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Models with dimensional problems

Allometric model: y = Al

Yy some (uantity 17" body weight
¥ proportionality constant i3 allometric parameter € (%, 1)

Usual form: lny = Ina + 31n il
Alternative form: y = iyl H’/U};)-‘* with gy = r.r[lf'{"f
Alternative models y = a L2 4 303 where Lo /% s a length measure

Freundlich's model: ¢ = Acti”

C density of componnd in soil ¢ concentration in liquid
k proportionality constant " parameter € (1.4,5)

L/n

Alternative formn: C = Cole/e)!" with Cy = kg
Alternative model: O = 2Che(ey + «)~" (Langmuir’s model)

Problen: in *hese models: no natural veference values Wy, ¢
The valnes of gy, Cy depend on the arbitrary choice

No problem in Arrhenius model: ln o= —Ty/T

k sonte rate T absolute temperature
(X paratnefer T,  Arrhenins temperature

Alternative form: k= hqexp{l — Ty/T}. with fo = exp{o — 1}

Difference with other two models:
no reference value requiired to solve dimensional problems

Message:
Use never transcendental finetions of arguments that have dimensions



Biodegradation of compounds

X concentration of compound
2 tie
n  order

n-Lh ordoer degradation
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Ng valuefor Y att =0
k degradation rate
I saturation constant

- (X(;_” — (1 - n,)l;:f)“_”)_
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n-th order degradation
H(r) = (1= (1= m)r)t=
J'E,YﬁYm1'ExﬂXg“'

Monod degradation
O=a(r)—1+ LN "Inz(r)+(IC"+1)7
r =N/ Noo T = /K 4 Xo), K = K/ Xo

Lk (KX 2 ™!
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Dynamic Energy Budget theory
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The theory quantifies
the cnergetics of heterotrophs
as 1t changes during life history
The key processes are
feeding storage growth reproduction

digestion maintenance developiment aAgIng



DEB-strategy

energy, 1o compounds
general
simple
hidden variable {entropy)
all heterotrophic syvstems
general
comparison hetween species, life histories
focus on ndivichals
mass/energy balances (input/output relationships)
consequences for populations. ecosysterns
context for modelling suborganismal levels
choice for homeostasis
sitmplicity
difinition of body s17¢
state variables
reserve energy (contributes to weight)
volume (links np with surface arca < feeding)

cumulated damage (aging)



Metabolism 45
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,[ Scheme for the allocatien of energy consumption into its components, and equations for various efficiency terms,

Energy Partitioning
Gross energy consumpltion ()

Fecal energy (/)

Apparent assimilated energy (A = ¢ — F)

Urinarv energy (L/)
Metabolizable energy (M = C - F - ()

Heat incrememnt of feeding (SDE)
Heat increment of fermentation {(/{F)

Net energy (N = ¢ - F - {/ - SDE - HF)

Mainteniince metabolism

—— Basic/Standard merabolism (BMR. SMR)
co—— Thermoregulatory

Activity

—— Production ¢/

Energy storage (growth)

Hair, feathers. cuticle
Reproduction {cggs. semen. milk)

Work (W)

Efficiency Terms

Apparent asstmulation efficiency 1K) A/C
Jyross production 10 P1C
Net production 100 P/A
JHoss work 1 Wi
Net work 1H) W/A
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CHAPTER EIGHT / FHYLUM CNIDARIA

Gonangium with
developing medusae 7
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Figure 1

Scyphozoan life cvcles A, Lite cycle of
Aurelia. The fertilized egg (b) is released
to develop into a planula larva {¢), which
settles to grow into a poiyp, the scyphis-
toma (dh. The scyphistoma either buds off
new polyps {¢) or produces ephyrae by

strobilation {(); the ephyra {(g) grows inlo i {(honmolile
ant adult medusa (a). B, Life cycle of Pe- Late bud)
lagiu, a scyphomedusa lacking the poly- strobila

poid stage. C, Lifc cycle of the “cannonball
jellyfish,” Stomolophus meleagris. (A, B
from Bayer and Owre 1968; C after Calder
119821}
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Energy fluxes through a heterotroph

2 defecation
6 utilization

1 ingestion (uptake)
5 mobilization
9 growth investment

The ronunded boxes indicate sources or sinks.

