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1. Growth models based on metabolic theories

1.1 OVERVIEW OF COMMON GROWTH MODELS

Most growth models describe how growth rate v depends on current body mass W and in a few cases,
growth rate is also explicitly dependent on time t [e.g. 1,2]. The mathematical description is often a
differential equation, called the growth equation:

v=W_ .y (S11)
dt

The solution to the growth equation yields the growth curve; body mass as a function of time W(t).
Phenomenological growth models, like the logistic growth model [3] and the famous Gompertz growth
model [4], propose mathematical functions that can provide a good fit to empirical curves. However,
they provide little mechanistic insight into affecting factors during growth. Mechanistic growth models
instead are based on underlying mechanistic assumptions combined with an energy or mass balance
that describes growth as the net result of supply and cost:

Growth = Supply — Cost

So far, three major groups of mechanistic growth models can be distinguished based on how the cost
and supply terms are described:

1) Anabolism-Catabolism based (AnaCat) growth models describe growth as the net result of
anabolism (synthesis of new biomass) and catabolism (break-down of current biomass). One of the first
mechanistic growth models, proposed by Putter [5], belongs to this category and describes growth as
the net result of surface-related anabolism and volume-related catabolism. The famous von Bertalanffy
(vB) growth model [6] describes anabolism as an allometric relation with flexible power exponent and
catabolism as proportional to current body mass, treating allometric constants as approximation
parameters without physiological interpretation. The gill-oxygen limitation (GOL) model [7] is a minor
modification of the Pltter model, describing anabolism as limited by the surface involved in oxygen
uptake in water-breathing animals.

2) The Dynamic Energy Budget (DEB) theory, developed by Kooijman [8], has been extensively used
in theoretical ecology to predict life histories under different conditions [9]. DEB models describe the
rates at which energy from ingested food is assimilated and used for maintenance, growth, development
and reproduction by a system of differential equations for changes of state variables of individual
organisms [10]. Metabolism is an indirect outcome of maintenance, growth and maturation and
allometric scaling of metabolic rate depends on the relative contribution from processes that are
proportional to surface area and to ‘structural volume’. Normally, intraspecific metabolic scaling
during ontogeny with a 2/3 power exponent (f in Eq. (1)) arises in DEB due to an increasing proportion
of ‘reserve’ along with a decreasing proportion of energy-demanding ‘structure’, while interspecific



sub-linear allometric scaling (8 < 1) arises since fully-grown individuals of larger species have larger
reserve and less structure with high metabolic activity [11]. DEB growth models [8,12] build on DEB
theory and describe growth as the net result of assimilation and maintenance. Energy from ingestion
(dependent on structural surface area and food availability) is assimilated into reserve (with some
losses through excretion). A fixed fraction of energy mobilized from reserve is spent on somatic
maintenance (proportional to the structural volume) and growth (increase of structural volume),
whereas the rest is spent on maturation and maturity maintenance or reproduction and maturity
maintenance. Anabolic and catabolic processes are indirectly accounted for in the sense that ingested
food is assimilated into reserve, broken down via reserve mobilisation and converted into structure
(growth). Heat losses (respiration) occur from maintenance processes and growth overhead costs. The
growth equation is usually expressed in terms of the structural volume (not the body mass), but under
constant structural density, constant food availability and constant energy density of reserves, the
biomass density is constant and body mass is proportional to structural volume.

3) Ontogenetic Growth Models (OGM) [13-18] describes growth as the net balance between anabolism
(total metabolism) and maintenance, with total metabolic rate described by a power law in accordance

with MTE (Metabolic Theory of Ecology). OGM has been updated and modified a number of times to

deal with inconsistencies or include additional effects (temperature dependence and food restriction).

Under ad libitum conditions (and constant body density in DEB), the growth equations for all major
groups of mechanistic growth models (AnaCat, DEB, OGM) have the same general structure, with
supply and cost terms described by allometric relations (Table SI1):

aw _ WP —cw* (SI2)

dt
We call this the Generalized Standard Growth Model (GSGM). All model parameters (a, b, ¢, d ) are
positive constants. An essential feature of this growth equation is that b < d. The supply term (aW®)
initially increases faster with body mass than the cost term (cWY), but the pattern is reversed after reach
of maximum growth rate. Growth occurs as long as the supply term exceeds the cost term (and ceases
when aWP = cWY). The growth equation thus describes a hump-shaped curve and the growth curve W(t)
is sigmoidal, eventually approaching the asymptotic (ultimate) body mass Wy = (a/c)Y/@®)
(corresponding to zero growth rate). It should be noticed that all standard mechanistic growth models
(AnaCat, DEB, OGM) apply d <1 (with d = 1 for all models, except GOL).



Table SI1: Major groups of mechanistic growth models under ad libitum conditions. Growth
is the net result of supply and cost, both described by allometric relations (Eq. (S12)).

Model type | Supply (awP) | Cost (cW®) b d

. . 2/3 (Putter) 1 (Pltter & vB)
AnaCat Anabolism Catabolism adjustable (VB & GOL) <1(GOL)
DEB Assimilation Maintenance 2/3 1
OGM Anabolism Maintenance 3/4 1

In DEB, species with different ultimate body mass have different allometric relations for assimilation
rate (different a). In OGM, species with different ultimate body size have different mass-specific
maintenance rates (different c). Though the underlying assumptions are different (Table SI1), all
common mechanistic models make similar predictions under ad libitum conditions. Model parameters
may in fact be adjusted in a way such that growth curves become almost indistinguishable. Predictions
differ when different life stages and variable environmental conditions (such as level of food
availability) are considered.

