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S1: Dynamic Energy Budget theory and models: 
 
This supplement aims to describe the background information underlying the standard DEB model 
serving to understand the discussion and methods of the main manuscript.  Further details on DEB 
theory and standard and non-standard DEB models can be found in references (Kooijman, 2010; van 
der Meer, 2006; van der Veer et al., 2006). 

 
Figure 1. Schematic representation of standard DEB model. Arrows represent energy fluxes (J d-1) that drive the 
dynamics of the four state variables (boxes). Energy enters the organism as food (X ), is assimilated at a rate of ṗA 
into reserves (E ) . Mobilization rate (ṗC ), regulates the energy leaving the reserve to cover somatic maintenance 
(ṗM ), structural growth (ṗG ), maturity maintenance (ṗJ ), maturation (ṗR ) (immature individuals) and 
reproduction (ṗR ) (mature individuals). κ is the proportion of the mobilised energy diverted to ṗM  and ṗG, while 
the rest is used for ṗJ  and ṗR. 

The DEB model assumes that an individual’s physiological processes are dependent on surface area or 
body volume.  The model conceptually discriminates between three state variables:  Energy reserves 
(E), structural volume (V) and maturation (EH); once the individual reaches puberty another state 
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variable is included: reproductive buffer (ER). The mass of an organism at any point is given by the 
contribution of reserves, structural volume and reproductive buffer. Maturation however is 
understood as energy that is dissipated or spent by the organism in the increase of maturity, as such 
this state variable does not contribute to total mass, and once the maximum maturity (puberty) level 
is achieve the energy allocated to maturation starts to be used in reproduction. DEB theory assumes 
that these state variables are not directly measurable (empirically), however the DEB model fully 
describes their dynamics by a set of equations that characterize the individual’s physiological 
condition (van der Meer, 2006). 
 
In the DEB context, all assimilated products first enter the reserve pool. From the reserves pool, 
energy is allocated to growth, reproduction and maintenance. The κ-rule says that a fixed fraction (κ) 
is allocated to maintenance and growth while the rest (1-κ) is available for development (maturity) 
and reproduction. The DEB model explicitly incorporates the existence of overhead costs associated 
to the processes of energy conversion as this is mobilized among compartments. Those overhead 
costs are linked to assimilation, growth and reproduction and translate as energy losses (figure 1). 
 
 
One of the main DEB assumptions is that organisms are isomorphs, i.e. their shape does not change 
as they grow. The model relies on structural length L (cm), rather than physical length LW (cm), to 
provide a measure of size. Structural length relates to structural volume (V) discriminating between 
contributions from other state variables. Also structural length is not affected by the organism’s 
shape, thus favoring inter-species comparisons (Kooijman, 2010).  The DEB parameter shape 
coefficient δM (dimensionless) serves to translate physical measurements taken from some 
representative length (e.g. arm length) to structural length L = δM · LW. In the DEB model, several 
energetic processes are dependent either on surface area (L2, cm2) or on structural volume (L3, cm3) 
and, as such, several parameters are either scaled by volume or area.   
 
DEB theory makes use of a specific nomenclature: all rates (units t-1) are written with a single dot 
diacritic, e.g. ṗA ; all surface-area specific quantities (units cm-2) are written in curly brackets, e.g. {ṗAm 
}; and all volume-specific quantities (units cm-3) are written in square brackets, e.g. [ṗM]. 
 
Energy Reserve dynamics: 
 
Energy reserves are determined by the availability of food resources in the environment, in that way 
reserves are in equilibrium with the products available for consumption in the environment. 
Consequently their dynamics are directly related to the environment. The DEB model uses a scaled 
version of the Holling’s type II functional response (Holling, 1959), f , to account for the effects of food 
availability on feeding and assimilation flux (ṗA ):  
 

�̇�𝐴 = {�̇�𝐴𝑚} ∙ 𝐿2 ∙ 𝑓  , where 𝑓 =  
𝑋

𝑋+𝑋𝐾
     (1) 

 
 {ṗAm } is the maximum area-specific assimilation rate (J d-1cm-2).  X is the amount of available 
resources as density (by area or volume depending on the organism), Xk represents the half-
saturation coefficient (density at which feeding rate is half of its maximum value).  f is not invariable, 
the functional response will change when the resource (X) is different. f may also change between life 
stages. For example, the pelagic larva feeds on a resource for which density is estimated by volume 
unit, while the adult preys or grazes on a resource which density is estimated by area unit. 
 