3 assimilation
7 maintenance

4 demobilization
8 maturation maintenance

10 maturation11 reproduction 12 heating (endotherms only)

Rates 3, 7, 8, 9 and 10

contribute to a bit to heating, this is not indicated to simplify the scheme.

multicellular

e, 1 e ) -
(‘food ) - = | gut |-~ (Tacces)
3
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(heat) [blood |5~ storage |
12 rin3 S T
ﬁ‘» 9 T~ 10
- T N
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volume )
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Key assumptions of the DEB model

o Homeostasis of strnctural biomass and reserves

&)

Life stages: emnbryo, juvenile, adult (size defined)
initial structural biomass: negligibly small

reserve density at hatehing equals that of mother

o

Food uptake ~ surface arca: tvpe I functional respounse

o Reserve density dynamics: first order

Allocation to maintenance4-growth: fixed fraction of catabolic power

Q

o Constant.
food-energy conversion
volitme specific maintenance costs

volume specific growth costs

o Hazard rate o accumulated damage
damage production o changed DNA

DNA change o catabolic rate

2.



1 Body volume, stored energy and accumulated damage are the state vari-

ables
2 Three life stages exist: embryo’s, which do not feed, juveniles, which do

not reproduce, and adnlts. The transition between stages depends on the
accumulated energy invested into maturation. Unicellulars are mostly

confined to the juvenile stage
3 The feeding rate is proportional to surface area and depends hyperboli-

cally on food density
4 Food is converted to energy with a fixed efficiency

5 The dynamics of the energy density in reserve is a first order process,

while the maximum capacity is independent of volume
6 A fixed fraction of energy utilized from the reserves is spent on somatic

maintenance plus growth, the rest on maturity maintenance plus matu-

ration or reproduction
Somatic as well as maturity maintenance are proportional to body volume

a  the heating costs for endotherms are proportional to surface area
The costs for growth are proportional to volume increase
The energy reserve density of the hatchling equals that of the mother at

egg formation, which begins at an infinitesimally small size
92  foctuses develop like embryvo’s in eggs, but at a rate unrestricted by

=] =]

O oo

CNCTEY LOSCIVeS
9b  unicellulars divide after a fixed time interval after exceeding a certain

volume. At division bacteria mmst synthesize extra cell wall material,

which takes some time
10 Under starvation conditions individuals always give priority to somatic

maintenance and follow one of two possible strategies:
10a  they do not change the reserve dynamics (so continue to reproduce)

10b  they cease energy investment in reproduction and maturity mainte-
nance (so change reserves dynamics)
10c  most unicellulars and some animals shrink during starvation
11 Damage accumulates proportionally to the concentration of damage in-
ducing compounds. which accumulate proportionally to the volume-
specific metabolic rate. For unicellulars, damage is lethal, so it does

not accumulate .
12 The hazard rate is proportional to the accumulated damage, but death

strikes for sure if somatic maintenance costs can no longer be paid

/3.



Powers as specified by the pDEB model

/ scaled length

[y I at birrly

L, I at puberty

V13 max length: ”'TI

[G]  vol.-spec. growth costs

e maint. rate coef.: [V]/[G]

I, investiment ratio: [G/#{E,,]

2 scaled reserve denstty

[£,,] max reserve density

/ scaled functional response

# frac. catabol. to maint+growth
[\/]  vol-spec. maintenance costs

{4} sur-spec, max assim. rate

embreo juvenile adult
yower ,
[';Lm 071, 1, <‘_/§/}, [, <1 <1
assimilation 0) 1% f I* f
ey b . 2 1:{3’_ :—’!j,,i , h)!.ti
(_d.f.d])()[.lt /- o “" g ‘ /_ "y
somatic maint., o/ il NE
maturity maint. (1 — &)/ (1 — )t (1 — H)l;?
endoth. heat () w1, oan
At rer rreatee gL b o= 2 =1
somatic growth  #f g rwl (;;:; — Iy}l (\U,J,, — /,,)
maturaty prowth (1 — f;)l'z_r/.% (1 — h'}/.“’_rj% )
reproduction () () (1 - r\:)(lzq% + 1 - lg)

Mass fluxes: ingestion {f,,,}"”“/’

mn

S defecation { £, VAR f
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Shape correction function:

M(V) = - real s_urface area at volume v
’ 1somorphic surface area at volume v

3D isomorph: M (V) = (V/V,)°

9D-isomorph: M (V) = (V/V,)71/6

1D-isomorph: M({17) = ("'/“';1)1/3

0D -isomorph: M(17) = (I-'/\;[)~2/5‘

0D/1D static mixtures: - ') @O O O |
M(V) = w(V/V) 2 + (1 = w)(V/V'? \




Examples of 0D-isomorphs
Dinophyceae

Chiorapisst Interdatar-Band

Ceratium hirundinelia }
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Ventrst Ansichn 2. Amkal Anucht

hy : €. Apkal-Ansicht d.  Antepikal-Amicht
illariophyceae
BaC I y Peridinium cinctum (a — apikale Platten, i — interkalare Platten, p —
Prazingularplalten, po — Postzingularplatten, r — rhomboidales Feid, SchloB-
platte t — antapikale Platten)
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completely stirred reactor
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plug flow reactor
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length,

scaled

Growth of 0, 2 and 3 dim. isomorphs

!