1.2 GROWTH MODELS FOR FOOD RESTRICTION

To be really useful as a foundation for metabolic theory, a growth model must also be able to deal with
limited resource availability and its effect(s) on metabolism and growth. For example, it is well-known
that animals often lower their resting metabolic rate under food restriction. Insects have been found to
respond to food limitation by lowered maintenance of the immune system [19], and this phenomenon
may apply to other organisms as well. There is a trade-off between fast growth and maintenance.
Species with long life spans generally maximize fitness by prioritizing maintenance at the expense of
growth in order to maintain good health, while species adapted to complete their life cycle before
seasonal periods of food shortage generally maximize fitness by prioritizing growth at the expense of
maintenance metabolism (although food shortage normally results in reduced growth rate in both cases
when compared to ad libitum conditions). These patterns are empirically supported for both ectotherms
and endotherms [20]. Lowered metabolic rate and increased growth rate under food restriction has
however been observed in tobacco hornworms (Manduca sexta) [20].

Food-limitation is not explicitly accounted for in AnaCat models, but parameter values may be altered
in order to adjust for changes in anabolic and catabolic rates.

The OGM for food restriction [13], a development of previous versions of OGM [14,15], describes
energy assimilated from food as distributed between total metabolism (activity and resting metabolism)
and energy that is bounded into newly synthesized biomass. Growth overhead costs and somatic
maintenance are included as parts of resting metabolism. This is in line with the energy balance of the



Maintenance-Growth Model (MGM) presented in this contribution, but OGM does not account for
metabolic costs of food processing. OGM also diverges from MGM by assuming that resting and total
metabolic rate are proportional, an assumption that lacks mechanistic foundation and is incompatible
with downregulation of maintenance in response to food limitation (as suggested by MGM). In OGM,
resting and total metabolic rates are described by allometric relations with constant power exponents
and normalisation constants that are reduced in proportion to the reduction of assimilation under food
restriction. Growth rate and ultimate body mass are reduced as a consequence of less metabolic energy
available.

In DEB models [12] reduced growth rate and ultimate body mass are direct consequences of reduced
assimilation under food limitation, resulting in less energy available for growth. Resting metabolic rate
is reduced as a consequence of reduced growth overhead costs. Growth rate is also reduced under poor
nutritional status (due to previous food limitation), since assimilation and maintenance depends on
reserve density [21].

Finally, a fourth type of growth model for food-restricted growth, developed by Makarieva, et al. [22]
describes assimilation (A) as distributed between resting metabolism (Rr) and growth expense (G),

A =Rr + G, assuming that growth expense is a specified fraction of the assimilation rate, G = ¢-A. The
fraction ¢ (called growth efficiency) is a function of body mass and takes different shapes depending on
food conditions, where one option is a linearly decreasing growth efficiency with body mass,

¢ = ¢o (Wu— W), reaching zero at ultimate body mass (Wu). The growth expense considered is energy
bounded into newly synthesized biomass, G = Em - dW/dt. Resting metabolism is described by an
allometric relation (Rr = arWP). These assumptions yield the following growth equation:

W _ & awe oM =W) s g /E, (S13)

dt 1-¢ 1-g,(W, —W)
Obviously, the model neglects growth overhead costs and activity expenses and it cannot be written in
the general form of GSGM (Eq. (SI2), i.e. as a difference between supply and cost with the allometric
exponent for supply, b, being smaller than the allometric exponent for cost, d).



1.3 THEORETICAL COMPARISON OF MGM AND DEB

DEB theory divides the body into structure and reserve, where only structure requires maintenance to a
cost that is proportional to the structural volume. Like MGM, DEB theory thus is able to deal with
changing mass-specific costs for maintenance and growth due to changing body composition. Since
animals generally increase their proportion of reserve as they grow, the mass-specific maintenance cost
generally decreases during growth in DEB models [11], the opposite pattern to what is generally
predicted by MGM. In the standard DEB model [8], a fixed fraction (x) of mobilized reserve energy is
spent on somatic maintenance and growth, whereas the rest (1- «) is allocated to maturation, maturity
maintenance and reproduction. This does not capture how the proportion of assimilated energy that is
available for growth decreases faster than linearly with body mass, as indicated by data for house
crickets under (or very near) ad libitum conditions [23]. However, by allowing « to increase with body
mass, such a growth pattern may be captured by a DEB model.

The standard DEB model [8] under constant food density and neglected costs for heating and
osmoregulation (surface-dependent maintenance) yields a growth equation expressed in the structural
volume V:

dv 1 213
gt m[ fre{ AV —[Ruy ]V] (S14)
Here, f is the scaled functional response (dependent on food density), {Amax} is the maximum surface-
specific assimilation rate, [Rmv] is volume-specific somatic maintenance, [Er] is volume-specific
reserve energy content and [Eg] is volume-specific energetic growth cost. The parameters x, {Amax},
[Rmv] and [Eg] are all constants in the standard DEB model and with constant food density, also f and
[ERr] are constants. The actual body volume is the structural volume V, but actual body mass W is the
sum of structural mass and reserve mass:

W = oV +([Eitg) V (S15)

If the structural density ps and the energy density of reserves pr both are constants, body mass is
proportional to structural volume (W = p¥), i.e. the biomass density p is constant. The standard DEB
growth equation (Eqg. (S14)) can then be written in terms of body mass:

dw 1 Aty 22
= f DWW — SI6
dt K‘ER+EG|: " P yW} (516)

Here, y is mass-specific somatic maintenance, Er is reserve energy content per unit body mass and Eg
is mass-specific energetic growth cost.



A simplified version of the MGM growth equation (Eq. (10)) under fixed relative food acquirement ¢
is obtained by assuming allometric ingestion rate (S = a#?), linear feeding costs (Rr = ke S), constant
biomass energy density Em, constant specific growth overhead costs Es, constant basal maintenance
rate yg and undifferentiated tissue (Ws= W, Wr =0, ans = anr = an):

(SI17)

W__ 1 ek )aws -7V
dt E,+E, 1-a W™ g

There are both similarities and differences between the simplified MGM growth equation (Eq. (S17))
and the standard DEB growth equation (Eqg. (S16)). MGM’s total specific growth cost (Em + Es),
including both energy density of synthesized biomass (Em) and specific growth overhead costs (Es)
corresponds mathematically to the denominator in the DEB equation (xEr + Eg), including both costs
of mobilizing energy from reserve and direct growth costs. MGM’s specific growth overhead costs (Es)
may be considered as the sum of mobilisation costs and succeeding overhead costs for biomass
synthesis. In MGM, Ewm and Es do not have to be constant when food availability and energy density of
reserves are constant (contrary to DEB).

