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Summary:

1. Body size scaling relationships allow biologists to study ecological phenomena i
terms of individual level metaboljgrocessesRecently dynamic energy budget theory
has been shown to offer novel insights on the effect of body size on biological rates.

2. We tes whether dynamic energy budget theory and its unique partitioningmiiss
into reserve and structural componerda explain the effect of egg size on hatch time

and,the time course of respiration in insect embryos.
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3. We find that without any parameterisation (calibration), DEB theory is able to predict
hatchtime for eggs sizes spanning four orders of magnifuaia fundamental
biological processes

4. We find, however, that the standard DEB model poorly predicts the timecourse of
respiration, particularly in early embryonic development where a strong effegg
size is observed-urther, we show that other tmetical models also poorly predict
early embryaic respiration.

5. By modifying the assumption that a fresh egg is entirely reserve, we show that
embryonic respiration and hatch time carbb#er predictedy the DEB model.

6. Useful theories in metabolic ecglp such as DEB theory, can help explain universal
scaling patterns in development times. However, simple theoretical models must be

expanded if they are to capture the scaling of metabolic rate in insect eggs.

Key-words:
Body size, Dynamic Energy Budget (DEB) theory, embnyeertebratepxygen

consumptionrespiration

I ntroduetion

Body size has long been knowndarrelate strongly wittiological rates, whether they be

rates of eveolution or nutrient turnover in ecosystems (Kleiber 1932; Peters 1986 édrakv
2004). Howeverthe biological basis of these relationships has been the subject of much
intellectualeffortand debate (Agutter & Wheatley 2004; Glazier 2005; Isaac & Carbone
2010; Mainoet al.2014).Since at least the T&entury, the scaling of biological rates has

been predicted to scale more slowly than body size due to simple physical reasaguihgrbas
the mismatched scaling of surface area and volume mediated ps(&ssus & Rameaux

1839; Hulbert 2014)More recently, the surface area scaling relationship has been replaced in
favour of quarter power scaling relationships (Kleiber 1932; Hemmingsen 196@jgaal.

2004) with_ some groups proposing other physical constraints on nutrient supply systems that
result in the observed quadgower scaling relationshigSernetz, Gelléri & Hofmann 1985;
West, Brown & Enquist 1997; Mairet al. 2014) However, regardless of the precise scaling
exponentijt is widely accepted thdtiologicalratestend todecrease with size, while
biologicaltimes(the reciprocal)ncreasgCalder 1984; Kooijman 1986; Gilloost al. 2002).
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An explanation of bodize scaling relationshigkat isreceivng increasing attentiois

given by dynamic energy budget (DEB) theory (Kooijman & Metz 1984; Kooijman 2010;
Mainoet al.2014; Maino & Kearney 2014b, 2015a; DEB theory considers the whole
lifecycle of the organisgrincluding embryonic development. The vast majority of
multicellularspecieareoviparous, which has a simple interpretation within the context of a
DEB theory A fresHy laid eggis viewed agonsistingentirely of‘reserve; which is defined
asageneralised chemical compound with a fixed stoichiometry and energy c@Esht.

theory explains egg development as the transformation of reserve to another geheralis
compound with different dynamicslled ‘structure{(see Figure S1 in Supporting

Information). Structuremay have a different composition to reserve but alvdifysrsfrom
reservan thatit has a maintenancate and fixed turnover. The standard DEB model's
assumptionthat a fresh egg consists entirely of reserve is made for pragmatic reasons as it
removes a model parameter (initial structure), and has been justified on the basis that freshly
laid eggs for diverse taxa havery lowrespiration. For example, plant seeds (analogous to
eggs in DEB theory) may lay dormant for years before development begins. However, there
also exists.evidence which does not supgiostassumptiorsuch asubstantial oxygen
consumption rates in unfertilized eggs (Whitaker 1931; Borei 1948; Horwitz 1965; Tyler,
Tyler & Piatigorsky 1968; Davenport & Lonnig 1980). This evidence will be discuated