]-"; = {).1. ]ur = 11121/3

0. f=.9
BD., f=.7
20, =

20 f=.7
20, f=.9
0o, f=.7

scaled time, YT

! L 1 il 1 1

3D

20 -1
10

f=(f =) exp{=+t}

(1Via = (1l = ) expl=r3/23) "

Lyexp{ty(f/las— 1)}
(F — (15 — 1) exp{ —133))/*

20,



x-rule for allocation

Daphnia magna starts to reproduce upon exceeding 2.5 mm.

Reproduction takes about 80% of the budget

Where does this energy come from?

ingestion x V2/3
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Yeast
Saccaromyces
carisbergensis, {45)
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sea-gnoseberry
Pleurobrachia pileus, [199)
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Change in feeding conditions
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Pupa
I
% structural hody volume t time
E PNETEY TOSCTVEe 17, wet weight
[G]  vol.-spec. growth costs [A‘I] vol.-spec. maintenance costs
[E,,] max adult reserve density g investment ratio E[%,T]
K allocation fraction 0 energy conductance

Ey large — 417 = U g0 VIS = \{11/3 + ot

Gl.. N o
E(f) = E”—‘[r.]‘(f)—-L—’;—]Z) ‘-'(f.l)dt[
= FEy— [C](‘E)l/'; + 0ty — M) I.] (Vo ? + o) + __[M_] 1/'04/3
K irv 4R

Sill(_‘.(’ ‘Vrv = [{[uw“ ) + [’Zwr_’]E/[Em]:

-’,,AF [_’,‘| B . Iu'e Bk . 4
Wl = [TFIT ] = [ DR i - %—,‘- (v o) = 6)
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Pupa of the green-veined white butterfly Pieris napt until eclosion

Data from Forsberg and Wiklund, 1988

Cupve: 1.(1) = 130.56 — (HEE?with weight in mg and time in days
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jz(t) hazard rate
£ age at death

d
Epmb{it > t}
iz.(t)

Prob{t; > t}

mean life span

Ety
mo«el h(t)
exponential A
Weibull /},‘\(,\1')”‘_'l
Gompertz BAexp{At}

—Prob{t; > t}h(t)
d
~ = In Prob{t; > t}

exp{— /Ot h{s)ds}

/000 Prob{t; > t}dt
o0 t.
S exp{— [ h(s)ds}dt

Prob{t; > t}

nxp{—,\f.}
exp{—(At)?)

exp{—/Jexp{At}}
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Figure 1: The survival probability and the growth curve of the pond snail Lymnaea stag-
nalis at 20°C. Data from Slob & Janse 1988, Zonneveld & Kooijman 1989. The fitted
growth curve is the von Bertalanffy one, giving an ultimate length of 35 mm and a von
Bertalanfly growth rate of ¥ = 0.015 d~!. The survival curve was used to estimate both
the maintenance rate constant, i = 0.073 d~! and the aging acceleration Pa = 2.563 108
d=2%. On top of the DEB-model based survival curve, the Weibull one is plotted to show
that both curves are hard to distinguish in practice.
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Figure 2: The growth curves of femnale and male daphnid Daphnia magna at 18°C and the
observed hazard rates. Data from MacArthur & Bailey 1929. The growth curves are of the
von Bertalanffy type with common length at birth. The hazard rates are fitted on the basis
of the damage genesis discussed in the text, with a common aging acceleration of 2.587
10-5 d-2. The difference in the hazard rates are due to difference in ultimate lengths.
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Figure 4: The hazard rates for the rotifer Asplanchna girodi for different food levels: 20
30 60 120 and 240 paramecia.rotifer~!.day~! at 20°C. Data from Robertson & Salt 1981.
The hazard curves were based on the scaled food densities as estimated [rom the ultimate
volumes (right), which gave f= 0.877, 0.915, 0.955, 0.977, 0.988. As described in the text,
the aging accelerations proved to depend linearly on food density, with an intercept that
is consistent with the aging acceleration found for daphnids
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Mass-energy coupling

Powers of assimilation. maintenance and growth may vary in time,
but each mass flux can be written as a weighted sum of these powers

with fixed weight coeflicicnts. This also holds for dissipating heat.
Mass fluxes mcelude Oy and CO,, for instance.
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Macro-chemical reaction equation

reserves, £ struc.biovolume, water, A
0= Yrp CIL,, .00, Ny, e CH,,,. OnoeNowe +uYarp HaO  +

oxvgel. o C-dioxide, ¢ N-waste, ¥
m} OF ()2 -+ m} 'F COQ + Hl} NE CncN }{?U{N OHONNHNN +

food, x feaces, r eggs, R
m} NFE CIIH”X()N(J_\'N”N,\' +m1'[-‘l;" C'I{rwf;p()r:OF-Nrr,vp + m1 RE CHnHE nOENnNE