Energy is mobilized (ṗC ) from the reserves to cover all the metabolic needs of the organism. In that 
manner the dynamics of the reserves are given by: 
 
𝑑𝐸

𝑑𝑡
= �̇�𝐴 − �̇�𝐶         (2) 

 
where, ṗC  is the mobilization rate, given by: 
 



�̇�𝐶 = 𝐸 ∙
�̇�∙[𝐸𝐺]∙𝐿2+�̇�𝑀

𝜅∙𝐸+[𝐸𝐺]∙𝐿3         (3) 

 
Here two more parameters are introduced, the energy conductance �̇� (cm d-1) and the volume-
specific cost of structure [EG] (J cm-3). Equation (3) was derived assuming that the mobilization of 
reserve density is proportional to the amount of reserve density [3], which gives DEB the capacity to 
filter the effects of the environment on the organism’s dynamics. Meanwhile assimilation rate relates 
to the resources available in the environment. After mobilization ṗC  is distributed following the κ-rule 
as explained before. 
 
Somatic maintenance and growth 
 
In ectotherms somatic maintenance costs are only proportional to structural volume [1] and can be 
described by the equation as follows:  
 
�̇�𝑀 = [�̇�𝑀] ∙ 𝐿3        (4) 
 
where [ṗM ] is known as volume-specific somatic maintenance costs (J d-1 cm-3). DEB prioritises 
maintenance; therefore, the energy available for growth will be the energy remaining after the 
maintenance costs have been paid: 
  
�̇�𝐺 = 𝜅 ∙ �̇�𝐶 − �̇�𝑀        (5) 
 
Growth is given as a change in the structure (excluding changes in dimensions associate to the 
changes in reserves or the accumulation of the reproduction buffer) (Jusup et al., 2011). DEB uses a 
growth formulation equivalent to the traditional von Bertalanffy, a growth model with a mechanistic 
basis. The von Bertalanffy growth rate, �̇�𝐵 (d-1) describes the decrease in growth rate as the individual 
approximates its ultimate size (L∞) that results from the balance between the food assimilation 
(surface-specific) and the somatic maintenance (volume-specific) (van der Meer, 2006). In DEB �̇�𝐵 is 
given by: 
  

�̇�𝐵 =
1

3
∙ [

�̇�𝑀

𝜅∙𝑓∙[𝐸𝑀]∙[𝐸𝐺]
]        (6) 

 
Growth at a given size is concurrently: 
 
𝑑𝐿

𝑑𝑡
= �̇�𝐵 ∙ (𝐿∞ − 𝐿)         (7) 

 
Maturation and reproduction buffer 
 
The remaining mobilized energy (1-κ) is allocated to the increase of maturity, and after the individual 
reached puberty to the maintenance of such maturity and reproduction. Maturity maintenance (ṗJ , J 
d-1) accounts for the maintenance of increased complexity attained through development and is 
proportional to the level of maturity. In DEB, it is given by: 
 

�̇�𝐽 = �̇�𝐽 ∙ 𝐸𝐻         (8) 

 

where �̇�𝐽 is the maturity maintenance rate coefficient (d-1). When puberty is reached (𝐸𝐻 ≥ 𝐸𝐻
𝑃), 

maturity stops increasing and its maintenance is constant. Again maintenance is given preference, 
and the remaining energy is then allocated to the reproduction buffer: 
 
�̇�𝑅 = (1 − 𝜅) ∙ �̇�𝐶 − �̇�𝐽        (9) 

 
While ṗR is the rate of change in the maturation state variable (EH) before puberty, it also describes 
the dynamics of the allocation to the reproduction buffer state variable (ER) after puberty. Gonadal 
tissue is then synthetized following species specific rules from this reproductive buffer. 
 



Maturation is a somewhat abstract state variable and the DEB model refers to it to determine the 
maturity level at any time. Maturity levels or thresholds can be set at different developmental stages 
(hatching, birth, metamorphosis (one or several), puberty) and the DEB model can use those 
thresholds as a metric for developmental stages (Lika et al., 2011). 

 

Temperature correction for temperature-dependent rates 
 
Physiological rates are temperature-dependent and as such they change with the environment 
temperature when considering ectotherms. Therefore, these rates need to be corrected accordingly. 
The DEB model uses the Arrhenius concept of enzyme activation to incorporate the effect of 
temperature in the physiological rates [1]. Arrhenius temperature (TA) provides information on the 
variation of rates with temperature. The DEB model uses a curve for temperature sensitivity given by 
3 parameters,  
 

�̇�(𝑇) =  �̇�1 ∙ 𝑒𝑥𝑝 {
𝑇𝐴

𝑇1
−

𝑇𝐴

𝑇
} ∙ (1 + 𝑒𝑥𝑝 {

𝑇𝐴𝐿

𝑇
−

𝑇𝐴𝐿

𝑇𝐿
})

−1
     (10) 

 

where �̇�(𝑇) is the value of the physiological rate at a given temperature T (K) and �̇�1 is the known 
value of such rate at a reference temperature (T1). TA represents sensitivity within the tolerance 
limits, TL give the lower temperature tolerance limit and TAL provide the sensitivity to temperature 
when values are close to the lower limit (Freitas et al., 2007). 
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