in more details

Reserve and striireare preferable to mass state variablein DEB modeldhecause mass
is an unreliable indicator of metabolic st@#ainoet al.2014). In eggs, for example, these
little changesinsmass, despite significant energetic and developmental transforrfMtorcs
& Kearney:2014h)In the same way, threlativecontribution of reserve arstructure to
biomass allows a starved animal anaell-fed animal ofidentical weighs to be
distinguishednetabolically After an egg hatches and the juvenile begins feedad
theory assumes assimilated food is used to replenish regervate that degnds on the
amount of structureyhile reservecontinues to fuel the growth of structure. Irsthiay, DEB
theory conceptualisesserve as a generalised chemical intermediate between food and
structure An increasechumber ofreserve and structural compaents can be added to
capture more complex dynamics, suclingslants where mineral and carbohydrate
availability are highly independent (Chapin, Schulze & Mooney 139@yever, for many
heterotrophic organismaone eserve andnestructuremodelis sufficient(Kooijman 2010)

These core concepts of the DEB framewaksomewhat abstract in order to capture the
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metabolic organisation of diverse taxa. This, however, does not preclude rigorous testing of
the theory. Kearney and White (201#jtline several testable hypotheses that emerge from
DEB theory. Some of these hypothekase been tested, such as predicted differences
between intraand interspecific scaling, whiclmave been found to support predictions
deriving from*DEB theoryWhite et al.2011; Maino & Kearney 2015a).

Here we test whethaeve can use DEB theory to model the metabolismsdctsduring
embryonic.developmentVe show that an uncalibrat€EB model can predict egg hatch
times over large mass rangése€ orders of magnitude), but highlight that the predicted
timecourse of respiratiomtil hatch(for 16 species) can be improved by incorporating a
larger starting“amount of structuk&hile insects are used as &eatudy, the presented

model applies to all oviparous organisms.

M aterialsand-methods

Model formulation

DEB theorytraditionallyassumes &eshly lad egg to be entirely reserwshich specifiesthe
initial conditionsof the integratiorwith startingreserve equal to the mass of the agd

starting strueturequal to zeroThe point of hatching can be specifledassuminghat
hatchingecCursafteran egg loses eertainpercentage of its starting dry mashis departs

from the standard DEB modethich uses the state variable of maturity as a trigger for stage
transitions(Kooijman 2010). In the standard mod®hkturity represents energy that is
expended inrinereasing the functional complexity of an organism, without increasing the
energy content.of the organism (e.g. the development and maintenance of immuné.systems
However, our simplifying assumption is approximated by the standard DEB model, which
predictsneonate'mass and egg mass to sogbeoportionfor very small and large masses
(Mainoet al.2014). t can also be slwnempirically, for at least several species for which
data existthat the ratio of hatchingiassto freshly laid egg mass is approximatetnstant
across species (see TableDyring egg development, the depletion of reserve and growth of
structure a& specified by the standard DEB modéhout maturity. Reserve is depleted at a
rate equal tohte reserve mobilisation rafe (J/d), which is the total energy flux available for
metabolismThe energy flwallocated to structural growth equalto the mobilisation of
reservep after subtracting the maintenance of structpge(J/d). Thus the change in

reserveE (J), and structur& (cm’) through time are given by the difémtial equations:
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EZ

dE
dt

= —P¢

(Pc —Pm)/[Ec]

(1)

)

122  wherep,, is equal to thevolume specific maintenance rdfs,] (J/d/cn?) multiplied by

123 structueorp,, = [py]V; the cosper unitstructureis [E;] (J/cnt), which includes both the

124  overhead costs=of biosynthesis dihe resulting energy stored as synthesised bioraasg;-

125 is given by-thedfermula:

[Eg10/V3 + [pur]

E/V + [Eg]

®3)

126 The conductance paramete(cm/d)relates to the turnover of resenigjuation 3 is fully

127 derived in the online suppleme@ppendix S1)butherewe note that the 1/3 exponent in the

128 numerator is a consequence of the central role that surface area and vatatdgrocesses

129 in DEB theory (1/3 emerges from the ratio of the twdje €nergy available for metabolism