M ass balance

1 0 0 Moy ,,,) ( A 1 1 1 1 m}/yg

020 nyy pYap | X Ry RAE mYVE

2 1 2 nown wor | nox Nov Noe NOF Y RE — 1

0 0 0 n NN ,,J :\r o nyy Nyy nNygp yp m}fFE
m CF 1 0 0 -t 1 1 1 1 wYxE
ot A _ {) 2| ) —--;—:'”;L\ npgy Npy NpE NyE m}/VE .
mor | —1 27l nox Moy Hoe NOr myRE — 1 |
ol VB {} () {) - \k . Ny By DPyvg NRNE mY FE J

with 0 = 4”;"\' + gy '.ZH(_)’\'

Mass flux
iy s Un) g i
3 O I DL oo o | Ve
DT ek | I o
hp KSR LS Y B O ’

[dwa] ©

Yy =—-unYy ky =-—unkp 3. =k [k,
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Indirect calorimetry

Fy dissipation heat A assimilation power
ki, mineral fixes D dissipating power
ko organic Huxes G,  somatic growth

iy chemical pot. of minerals J matrix of Ioadinés
p  chemical pot. of organics h weight coeff.

fig chemical pot. of reserves Y s1.p stoichiometric coeff.

un  matrix of chemical cocelf.

Empirical energyv-respiration coupling: Heat loss in .J equals

9.41 mg NH, aquatic animals
11.16 ing O,4+2.62 1mmg CO,—{ 1.20 mg N birds
5.93 mg N+ 3.39 mg CH, mammals

In symbolic fornr:

/'.‘” = hi.l.{‘,\] with
hW'o= (b by by hy)

From conservation law for energy:
: . o
O = by+hp\ Yyu+hapYp
. P .
= by + (ft,, — peyun)kp

= by +jig'(ph— plun)J | D
G

Chemical potentials of organic components (combustion reference):

ity = h'un
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Respiration coefficient

Embryo’s and starving juveniles and adults for n = dney + nyny — 2non:

""m} }O — _m}—('E/HJ} —()E = ]-TC/]“'()
e n -
_ —nypielt — (1 —nyy 5500 v
o MHE _ Nop _ NNNE | nyy __ oy _ nnyy
1+ i 2 [T, (1+ A 2 AnNN ) m¥vVE

The respiration quotient is independent of I and e if

1 + Nyp o hop o nthnp 1 __hNE

! 2 Anyy nyN

1 4w oRoy | nRyy ] Myy
+ = 24

TN NN

in which case respiration x catabolic power, and

" ney

v ! — Hl-\rgﬁ 1 - IZNVnNN
L O 1 + fue _ Nop _ nnNg - 1 4 Dy _ Dov RNy
A 2 I nnn 4 2 4 nyn

The condition on N-waste composition that is of special interest

] ; LIy
g =2uvp —hpE+2nor
5 B, Now — O
Ny —Zhyy =gy + 2hov "
‘,\f.,'\!

Specific dynamic action per C-mole of food is

1

i 0
N i .
T = ll()*n _ {Ume v
(]”“- [ dmr {‘[m}

Ay {Fin}

tdinz { T }

37,



Water balance

o Water flux Ay : tollows from DEB model and mass conservation

o Evaporation has two main routes (in land animals)

respiration o< oxygen consumption Ag

transpiration o surface area V2/3

o Drinking rate Ly, {ollows from water balance

Assuming that the water content of the N-waste is fixed, we have

‘1"'.-'14 = /.‘ + (lA()j.‘() + {"“-4-1,}‘/2/3

Coupling with energy budget via

My = —upx.nky

o = —ug.nky
where the DEB model specifies k/_;

In aquatic animals we have that Ly = by
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Scaling

I saturation const by vol at birth 1, vol at puberty
{f,,,}max spec ingestion {_4'.,,,} max spec assim - [E,, [ mmax spec reserve dens
[M] spec maint costs  [G] spec growth costs & allocation par

{H} spec heating costs i, aging acceleration g l-overhead frac for reprod

invariance property

Individnals number 1 and 2 have identical DEB’s for constant food density
and arbitrarv zoom factor z if