MGM’s food availability parameter ¢ is similar to DEB’s scaled functional response f. The ingestion
rate allometric exponent 3 is adjustable in MGM, but is fixed to 2/3 in DEB. The product (e-kr)a in
MGM corresponds mathematically to the product x{Amax}/p?” in DEB. In MGM (e-ke)a can be
interpreted as a size-specific effective assimilation rate accounting for nutrient assimilation efficiency
(), costs of finding and processing food (kr) and size-specific ingestion capacity («). Correspondingly,
in DEB, «{Amax}/p?? can be interpreted as a size-specific effective assimilation rate accounting for
nutrient assimilation efficiency and surface-specific ingestion capacity ({Amax}/p??) as well as life-
history-dependent allocation of total available reserve energy to somatic maintenance and growth (x),
opposed to allocation for maturation and reproduction. In MGM, ye/(1-anWP¢?) is the mass-specific
maintenance rate, including both basal and negotiable costs. It corresponds to the mass-specific somatic
maintenance y in DEB, which in contrast to MGM is independent of body mass W and food availability
¢ (as long as food density and energy density of reserves are constant). However, with by = 0 (constant
relative allocation to negotiable costs), also MGM’s mass-specific maintenance rate is independent of
body mass. To summarize, DEB includes effects of life-history dependent allocation in the source term
occurring from the so called x-rule [8], whereas MGM includes effects of life-history dependent
allocation in the cost (maintenance) term.



2. lllustration of MGM behaviour and comparisons with other model approaches

MGM (Eq. (10)) is in this contribution analysed under a number of scenarios. In the main text the
general behaviour of MGM under 1) ad libitum conditions (and a number of simplifying assumptions,
main section 3.1) and 2) food restriction (main section 3.2), is illustrated by numerical predictions and
comparison with other growth models and data from a previous study on house crickets [23]. More
details on these analyses can be found below (Note SI2.1-2). In addition, the behaviour of MGM under
five specific ad libitum scenarios are investigated and illustrated below (Note S12.3-7), including
effects of (3) feeding costs, (4) body composition, (5) growth strategy, (6) allocation to negotiable
maintenance and (7) allocation to reproduction. The aim of this note is to shed more light on how
different components of MGM, such as maintenance and feeding costs, respond and interact to produce
MGM behaviour in various situations.

All MGM simulations presented here assumed an allometric relation for maximum ingestion rate,
linear feeding costs (Eg. (19)) and undifferentiated maintenance costs for somatic and reproductive
growth (Eq. (30)), simplifying Eq. (10) into:

S =paW”’
dw 1
m “E . E (eS-R--R,) , <R-=Kk:S (SI18)
+
) ; Ry =7eW /(L-py@”) . Py :aNWbN

Body mass W versus age t was obtained by solving this differential equation numerically. Predictions
of resting (Rr) and total metabolic rate (Rit) were then calculated as:

R; =R; +R,, = E; ¥ +R,, , R =R: +R: (S19)

Approximate allometric exponents of metabolic rates were estimated as slopes of straight lines fitted to
logarithmic data on metabolic rate vs. body mass.

Most simulations (but not all, see Note S12.4-7) assumed constant biomass energy density (Ew),
constant specific growth overhead cost (Es), constant specific basal maintenance cost (ys) and linear
relative defence allocation (bn = 1), where values of these and other parameters (Table SI2) were
chosen based on previous studies [23-25] to reflect realistic parameter values for house crickets (Acheta
domesticus).



Table SI12: MGM parameter values applied in numerical demonstrations of model behaviour.
* signifies parameters for which values were varied in some cases (stated below when applicable).
- denotes parameters that are dimensionless.

Parameter Notation | Value Unit
Assimilation efficiency e 0.75 -
Biomass energy density™ Em 6.0 J/img
Specific growth overhead cost* Es 3.0 J/img
Ingestion rate normalisation constant a 10 J/(mgP-day)
Ingestion rate allometric exponent s 0.75 -
Specific basal maintenance cost* 7B 0.40 J/(mg-day)
Relative defence allocation constant™ an 1.10°% mg!
Relative defence allocation exponent* bn 1 -
Defence reduction exponent* 0 1 -
Feeding cost slope* ke 0.40 -
Birth mass Wo 1 mg
Maturation mass* Winat 300 mg
Relative food acquirement ® 1 -

2.1 NUMERICAL COMPARISONS UNDER AD LIBITUM CONDITIONS

In main section 3.1, optimized predictions of a simplified version of the MGM growth model (Eq. (33))
and the Generalized Standard Growth Model (GSGM, Eq. (S12), representing AnaCat, DEB and OGM,
see Note SI1), were compared with empirical growth curves for house crickets reared under near ad
libitum conditions [23]. Below, we also include the logistic growth model [3] and the Makarieva
growth model (Eq. (S13)) in a more detailed comparative analysis (Fig. SI1).

Empirical growth curves were well captured by MGM, but good agreement was not possible to obtain
using GSGM (Fig. Sl1a, Table SI3). More specifically, GSGM was unable to capture the near-
symmetrical hump-shaped curve that characterizes growth rate as a function of body mass, peaking at a
relatively large body mass compared to ultimate size (Fig. SI1b). A logistic growth model follows the
mathematical form of GSGM, but with b =1 and d = 2 (as opposed to d <1 for GSGM) and captures
the empirical curve better (Fig. SI1b, Table SI3), but lacks mechanistic foundation. Finally, empirical
growth curves are considerably better captured by the Makarieva growth model, but even better by
MGM (Fig. SI1, Table SI3).
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Fig. S11: Empirical growth curves for house crickets reared under near ad libitum conditions [23] and growth
curves predicted by different growth models with application of optimized parameter values (Table SI3).

Table SI13: Optimized values of model parameters and corresponding goodness of fit
measures (GF, Eq. (35)) for the simplest relevant version of MGM (Eq. (33)),

GSGM (Eq. (S12)), the logistic model (Eg. (S12); b = 1, d = 2) and the Makarieva model

(Eq. (SI13)). For GSGM, d = 1 was applied, since worse agreement is obtained with smaller d.