130 pc is a function of the state variables structure and reserveh@afdnction does not change

131 throughout.embryonic, immature and reproductive phases. Importantly, none of these

132 variables'depend on eggze, excepthe starting amount of reserve. Thie scalng of hatch

133 timewith egg.size can be predictbyg modifying thestartingamount ofreserve, which can

134 be determined by simplyeasuing egg size

135

136 Tablel. The ratio of egg mass at hatching to egg mass ak]gyig calculated from

137 published values

Dry egg weight (mg) at  kj: ratio of
Order Species egglay hatching egg mass at Source
hatch:lay
Orthoptera Poecilocerus_pictus 4.1 3.33 0.812 (Delvi & Pandian 1972)
Coleoptera Cryptolestes ferrugineus 0.0030 0.0025 0.833 (Campbell & Sinha 1978)
Coleoptera Rhyzopertha_dominica 0.0047 0.0042 0.894 (Campbell & Sinha 1978)
Coleoptera Triobolium,castaneum 0.0197 0.0172 0.873 (Klekowski, Prus &
ZyromskaRudzka 1967)
Coleoptera Mellasoma collars 0.298 0.266 0.893 (Hagvar 1975)
Coleoptera Sitophilus granarius 0.0112 0.0098 0.875 (Campbell, Singh & Sinha
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Lepidoptera Cyclophragmdeucosticte 2.45 1.48 0.604 (Mackey 1978)
Mean value - - 0.826

138
139

140 We measuréotal biomassm units of energy {Jo structure, which igiven as volumenust

141 be converted tojjoules and added to the amdurgserve (already in joules)o convert

142  volumetricstructure to units of energy it is multiplied by the energy invested in building a
143 unit volumesefistructurgE; |, multiplied by the proportion of energy that is not expended as
144  overhead cost® forming structurec;. This gives us an expression for biomass enktrgy

145 terms of reserve and structure:

M =E +V [Eglxg (4)
146  Using the initial'conditions af, = M, andV,, = 0, the evolution of structure and reserve
147  through time can be calculated using Equations 1 and&ghhtchingis triggeredwhen
148 egg biomass (Equation 4) drops to some proportion of the sthrtimgss or, equivalently,
149 whenM = kyMysWith the exception of the parametgy, which is takeras 0.83 from
150 publishedvaluegTable 1) all parameters are the default parameters of the standard DEB
151 model andrarergiven inable 2. These default parameters are considered typical for a
152 generalised animal and are the usual uncalibisteting point before the fine tuning
153 requiredinfitting a fll lifecycle DEB model to a smpées(Lika, Kearney & Kooijman 2011).
154  This integration is performed numericallyfusing the deSolve libraf$oetaert, Petzoldt &
155 Setzer 2010):

156 Table2. Uncalibrated parameter list for embryonic DEB model

Description Parameter  Value Units

Unfixed parameter

Egg size M, - J
Fixedparameters

Specific maintenance [Du] 18 Jem®d?

Cost ofstructure [E;] 8400 Jem?®

Conductance v 0.02 cm d*

Growth efficiency K 0.80 dimensionless

Hatch ratio Ky 0.83 dimensionless
157 *Fixed parameters are set at the default values giveikénet al. (2011for a generalised animal
158 with 70% water contengxceptfor x, (see Table 1)
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159
160 In the same way, respiratidfiR (J/d)is predicted as the sum of growth overheads and
161 structural naintenance or:

av
MR = [pylV + - [Eg (1 - )

162 The assumptionthat a fresh egg is 100% reserve can be relaxed by allowing a fresh egg to
163 consist ofsomestarting proportion of structure,,. This change only affects the initial
164 conditions of the integration and has the advantage that the introduced pakgmiéier
165 other parameters in the model, does not depend on egg size. In addition, the standard DEB

166 assumptioncambe viewed as a special case of this modified modelyher@

167 Past analyses hasuggested that predicted respiration is sensitive to starting amounts of
168 structure (Maino &earney 2014a), so in addition to the commonly assistetng

169 structure of0%+(standard DEB model) we also chose a starting value of 5% senégmme
170 small amount-ef:starting structure (with this value later tested in a sensitivity analysis) to

171 explore the consequences of this assumption.