I\-'Z - [\-l:‘ + ‘\-(-: - 1) {jm}? = {jrrr}lz [i‘[]z = [A/I]I {H}2 = {H}l
‘ ;71'51 = ‘ :’;i 1/; { ‘“LH }'.3 = {'“lm } I~ [Gf]z = [G] 1 jja‘z = ]-).G,l
‘ })l.‘ﬁ‘i = 1 ;:l_{l{ [}:m}z - [Em]l: ey = A q2 = 91

primary scaling relationships

The DEB parameters of species mmmber 1 oand 2 tend to relate as

Ky = K= AL} = (L= [M]y = (A1, {H}, = {Hh
‘-hfz/‘ = I;‘,fl/';: {flm}z = {-“lm}l-‘-' [G]g [G][ f).u‘g = jja,l

I

-1/3 1/ - . . —
"},;_2 = 1 plo- [Eln]'Z = [Em]l - Koy = W (2 = A
The maximumn voluetrie length of an individual  equals Vs =

f{ Ay, }/IM]. so zoom factor = equals the ratio of the maximum volumetric

lengths of the two species.
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Secondary scaling relationships

g = [G}/f[ E..Jinvestient ratio {H V/[M])P heating volume
o= [J[]/[G] maint rate coeff r'.~ { 1,,,}/[5‘,,,] cnergy conductance

Example: respiration x catabolic rate

_ ylE]
v+ [EJ/E,)]

(FU2 i )

Step 1:
Write variable of interest as function of primary parameters

while 17 =1, and [F] = (£

-, GI/r (Gt s ( (

Chw = 0 [ )
(GTnlF] + ((m et )([.-U/

Stf‘p 2:
Multiply the physical design parameters by the zoom factor =

o [/ Chahe [V, L bz () ({{‘m}lz)g)
(s = [("il/"'I“'-‘mllf ; (([ ]|~ [( i 1 ) ([[‘.[II/‘HI) + [(.v']l [Aff];/f:.l

2

L)'+ (el

_ [A\ll'Jl (e /iy + lﬂj;"l'i'fngr g

- B g/ |
Step 3:
Substitute = = {V/17, 7 whiere Vs the compound parameter for max
bodv vohune

|
- (X)) (0 oy + 157908 4y
m) =
N VS fing + 1

4o



The respiration rate of Daphnia pulez with few eggs at 20°C as a func-
tion of length. Data from Richman 1958. The DEB model based curve
0.033G6L2 +0.01845L3 as well as the standard allometric curve 0.0516 L2437

have been plotted on top of each other.
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Figure 4.3 Metabolic rates of a variety of organisms of different sizes
(log-log plot). Total oxygen consumption increases with increasing body size.

(From Schmidt-Nielsen (1975).]
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von Bertalanffy growth rate
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von Bertalanfty growtl rate
Sy = (3 + 3V 07

where

i naantenance rate coeflicient
o enerpy condnctance
Vo maxinmm body volune

markers

hirds

mamiinals

reptiles. amphibians
fishes

crustaceans

molluscs

°© £ x °>0g

others

The line has slope =1
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Figure 5.28 Log-log plot of organism length against generation time for a wide
variety of organisms. |[From John Tyler Bonner, Size and Cycle: An Essay on
the Structure of Biology (Copyright © 1965 by Princeton University Press),
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Incubation time
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Incubation time for enropean breeding birds

b . O . 1 4
ay a4 3/gx VP and Eyc V'Y oso ay x EO/

where g = [G]/r[E,,] is the investinent ratio

Data from Harrison 1975,

The lines have slope of 1/4

The tube noses (o) sport long incnbation times If corrected for a common
relative volume at bhirth, tlus difference Largely disappears.
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Population as an entity

food> (faeces

—_— = -
&_\‘

™~ 7

A yd
biovolumel

e AN
/x

‘maintenance;  (losses)

The population. (uantified as the sum of the velumes of the individu-

als. converts food into leces, while extracting energy.

Part of this energy becomes lost in maintenance processes and part of it

is deposited in losses. Le. the caunulated harvest.

The harvesting effort determines the allocation mles and sets the popula-

tion size and so its pact on resources.



Lotka—Volterra tradition in population dynamics

t time P spec. deatl rate

T scaled thne: fif T death parameter: pi /[

Xo prev density X predator density

Tg scaled prev densitv: X/ 2y scaled pred. dens.: X [In]/Kf
[[.]/I spec. feeding rate Y vield coefficient