Model Optimized parameter values GF

= .maP =
GSGM (d= 1) i: ég;r:jgi/;dlay mg°)] , b=0.91 0.845
Logistic model (b = 1, d = 2) i:f;glg?’(:ng day) 0.950
Makarieva \a;vz i%;gﬁggiod:)gebl;? mggl 0.985

The inability of GSGM to capture the rapid growth of insects such as house crickets at near ad libitum
[23] can be further demonstrated by comparing theoretical limits of two dimensionless key properties
of growth trajectories between GSGM predictions and empirical data (Table S14). From GSGM (Eg.
(SI2)), analytical expressions can be derived for ultimate body mass Wy (the asymptote Wy = (a/c)Y/@)
at dw/dt = 0), maximal growth rate W,,,, (the growth rate at d?wW/dt? = 0) and corresponding body
mass W = [ab/(cd)]¥@), The relative body mass at maximum growth rate is by GSGM predicted to:

o' =W*IW, =(b/d)"“™® (S110)



The largest possible o predicted by GSGM is obtained with the largest possible d and b. Since GSGM
requires b <d <1, itis obtained as:

. = Ibing[b”(l’b)] =1/e~0.37 (SI11)

Consequently, GSGM cannot predict " larger than 0.37, but experimental data for house crickets yield
o =~ 0.49 (representing a growth rate curve that peaks for a relatively large body mass compared to
ultimate size). As illustrated by Fig. S12a, GSGM predictions of »” (with 0 < b < 1) cannot reach the
empirical value of " as long as d < 1. A logistic growth model (b = 1 and d = 2) yields a parabolic
curve with @” = 0.50, which is close to experimental data.

With d = 1 (best fit option) and known relative birth mass wo = Wo/Wuy, Eq. (SI2) can be solved
analytically and an expression can be derived for age t., at which any relative body mass @ = W/Wuy is
reached. The relative maximum growth rate (Q) relates maximal growth rate (I#/,,,,) to mean growth
rate (Wultos):
Q= Wi _ i[bb“l-b) —b¥¢ ][ In(L- ;) - In(1-0.95") | (S112)
W, /t, 1-b °

Experimental data [23] yield logio(wo) = -2.79 and Q = 1.79 for house crickets, which requires b =
0.57 for a GSGM prediction to fit (Fig. SI2b), far from commonly applied exponents (2/3 <b < 1). A
summarized comparison of key growth-related properties (Table SI5) between empirical estimations
(w” = 0.49, Q =~ 1.79) and model predictions (using optimized parameter values, Table SI3) indicates
good prediction by Makarieva (o =~ 0.46, Q =~ 2.09), better prediction by MGM (0" = 0.51, Q =~ 1.98)
and less good prediction by GSGM (0" = 0.35, Q = 1.75).

Table S14: Key growth-related properties calculated from empirical data of house
crickets growing under near ad libitum conditions [23].

Parameter Notation Value Unit
Birth mass Wo 0.67 mg
Body mass at maximal growth rate w* 201 mg
Ultimate body mass Wy 409 mg
Maximal growth rate Wax 13 mg/day
Age at reach of 0.95Wy tos 57 days
Relative birth mass wo = Wo/Wy 1.6-10° -
Logarithm of relative birth mass log10(wa) -2.79

Relative body mass at maximal growth rate " =W/Wy 0.49

Relative maximal growth rate Q = Wy g (Wultes) 1.79
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Table SI5: Key growth-related properties (o", Q) obtained from data [23]
and model predictions with optimized parameter values (Table SI3).

Data | MGM | GSGM Logistic | Makarieva
* 0.49 0.51 0.35 0.50 0.46
Q 1.79 1.98 1.75 2.31 2.09
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Fig. S12: Dimensionless key properties of growth trajectories predicted by GSGM (Eqg. (SI2)) as a function of b
(allometric exponent of source term in Eq. (S12), restricted to the range [0 1]). a) Relative body mass at
maximum growth rate (", Eq. (S110)) for different values of d (allometric exponent of cost term in Eq. (S12)).
Stars indicate fits between empirical value of »” (= 0.49, horizontal dashed line) and model predictions for two
values of d. b) Relative maximum growth rate (2, Eq. (S112)) for different values of relative initial birth mass
(wo) with d = 1. Dash-dotted curve represents relative maximum growth rate () as a function of b, for empirical
value of logio(wo) (= -2.79) and star indicates fit between this and empirical value of Q (= 1.79, horizontal
dashed line). Dashed vertical line thus indicates value of b (= 0.57) needed in GSGM to obtain empirical value
of Q for empirical value of 10g10(wo).
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2.2 EFFECTS OF FOOD RESTRICTION

In MGM simulations of food restriction, fixed values of the relative food acquirement ¢ were applied.
Some predictions of MGM as affected by various constant relative food acquirements ¢ were shown in
main section 3.2 (Fig. 3). More details are presented here (Fig. SI3). In these simulations (using ¢ = 1),
ultimate body mass (Fig. SI3a) and growth rates (Fig. SI3bc) are reduced with increased level of food
restriction. Effects of food restriction on metabolic rates are significant with downregulation of
maintenance (Fig. SI3d) and decreases in resting and total metabolic rate (Fig. SI3e), including slight
reductions in allometric exponents (Fig. SI3f). Model predicted allometric exponent for resting
metabolic rate is not very far from previous experimental estimates for house crickets (0.899, [26]).

a d
500 . . : . 400 ;
>
s p=1
)
=400 T =300 » =09
‘g, ° =038
» 300 = © =07
é 8 200 ¢ =10.6
= 200 =
g 5 100}
S 100 | g
=
0 : : : : 0 : : : :
0 50 100 150 200 0 100 200 300 400 500
age [days] body mass [mg]
b e
12 T w T 800 T .
B g
g{) = 600 ¢ total metabolic rate
E o
2 £ 400
s 2
= E
5 S 200 ¢
8 (5] . .
&0 g resting metabolic rate
0

