NA [154]
P. sculpta male2 13.3 7.49¢% NA [154]
P. sculpta male2 14.7 7.07* NA [154]
P. sculpta male2 16.3 6.95 NA [154]
P. sculpta male2 16.9 7.18* NA [154]
P. sculpta male2 16.7 7.33F NA [154]
P. sculpta male2 20.2 6.84% NA [154]
P. sculpta male2 17.4 6.19 NA [154]
P. sculpta male2 18.4 5.98* NA [154]
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Appendix B. Data sources for Chapter 3

Table B.3 — Continued

Temperature Body mass Time
Species! Sex (°C) or size*  (days) Reference
P. sculpta male2 20.8 6.89F NA [154]
P. sculpta male2 21.5 6.28* NA [154]
P. sculpta male2 24.3 6.24% NA [154]
P. sculpta male2 23.8 6.08* NA [154]
P. sculpta male2 23.6 5.97 NA [154]
P. sculpta male2 25.6 5.92 NA [154]
P. sculpta male2 26.1 6.06% NA [154]
P. sculpta male2 26.3 6.04* NA [154]
P. sculpta male2 27.2 6.21* NA [154]
P. sculpta male2 27.3 6.02* NA [154]
P. sculpta male2 29.0 5.93 NA [154]
P. sculpta male2 29.3 6.03* NA [154]
P. sculpta male2 30.2 5.96% NA [154]
P. sculpta male2 30.4 5.86% NA [154]
P. sculpta male3 12.9 2.74% NA [154]
P. sculpta male3 13.3 2.72} NA [154]
P. sculpta male3 14.7 2.72% NA [154]
P. sculpta male3 16.7 2.94% NA [154]
P. sculpta male3 16.9 2.80% NA [154]
P. sculpta male3 16.3 2.52% NA [154]
P. sculpta male3 17.4 2.36} NA [154]
P. sculpta male3 18.4 2.31% NA [154]
P. sculpta male3 20.1 2.76 NA [154]
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Appendix B. Data sources for Chapter 3

Table B.3 — Continued

Temperature Body mass Time
Species! Sex (°C) or size*  (days) Reference
P. sculpta male3 20.8 2.76 NA [154]
P. sculpta male3 21.6 2.47 NA [154]
P. sculpta male3 21.5 2.37+ NA [154]
P. sculpta male3 23.8 2.76% NA [154]
P. sculpta male3 24.3 2.57 NA [154]
P. sculpta male3 23.7 2.32¢ NA [154]
P. sculpta male3 25.5 2.45% NA [154]
P. sculpta male3 26.3 2.30* NA [154]
P. sculpta male3 26.1 2.23% NA [154]
P. sculpta male3 27.2 2.48* NA [154]
P. sculpta male3 27.3 2.25% NA [154]
P. sculpta male3 29.0 2.29% NA [154]
P. sculpta male3 29.4 2.26% NA [154]
P. sculpta male3 30.2 2.31% NA [154]
P. sculpta male3 30.4 2.26% NA [154]
C. plana NA 20 112011 18.6  [15]
C. plana NA 25 926.7F 126 [155]
C. plana NA 29 800.6% 11 [155]
C. elegans NA 10 0.122% 27.1 [79]
C. elegans NA 15 0.115° 20 [79]
C. elegans NA 20 0.101° 7.9 [79]
C. flavicans NA 30 5581 13.1 [156]
C. flavicans NA 25 6577 22.0 [156]
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Appendix B. Data sources for Chapter 3

Table B.3 — Continued

Temperature Body mass Time

Species! Sex (°C) or size*  (days) Reference
C. flavicans NA 20 9057 26.7 [156]
C. flavicans NA 15 13847 40.0 [156]

T Latin name list: Drosophila willistoni, Drosophila equinoxialis,
Drosophila pseudoobscura, Drosophila persimilis, Drosophila melanogaster,
Drosophila simulans, Rana sylvatica, Paracerceis sculpta, Hyalella

azteca, Asellus aquaticus, Idotea baltica, Crepidula plana,

Chaoborus flavicans, Chorthippus brunneus, Omocestus viridulus,
Myrmeleotettic maculatus, Stenobothrus lineatus.

* Species have various entries for this parameter. Check table notes.
7 Data are measured in wet mass (mg).

> The time here is not to adult. It is the time to first pod.

* Data are measured in dry mass (mg).

} Data are measured in length (mm).

§ Data are measured in area (mm?).

¥ Data are measured in volume (mm?).
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