Xooso  carrving capacity of prey  fi pop. growth rate of prey

20,50 scaled carrving cap.: Xg~/fv

Exponential growth of prey population:
. ,__a-—c“-—;-"‘w\‘\-

Pr-
(l - e e L, NN
—Xy = Xy - N\ ([L]/ Y P
ai ! flar 0-X1[4n]/ A
(l . i 1 H [ I R ~ N
__\1 == )‘\(}‘\l[[ﬂi]/[\ —1)_\1 i A (O S ¥
dt O I
(l + . e & o| = = - -
—.y = g — o . R
r
(l ) . - -— -— e — =
-i——.i'l = } Ay — T 0 e S
“r (y ‘."I'/Y Lo
Logistic growth of prey population: |
AN NN
o . e . C e g ] N
;ﬁ-\() = /la\n(l - A\H/‘\H.x} - ‘\U‘\l[lm]/[\ ; !‘ ’ A SN N N
(l } o ) R ) . } 1 1 \ - e \\-\c
—‘\| = },\u‘\|[1,,,]/1\ —[L\; T Y oy
dt P oA e .
7 . . .
-y = .Ifi](l — .i'{)/.i'{)‘x) — Ay e e .
dr
d _ ST
—xy = Y gy — wry s
0
dr 0 7)Y Zo

Y =3/, 1 = 0.5, Toeo = 4/3



chemostat dynamics

o
X
[£n]
[Am]

[Em]
[C]

time x thronghput rate
substrate in feed/sat. coef.
substrate /saturation coef.
biovolumne

max ingestion rate

max vol.-spec. assin. rate

max energyv density
vol.-spec. growth costs

g mvestment ratio:r sp-

Y vield coefficient: %‘1
: . (A
¥, Monod’s yield coef.: A[Am]
' v (Gllm]
[ scaled functional response: 7%
y  cmergy to growth 4 maintenance

energy to development

I; scaled length at division:
G

M)
k[Am]

[M]vol.-spec. maintenance costs

0"
(A[] 0
[Em]

Monod
0 1,

Droop
A0 YA

[
(7-’-'(] = Xy = [[rn]f:rl = Ty
ldr
o ;
,7;.!-] = ¥ [Im]f-l:l - Iy

£

AMarr-Pirt
1,00
9

DEBR for fil.

g f=l
4 f+q

Lotka-Volterra as Monod but f = xy



T Lotka -Volterra 1 Monod

a

0 0 .
0 T rg 0 5 To
J—'l Marr-Pirt T
x] Ty
0
0 0 T.'G o
T Fauilibrinm values for rg and x4
and parameters
madel e ay x, Y, S T
i Lotk 039 817 10 085 3 - -
Monod 0.65 7.95 10 0.85 3 - -
Marr 007 6.12 10 0.85 3 - 0.1
Droop 1.82 423 10 0.85 3 | R
DEB 125 237 10 0.85 3 1 0.1
0

0 ry Iy
The direction ficlds and isoclines for the DEB model for filaments in a
chemostat with reserves at equilibrium, and the various simplifications of
this model. The lengths and directions of the line segments indicate the
change in scaled food density 2y and scaled hiovolume xy. The isoclines

. . o d .
represent .rg. v -values where -y = 0 or 5.0 = 0.
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A d NANN,

The direction field and isoclines for

thie DEB model for filaments in a chemostat:

ol
Smro = = [Lalfer = v
dr

ol '

ar Yollmlglf =€)

d . c — ]d
' = Ya [m j
[{TII .1[ ](j€+(]

Iy — 0
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Population growth as a function of substrate level

Droop
DEDB
Monod
Marr

K/

In all models. Monod, Marr Pirt. Droop and DEB, uptake as a frac-
tion of its maxinmun depends hyperbolically on substrate density X as
a fraction of the saturation coefficient /v, as indicated by the thick curve.
In the Monod model ji oc %, this curve coincides with the population
growth rate /i as a fraction of 1ts maximum ft,,. The Marr-Pirt model
L 5"—’1%‘“—’ which includes maintenance. has a translation to the right.
The Droop model ji x }-+'—]/’E—l+—” which includes storage, has a smaller

i . . . /(1=
saturation coefficient. whereas the DEB wmodel for filaments gt %

has both. All four curves are hyperboles with horizontal asymptote 1.
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Macro-chemical reaction equation and mass balance