100 150 200 0 100 200 300 400 500

age [days] body mass [mg]
¢ f
12 : - 1.2 : , —
> L S0l T
g 10 § e
en L o r
g 8 > IR P
) 6 5 09F
B 208
L ©
§ 4 g o7+ === maintenance rate
2 2t é 06 — — —resting metabolic rate
o) = 0. total metabolic rate 1
0 L 1 L 1 1 L
0 100 200 300 400 500 0.6 0.7 0.8 0.9 1
body mass [mg] ©

Fig. SI3: Predictions of MGM with varying fixed relative food acquirement ¢ (see legend in subplot d,
other parameter values according to Table S12).
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2.3 EFFECTS OF FEEDING COSTS

As expected, with increased feeding costs, MGM predicts decreased ultimate body mass (Fig. Sl4a)
and decreased growth rates (Fig. Sl4bc). The direct effect of increased feeding costs (Fig. S14d)
combined with reduced resting metabolic rate as a consequence of reduced growth overhead costs (Fig.
Sl4e), results in increased total metabolic rate with altered allometric scaling (Fig. S14f).
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Fig. S14: Predictions of MGM with varying relative feeding cost ke (see legend in subplot b, other parameter
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2.4 EFFECTS OF BODY COMPOSITION

To demonstrate how body composition may affect predictions of MGM, the assumption of constant
biomass energy density Em was abandoned and replaced by the parameters in Table S16. The switch
model (Egs. (SI117) and (S118)) was applied, assuming that growth is either completely somatic or
completely reproductive. The growth fractions f. and fcp were described by allometric relations (Eq.
(S120)), assuming equal growth exponents for carbohydrates/proteins and lipids (bcp = b = bep). The
common growth exponent bcp describes how fast the fraction of lipid synthesis increases and how fast
the fraction of carbohydrate/protein synthesis decreases with body mass. The biomass energy density
was described by Eq. (S123).

Table S16: Additional MGM parameter values applied in numerical
simulations (Fig. SI5) to demonstrate effects of body composition.

Parameter Notation | Value | Unit
Carbohydrate/protein energy density Ecp 17 Jimg
Lipid energy density EL 37 Jimg
Reproductive tissue energy density Emr 8.0 | Jmg
Initial relative carbohydrate/protein growth fero 0.15 -
Relative lipid growth at maturation fum 0.15

As a consequence of fum and fcpo being fixed, the energy density of newly synthesized biomass Em was
fixed at birth and maturation. The variation of Em in between does not affect ultimate body mass (Fig.
SlI5a), but growth rates are increased and peaks at a smaller body mass (Fig. S15bc) when Ewm is
decreased as a consequence of increased bcp. (Fig. S15d), representing a more delayed growth of lipids
(with twice the energy density of carbohydrates and proteins).

At maturation, when somatic growth is replaced by synthesis of reproductive tissue with higher energy
density, growth rates are instantaneously decreased (Fig. SI5bc) as a consequence of the switch model
that assumes instantaneously increased energy density of new biomass (Fig. S15d). A successive onset
of maturation (Eqg. S19-10) would instead result in a more gradual change in growth rate and energy
density of newly synthesized biomass. Effects on allometries for resting and total metabolic rate are
minor (Fig. SI5ef). Model predicted allometric exponent for resting metabolic rate is not very far from
previous experimental estimates for house crickets (0.899, [26]).
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2.5 EFFECTS OF GROWTH STRATEGY

In MGM, type of cell growth (cell division or cell enlargement) may affect growth patterns in two
ways; 1) through differentiated overhead costs for cell division and cell and enlargement and 2)
through changes in average cell size, affecting relative contributions from surface-dependent and
volume-dependent processes to total maintenance costs. To demonstrate how growth strategy may
affect predictions of MGM, the assumption of constant specific growth overhead cost Es and constant
specific basal maintenance cost ys were abandoned and replaced by the parameters in Table SI7. The
switch model (Egs. (S117) and (S118), assuming instantaneous switch from pure somatic to pure
reproductive growth) was applied. Relative somatic growth due to cell enlargement fc was described by
Eq. (S122), specific growth overhead cost Es by Eq. (S126) and specific somatic basal maintenance cost
yss by EQ. (SI137). Furthermore, the surface- dependent cost for basal maintenance of somatic cells ¥5s,4
was adjusted to obtain a fixed specific basal somatic maintenance cost at maturation yesw.

Table SI7: Additional MGM parameter values applied in numerical simulations
(Figs. SI16-S17) to demonstrate effects of growth strategy.

Parameter Notation | Value Unit
Specific overhead cost for cell division of somatic tissue Essp 2.0 J/img
Specific overhead cost for cell enlargement of somatic tissue Esse 4.0 J/img
Specific overhead cost for growth of reproductive tissue Esr 4.0 Jimg
Relative somatic growth due to cell enlargement at maturation fom 0.5 -
Initial cell mass Mco 1-10® mg
VVolume-dependent specific somatic basal maintenance rate yBSV 0.25 J/img

With fixed proportions of cell enlargement and cell division (bg = 0), fc =fewm is the proportion of
somatic growth that is due to cell enlargement. Corresponding predictions are shown in Fig. SI6.
Effects of varying fc for different b and different relative cost of volume-dependent processes are
shown in Fig. SI7.