‘ E-substrate x, biomass.x, __IeServes,E
0 = — CI—I”HA')()W\ ::::0 + m} A CHnHA ()no\ NN X, + JJJ‘ECHT!]{EOHOENHNE +
[)10(111( b (ub()nate(} water. A OXygen.o
m1 ]’CHn”p Nop \::ti + m} C H()_ + m} HHQO + ,,,}()02 +
N-substrate x I‘l‘)r‘)11:]+
m) HN”\ ()l.’r)\ ::t,: + )H} I_I
) [ m¥x
1 00 0 0 le | 1 1 1 1 Ve
B m Xl
L 2 0 »npy | md NirxX, Tpx, "HE NP, NEp, - Ye
3 01 2 npn 1) mle = — | nox, nNox, N"oEg Rop, Nop, ‘- Yp
0 (} ﬂ arN () m‘ :N oy Vo na A nyNe A el H,sz },PI
~1 0 nev | Yy Mixe O 0 nyp nap, | :
‘;l; - *—llll\r,')
[ . . - . -
Y,U = ( ms f m} A m} (} m1 N m} + )
- - - - -
Y,’) = ( —1 mll AW m} F m1 I m} Py )
.y
1 00 0 0 1 1 1 1 1 -
120 nyy 1 MuXe X, NMpE Nap, NEP,
u = 3 1 2 oy () n = nox, Mox, nRop Nop, Nop,
0 G 0 nyy 0 NyY, DNYN, NNE NNp, TNP,
-1 00 noyv 1 N4 X, (0 0 ngp, ngp, - ]
rn}}f = flf/" :::}—.\'1 = f\;% ,,/,_:_L";
m}"’”'l e m) I + m1 AY m} r = fP IV + (prm + tP("ﬂ)

-+

(t,\'l te tpy tpy fpg )E(dnm:[jm])ll( [ mr]] [r[mr'] [(II’A] [dPIM] [dPG])



Coupling between mass flux and power

Volume-specifie power to

assimilation [E£,,]/7 /. maintenance [E,,]1hg and growth [Em]g%-'l

Example: oxvgen uptake

. - of . . ve —img
(e [L0] 1) O = toar f +tonmg + tocg
ot e+ q
In equilibrium. where ¢ = f and ji = 5’}—1%3 or f=gkta
N L : : NN -
(s f[L )N = = toar + (oan + tocit) —— = = 0
ot 14
In general:
1’ 17
¢ ISTIAAT LA R V4 and ot pga L U N witl
1/ tr 1*,‘:‘ - AYI < /, 1‘”_}.], - [ 1.0
yikidnd iR Yidnv iR
'm tgt /"ri|+,u
’ f [xon Ixant txoe —v7t 0
:"‘ f"" ”"" fxoa vy Iy 0 0
' f (Bl ! L |t = fea tear feo tg  —te
ta = :r).-! J((}\r ,rlh‘ A D=1 ftpa Ipar feag | T tpoa teoae
NaEANM A tra e Ipa trma  tpom
R T fye; . . . .
So ty = —unty

t-’ﬁ/g
'HtE
tpc
tpc
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Heat dissipation

Define the chemical potentials

- '," - ~ ~ -~
I_L” ( ,”(' J{a J”() Ha f”+ )

. ,f‘ _ . - - - -
’!!) — ( /",\‘n /I,\-l I’E }”‘l”1 /-![)'_] e )

Energv balance 0 = A + g5Yp + gl Yy = AH + (o5 — fif;un)Yp
Coupling of dissipating heat to power:

N ITAf [ﬂlf]‘\_] . ”G[G']%‘X—[

‘inur[[m]f“Yl ‘-Lnr[Ln]f-YI

Korar[M] ruclGl re —mg

AH = rwyajiy, +

= Aty : -
d”’-lf[[”l]f ‘lm.r[lm]f c+ q
' ) , 1 g e — g
AHfj: = tyw+tyy— +tnes —
/ ] f ey
- ; Nt L s
= by g + Tyaio) - in equilibrium
1+

fip = [Ew]/[dae]: the chemical potential of the reserves

(tra Fuar tpe VE o0 vy /rea vy A ) time parameters

KEpa = [,Jl,,,](u’,,,,,.{[',,,};"f_\-r,)"1: fraction of energy that has bheen taken up as
substrate that arrives in the reserves as assinilation energy.

) "
fl by taa toe )= (phun — ity

Consider f11 1.ty tie, iy, and jip all as free parameters in the regression
of measured AH as a tnnction of ji. with three contraints provided by the

energy balance equation.

Obtain the entropy S from measured values of the enthalpy H and the
free energy G via Gibb's relationship H = G - T'S.

Sy



Partitionning of power of
uptake A, maintenance M and growth G

it

o

—

~

substrate A structural biomass
CILETEY TeSCIVeS P (organic) product 1
heat I chemical potential of =

time paramcter for compound #; in power *;

The size of the fluxes depends on substrate density, body size and
amount of reserves, but the partitionning ~ is fixed