Ultimate body mass is independent of fg since the specific somatic basal maintenance rate at
maturation yssm has been fixed (Fig. S16a). With fixed proportions of cell enlargement and cell division
throughout the growth period, increased relative contribution from cell enlargement results in slightly
lowered growth rate peaking at somewhat larger body mass (Fig. Sl6bc). Metabolic rates are barely
affected (Fig. S16def). Model predicted allometric exponent for resting metabolic rate is not very far
from previous experimental estimates for house crickets (0.899, [26]).
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As a consequence of decreased growth rate at fixed ultimate body mass, tes increases with increased
relative contribution from cell enlargement to somatic growth (fc) if there are any costs to pay for
surface-dependent processes (fasv < 1) (Fig. SI7). The pattern is a consequence of volume-dependent
processes increasing faster with body mass than surface-dependent processes. With increasing
proportion of somatic growth that is due to cell enlargement as body size increases (bg > 0), tos
decreases with increasing be (Fig. SI7a). With large be most cell growth occurs close to maturation and
cell division dominates early ages. The predicted pattern arises since surface-dependent costs increase
slower with body mass compared to volume-dependent costs. Furthermore, tos decreases with
increasing relative cost of volume-dependent processes fasv (Fig. SI7b).
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2.6 EFFECTS OF ALLOCATION TO NEGOTIABLE MAINTENANCE

To illustrate how the strategy of allocation to negotiable maintenance costs may affect predictions of
MGM, it was first assumed that a fixed proportion of total maintenance costs is allocated to negotiable
maintenance costs at ultimate body mass, i.e. applying a fixed py (Wy) = aNWUbN (Eq. (S18)),which
indirectly fixates ultimate body mass Wy (Fig. S18a).

a d
600 400
>
3
£ =,300
E 400 | P
wn <
4 © 200
g 2
§ 200 g 00
° g
<
0 : g

0 50 100 150 200 250 0 100 200 300 400 500

age [days] body mass [mg]
b e
15 \ \ 800 ; :
B oy z total metabolic rat
_ =S otal metabolic rate
%D ol by, =05 = 600 -
) by=1 2
2 by=15 £ 400
IS N o
= b,=2 =
5 5t v S
= 'S 200
gl) g resting metabolic rate
0 ‘ 0 : : : :
0 50 100 150 200 250 0 100 200 300 400 500
age [days] body mass [mg]
¢ f
15 12 ____________________________ -
: + Pt
3 £ L1 -
~~ = 1 v
eh 9]
= & | e e ——
= 509"
a2 o
s 5 08—
< Q :
E 07+  |=e=——— maintenance rate
° :o — — —resting metabolic rate
h < 0.6 total metabolic rate
0 100 200 300 400 500 0 0.5 1 1.5 2
body mass [mg] b

N

Fig. S18: Predictions of MGM with fixed py (W) = aNWJ’” (a fixed proportion of total maintenance costs is
allocated to negotiable maintenance costs at ultimate body mass), but varying relative defence allocation
exponent by (see legend in subplot b, other parameter values according to Table SI2).
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Increasing relative defence allocation during growth (bn > 0) yields a pattern of initially fast growth
and a large peak in growth rate followed by rapid decrease, as observed in house crickets (Fig. SI1b)
but not captured by GSGM (corresponding to by = 0). With increased by, maximum growth rate
increases and occurs at larger body mass (Fig. S18bc). The relative body mass at maximum growth rate
o” = W'/Wy thus increases with increased by, a pattern that enabled accurate fit between MGM and
empirical growth curve for house crickets [23] by applying bn = 1 instead of bn = 0 (corresponding to
GSGM). The pattern occurs because large by results in maintenance costs that are initially low and
increase fast with body mass at the end. Variation of by under fixed Wy has some (but not very large)
effects on allometries for metabolic rates (Fig. SI8de). Maintenance rate (Rw) scales super-linearly with
body mass (W) for by > 0 (Rm =~ amW with by > 1), whereas resting metabolic rate (Rg) and total
metabolic rate (Riwt) scale sub-linearly (Rr = arRWP™, br < 1, Riot = arWPT, br < 1) for all by (Fig. SI8f).
Model predicted allometric exponent for resting metabolic rate is not very far from previous
experimental estimates for house crickets (0.899, [26]).

MGM predictions of tgs versus Wogs for varying an and by are shown in Fig. SI9. If by is increased
(resulting in faster increase of relative defence allocation with body mass) for a fixed an, ultimate body
mass Wy is decreased since maintenance costs successively turn larger. Also, if an is increased
(resulting in increased fraction of total maintenance costs that are allocated to negotiable costs) for a
fixed bn, Wy is decreased. The age tos required to reach Wos = 0.95Wuy is positively correlated with Wgs
(less time is required to reach a lower Wags).
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Fig. SI9 MGM predictions of tes vs. Was with different fixed values of ay (relative defence
normalisation constant) and by (relative defence allocation exponent). Here by is varied on an
equidistant scale in the interval 0 < by <1 and each star (*) represents a value, with the right-
most star in each curve corresponding to by = 0, and by successively increasing towards the left.
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2.7 EFFECTS OF ALLOCATION TO REPRODUCTION

To illustrate how increasing allocation to reproduction during growth affects predictions of MGM, it
was assumed that growth of reproductive tissue (gonads, sperms, eggs, reproductive buffer) constitute
an increasing fraction fr of total growth (Eq. (S114)), described by an allometric relation between birth
and ultimate size, fr = 7RW"® (Eq. (SI15) with Wma = 0), with growth finally completely reproductive
(fru = 1). Maturation mass was put to zero in order to describe allocation to reproduction by an
allometry starting at birth. In addition, it was assumed that reproductive tissue is twice as expensive to
synthesize as somatic tissue (Emr = 2Ewms, Esr = 2Ess, Table SI8). The energy density Em and the
specific growth overhead cost Es for all tissue (somatic and reproductive) were calculated with Eqgs.
(S123) and (S126).

Table S18: Additional MGM parameter values applied in numerical simulations
(Fig. S110) to demonstrate effects of allocation to reproduction.

Parameter Notation Value Unit
Maturation mass Winat 0 mg
Energy density of somatic tissue Ewms 6.0 J/img
Energy density of reproductive tissue Emr 12.0 J/img
Specific overhead cost for growth of somatic tissue Ess 3.0 Jimg
Specific overhead cost for growth of reproductive tissue Esr 6.0 Jimg
Ultimate reproductive growth fraction fru 1 -

The relative reproductive growth normalisation constant #r (Eq. (S115)) was adjusted to keep ultimate
body mass fixed under varying allometric exponent br. With increased bg, total growth (somatic +
reproductive) occurs faster, peaking at a higher maximum growth rate (Fig. S110abc). Age and body
mass at maximum growth rate are also affected by br (Fig. SI110bc). When relative reproductive growth
is proportional to body mass (br = 1), total specific growth costs (Em + Es) increase linearly with body
mass (Fig. S110d). With hyperallometric relative reproductive growth (br > 1), Em + Es increase faster
than linearly with body mass (Fig. S110d) and the total reproductive cost is initially hyperallometric
(Fig. SI10e). With hypoallometric relative reproductive growth (br < 1), these patterns are reversed
(Fig. SI10de). With increased br, the total reproductive cost is decreased and skewed towards the end
(Fig. SI10e). Allometric scaling of resting and total metabolic rates are not affected (Fig. S110f).

In order to investigate if hyperallometric relative reproductive growth (br > 0), instead of
hyperallometric allocation to negotiable maintenance (bn > 0), can explain observed growth curves in
house crickets reared at near ad libitum, Eq. (SI8) with by = 0 (and ¢ = 1) was combined with Eyv and
Es from Egs. (S123) and (S126), and fr = szrRWPr, yielding the following growth equation:
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ea—k
dW  aw® —cw a=¢ ¢t~ , b=p
B SWPhR ' ] 5 Eyr+E—(Eys+Ess)
dt  1+7.W o = el

Application of a, b, ¢, 77z and br as free parameters in the optimization procedure used for fitting

’ C -

_ 7el-ay)
Eys +Ess

(SI13)

models to data for house crickets at near ad libitum [23], resulted in 7jz = 0 and same values for a, b
and c as obtained for GSGM (Table SI3). The best fit to data is thus equivalent to GSGM and
hyperallometric allocation to reproduction does nothing to improve it.
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3. Inclusion of additional effects in developed growth model

Main section 5 (Methods) derives the main components of MGM and suggests basic alternatives for

each component that leads to the simplest relevant full version of MGM (Eg. 30). Below, we suggest
how more complex and/or additional features, accounting for (i) reproductive growth, (ii) changes in
somatic body composition, (iii) somatic growth strategy and (iv) variability in growth overhead costs
and basal somatic maintenance costs, could be included in MGM if considered relevant.

3.1 REPRODUCTIVE GROWTH

If reproductive tissue has different energy density and/or overhead costs, it may be relevant to account
for reproductive growth during ontogeny. This can be done in numerous ways, but we here outline one
possible approach. The growth of reproductive tissue may be described as a mass-dependent fraction
fr (W) of total body growth:

dw, dw

R f kil Sl114
- RW)— (S114)
Reproductive growth may start at a certain life stage, such as maturation. The reproductive growth

fraction fr may then be described by an allometric function:

D oge—m (< f, <1,b,20)  (SIi5)

) {o S W o<W
" (\NU _Wmat)bR

77R(VV _\Nmat)bR ) W 2Wmat

Here, Wmat is the maturation mass and Wy is the ultimate body mass. The ultimate reproductive growth
fraction fry and the allometric exponent br are constants. Integration of Eq. (SI114) yields the
reproductive body mass Wr and the proportion of reproductive tissue (pr = Wr/W) is obtained as:

0 . W<W,_,
(S116)

Pr = R b
— R _wW-w_)* , W>W_
(b, +HW W W) '

Egs. (SI115) and (S116) can then be inserted into expressions for energy content (Eq. (13) or (S123)),
growth overhead costs (Eq. (14) or (S126)) and maintenance (Egs. (21) and (22)).

Egs. (S115)-(S116) describe a maturation process where somatic growth is gradually replaced by
reproductive growth. However, many mathematical complications can be avoided under the switch
model, where pure somatic growth is replaced by pure reproductive growth at some point W = Wat :

{0 , W<W,
fo =

(SI117)
1, W>W,_
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The proportion pr of reproductive tissue is then:

_fo , W o<W
PR l-w W W>W

mat

(SI118)

3.2 GROWTH OF SOMATIC TISSUE COMPONENTS

If the relative proportions of lipids, carbohydrates and proteins in somatic tissue changes significantly
during ontogeny it may be relevant to account for this. Growth of somatic tissue can be divided into
growth of lipids and growth of carbohydrates and proteins (with similar energy density). The growth
rates can be described as mass-dependent fractions f_ and fcp of the total somatic growth rate:

dWg, dw, dw, dw,
_f LIV , SCP _ f s S119
g - We)-— ot erWs) = (SI19)
The growth fractions fu and fcp may be described by allometric functions. Generally, animals increase
their proportion of lipid-rich reserve during growth [11]. By assuming that somatic lipid synthesis is
initially zero (at zero body mass) and increases with somatic growth, and that somatic
carbohydrate/protein synthesis is zero at maturation, the allometries can be expressed as:

f|_(Ws):77|_stL o=y /WStl)\bl (0<fy<1,b >0

f , b,=0 (S120)
fop W) = { fZ:Z _nCPWSbCP ’ bz: >0 ’ Mep = Tepo /st&P , (0= 1 <1

Here Wsw is the somatic body mass at maturation. The lipid growth fraction at maturation fum, the
initial carbohydrate/protein growth fraction fcpo and the allometric exponents (b, bcp) are constants.
Eq. (S120) can then be inserted into expressions for energy content (Eg. (13) or (S123)).

3.3 SOMATIC GROWTH DUE TO CELL ENLARGEMENT AND CELL DIVISION

If somatic growth results from a combination of cell growth and cell division that changes significantly
during ontogeny this may need to be accounted for. Somatic growth due to cell enlargement can be
described as a mass-dependent fraction fg of total somatic growth:

AW, A
dt

" = f (W,)- (S121)
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Generally, animals increase body mass mainly through cell division during early ontogeny and mainly
through cell enlargement at later life stages [28]. If cell enlargement constitutes an increasing fraction
of total somatic growth with increased body mass (with a corresponding decreasing relative
contribution of cell division), fc may be expressed as an allometric function of somatic body mass:

fy = Wee , Mo = Tapy IWeE (0< fg, <1, by >0) (S122)

The somatic cell growth fraction at maturation fem and the allometric exponent bg are constants. Eq.
(S122) can then be inserted into expressions for growth overhead costs (Eq. (14) or (S126)).