The ~’s in vertical direction add te 1
The stippled box indicates the organism

* stands for C', 4 (agna), O. NV or 4+ (electrical charge)

| Structuedl” Ry
| _biomass |

sobsiate A asarves |

Rl oapods WP AL HPG

ol fanogprods oM Bed

Nipa. hea  WHAL RHG
REA _“;f:ir\”\‘ G = _pgezzcc
= B = e -
Kog = —-leb oy = —Aler foe; = —dla
/':\',,an.u J_ffff:?.u 1_istf-:c;
e R
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Disentangling reserves from structural biomass

m) .”'1 C"I'Irr”n-l ()m}u . E\T,,N“ \ = m} -,\'E C‘I{””-‘I ()”‘)Xl N”N"'l + m} /CI’I () N

e Nog* " NNE

”’}'”vl = ”’} —-\—r + n'l1 -F Elll(l ”*”.1 = an };11(”?}[1\'1”‘*.\] + m}len*E)
* stands for . O. N or +
) . . U — [
wd iy, = Py Al A (B i+ by e f) - ﬁ.
m o+
with (it fige ) = (tya tvu tyve )+ (tra tem tEG)

So instead of measured Yy, and .} 7 and known n.y, and n.g
we now have measnured m v, aned nge with n.y, and n,p to be estimated
The way how »,y depends on 7 allows decomposition into ey, and n,g

3 i P
C 1.4 -
N a.4
©
E
3
a.b6 .
x -3a3.4
o
« BB s —— B — - —— A A - A
; -
C- B.2 _a-uﬂn-—-of'?'ﬁ“”":'_"_"":_'V"m'}r;e* B .y _a.a
a Aa.2 3.4 A.6 4.8 %} 2.2 a.4 2.6 2.8
T U —
Klehsiella aerogenes growing on glycerol at 35 °C
Data from Esener et al. 1983
Given /i, = 1.2 b7 and fy = 0.01. the estimated paranieters are
=270 g =1.2(3.1) m =0.022 (0.00064) h~!

fv, =0200034)h fp =0.31(0.34)h
iy, = L1041 (0.0038) oy, = 0.38 (0.0038) nyy,= 0.195 (0.0026)
nhyr = IG{G (UUUS) nNor = [}43 ({)63) nvre : 036(017)

56,



2]

Nw
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IFermentation
- .. . . '1‘ .
,,,} () = 0 for all ji Ol 0 = ( teod f()j\[ toes )
Relative abandances of the elements Densities of substrate (glucose, <€) and
I (o). O (©) and N (3 in the hiomass. hiomass (dry weight, O)
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ve o0l
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I a s ] - 1 { . 2
| TR
. |
[ZE |
c £ 2?5
eth.
1A b} ‘:J'
P
> . glu.
3
1. Jt
2e > g 15
\L.i
g
o}
‘@ s
VEJ, 3
3
un
IX a
a.1 2.2 a.3 a a.1 a.2 a.3
f (7N h -t

Maximum throughput rate is 0.31 h

po o= 0.161 (0.008) h!

ty, =0.098(0.0001) h
npx,= 70 (0.011)

nyrE = .55 (UU?.Z)
ethanol
tpa = 1698 (0.011) h

fpar=0.637 (0.011) h
fr:,(: = 0”71 (Dﬂl l) l]

Saccharomyees eerevisiae growing anacrobically on glucose (.
-!'. Data from Schatzmann 1975.

g = 0.385 (0.022)
Iy =0.211 (0.006)
noyx,= 0.637 (0.011)
nog = 0.572 (0.020)
glycerol

fpya = 1.561 (0.022) I
Ipyar = 0.572 {0.020) |
e = 0,205 (0.021} |

\, =30 gl-1) at 30 °C

i = 0.0030 (0.0007) h~!
kK =119gl?!

nyy,= 0.071 (0.011)

nNg = 0.205 (0021)
pyvruvate

tp,4 = 0.0066 (0.00004) h
thM = 0001‘; (00018) ll
tp.; = —0.0077 (0.00006) h
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Isomorphs in chemostats

t time e scaled reserves
n(t,e,l)dedl frequency [ scaled length

NEP total surface area {I,,}V?2/* max ingestion rate

P throughput rate h hazard rate

X resource level X, resource level in the feed
R reproduction rate ag embryonic period

Change in resources with NEI(t) = [ [ *n(t, e, 1) dl de
Xo

d )
—Xo = p(X; ~ Xo) = {In} V2P NEP
T7%0 = p( Xo) = {In}Vy T et
Change in frequency (von Foerster)
0 J d J d -
— = —— -l - —=—1In —e | — (p )
8tn(t,e,l) 5 (n(t,e,l)dtl) P (n(t,e,l)dte) (p+ hie,1))n(t,e,l)
Boundary condition for divideys [ = {,271/3
d d
te ly) —I = 2n(t,e,ly) —I
e, ly) dt li=y, nt e la) t iz,

Boundary condition for reproducers

n(t,e,ly) g-t—l‘l | = fffl(e,l)n(t — ap,e,l)dl
=)
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stability in chemostats with food
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mass and energy cycle in a community
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