3.4 ENERGY BOUNDED IN SYNTHESIZED BIOMASS

The rate at which energy is bounded in synthesized biomass (G) is proportional to the growth rate
(dwr/dt). It is composed of energy bounded in synthesized somatic tissue (with energy density Ems) and
energy bounded in synthesized reproductive tissue (with energy density Emr). The somatic tissue is
divided into carbohydrates/proteins (with energy density Ecp =~ 17 J/mg [29]), lipids (with energy
density EL ~ 37 J/mg [29]) and others (with zero energy density):

dw
G=E, W)= . EyW)=Ey(l- o)+ Eya o = (Eco foo + ELF A o) + By (S123)

By applying the switch model (Eg. (S117)) and the allometries in Eq. (S120), the biomass energy
density is obtained as:

Ecp (fepo —77ceW bor )+E W LW <Wia

(S124)
EMR ' W Z Wmat

EM (W) = {
Since the relative amount of lipids in somatic tissue increases during growth, the biomass energy
density increases during ontogeny.

The average energy density of new synthesized body tissue (Ewm) should not be confused with the
average energy density (£,,) of biomass that has already been synthesized. With constant body
composition, the two are equal and constant (Em = E)), but in a general case they are related as:

By W)= (B W) EM=ViVVfEM0N>dw (S125)

Here Wy is the birth mass.
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3.5 GROWTH OVERHEAD COSTS

Growth overhead costs (Rg) include all indirect costs of growth (such as assembling macromolecules
from monomers) and are proportional to the growth rate (dW/dt). They are divided into costs for
producing somatic tissue (Ess) and costs for producing reproductive tissue (Esr). Overhead costs for
somatic growth are further divided into costs for cell division (Essp) and cell enlargement (Essc):

dw
Ro=EsW) == EcW) =Eq(l- fo)+ Eqefo =[Esio (1~ f6) + Esso Fo J (L= ) + Exe iz (S126)

By applying the switch model (Eqg. (S117)) and the allometry in Eq. (S122), the specific growth
overhead cost is obtained as:

Esso 1—17W )+ Essc?leW o, W< Wiat

SI127
E W , W>W (S127)

Es(\N):{

Since the relative contribution from cell enlargement to somatic growth increases as the organism
grows, overhead costs for somatic cell growth becomes increasingly important during ontogeny.

3.6 BASAL SOMATIC MAINTENANCE COST

Maintenance of somatic tissue may be one of the more complex and variable parts of ontogenetic
growth, being affected by a combination of internal and external factors and differing among organisms
due to life history strategy. Accounting for this in a general way is difficult, but we here outline one
suggestion for how the basal (non-negotiable) maintenance of somatic tissue is affected by growth
strategy due to changes in average cell volume. Many maintenance processes (and costs related to
them) can be expected to be proportional to cell volume (such as oxidative processes, protein synthesis
and glycogenesis). However, a significant amount of basal maintenance are processes where costs can
be expected to be proportional to cell surface area, such as maintenance of ion potentials across
membranes [30]. If the organism grows by a combination of cell division and cell enlargement, the
average cell size may change as the organism grows and thus also the mass-specific basal maintenance
costs. The basal maintenance costs for somatic tissue Rwuss is here divided into a part proportional to
average cell volume and a part proportional to average cell surface area, where cell volume is

proportional to cell mass (mc) and cell surface area is proportional to m§/3:

Rues = Nc (Yasy *Me + Zgsa - m(Z:/S) (S128)
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Here Nc is the total number of somatic cells. The total somatic body mass is the total number of
somatic cells (Nc) multiplied by the average cell mass (mc):

W, = N.m, (S129)

Differentiation with respect to time yields one part that is due to cell enlargement and one part that is
due to cell division:

dWs = dWSG + dWSD {d\g’fe o ddltc (S130)
’ dWsp dN¢
dt dt dt Do = m, e

By describing somatic growth due to cell enlargement as an allometric fraction of total somatic growth
(Egs. (S121)-(S122)), somatic growth due to cell enlargement and cell division are obtained as:

d\(/thSG — UGWSbG d(\j/\:S
W a0 e Taw /W (SI31)
L = (1—77@stG ) dts

Comparing the expressions for somatic growth due to cell enlargement (dWsc/dt) between Egs. (S130)
and (SI31) yields:

dmg W dw,

N.—== — SI132
cTat e Tt (5132)
Integration (with Nc = Ws/mc) yields:
mf dme _, Vfwbeldw (SI33)
Mco mc Gmco i i

The lower integration limit corresponds to the initial state of a single somatic cell with mass mcg. An
approximation for the average somatic cell mass is obtained by assuming that the initial cell mass is
small compared to the total somatic mass Ws (mco = 0):

mco(vvs/mco)fGM ) bG =0
m. =~ SI134
¢ mco-exp[%(vﬁ)bs} , by >0 ( )
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Insertion of Eq. (S134) into Eq. (S128) with Nc = Ws/mc yields the total basal somatic maintenance
cost as:

Yosv ‘Ws + Vgsa 'Wsl_fGM " , by =0

b
7st'Ws+7/BSA'Ws'eXp|:_;GKM'(v\\;VS) } , b;>0

mat

(SI35)

Rues

The volume-dependent and area-dependent specific somatic basal maintenance costs (yssv and yesa) are
constants.

~ / (1-fgm)/3 1 b :O
Vasa ={7 osa ! Mg © (SI136)

]7BSA / mé/g ' bG > O

By applying the switch model (Eq. (S118)), the specific somatic basal maintenance cost is obtained as:
J/BSV+7/BSA'W7fGM/3 , by =0

bg
yBSV*‘VBSA'eXp[_;?EM'(WW) ] , bg>0

mat

Ves W) = W <Wi) (SI137)

Since the average cell size increases as the organism grows, surface-dependent costs decrease in
relation to volume-dependent costs during ontogeny, resulting in a decreasing specific somatic basal
maintenance cost yss with increased body mass.
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