172 We compare.the explamay power of this model witbther theoretical models in the

173 literature Emithy1957; Gilloolyet al. 2002; Kooijman 2010; Maino & Kearney 2Qkke

174  discussion).ensthe basis of how much variance in the data was explained and Akaike

175 Information Criteria values for each competing model (Burnhammélekson 2002)These

176 alternate models predict embryonic respiration to vary with time as some polynomial function
177 (with a highest order of threandcan be thought of as special cases of a-thagree

178 polynomialfunction, which we represented by a bieshird-degree polynomial function.
179

180 Data set

181 Data used in the analyses of hatch times and eggvsiataken fromthe literaturg68

182 studies)and compiledn a new dataseteposited in the Dryad repository: http://dx.doi.org/
183 10.5061/dryad.pnlj@Maino, Pirtle & Kearney 2016)An attempt to representarge

184 taxonomic diversity was made resulting in data os@&ies from 12 insect orders

185 (Coleoptera, Hemiptera, Lepidoptera, Orthoptera, Megaloptera, Hymendpigtexra,

186 Ephemeroptera, Heteroptera, Odonata, Plecoptera, and Trichoptera). The rangeassgy
187 in the data set spariive orders of magnitud@ften egg massesgere calculated from size
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measurements and the appropriate volume formula (sphere, ellipsoid, etc.) assuming a wet
weight density of 1 g/ml. Egg size was standardised to units of eng@ydJwhen

necessary, converted assuming a water content of 70% and energy density of 25 J/mg dry
mass. Wheréevelopment rates atultiple temperatures are giveanly one temperatuneas
takenclosestito'the midpoint of thheported range afxperimental temperaturésat permit

normal development.

Egg respiratiomvastaken from a data set recently published by authors of the present study
(Maino & Kearney 2014bRespiration igiven in units joules per day. All times and rates

are standardiseid a constantemperature of 20°(T,, = 293K) using the Boltzmann-

Arrhenius equatiomwith the Arrhenius temperatungaramete(T,) set to8000K (Gillooly et
al. 2001). This equation does not have a strong mechanistic underpinning, but adequately
describes thesempirical relationship of the temperature dependence of biologicdlhates.

temperaturée standardisation factby ¢an be calculated @&s= exp (TT—A - T?A) whereT is
ref

the measurement temperaturekelvin.

Results

Timecourse.of Respiration

Observations of the timecourse of respiration for 16 insects is shown in Fig. 1A. Bogsh form
of the DEB, model considerd@% and 5% starting structure) predict a positive relationship
between time and respiration rate. Moreover, both correctly predict that larger eggs will
exhibit a higher maximum respiration rate. However, the standard DEB modehjrag896
starting structure, tends to severely undedmt early respiration, with all data points higher
than predicted.until roughly day three (Fig 1Regardless of egg size, the model predicts
respiration rates will follow the same trajectory until insect species begin to diverge around
day five (Fig. 0). Interestingly, while thetandard model predicts no size effect in early
embryonic'development, Fig. 1B shows that there is a significant positive relgiionsh
between.day one respiration rate and egg size in our data set (p)<D&Pbne respiratio
scales positively, with egg mass raised to an exponent of 1.21+ 0.45 (95% confidence
interval). When the DEB model is modified to include 5% structure in a fresh egg, the model
predicts this positive effect of egg size on early respiration (Fig. 1B). Mardbeemodified
DEB model better fits the observed timecourse of respiration (Fig. 1D an@hEn
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compared against a thidkegree polynomial function (Table 3), the modified DEB model
explained higher levels of variancetiretimecourse of respiratip and was far more likely
to be the ‘best’ model as determined by AIC scores. In contrast, the standardddEB m

performs no better than a thidégree polynomial function.

Table 3. Statistical comparison of model fits

Time course of respiration
(Figure 1C and 1D)

variance explained AIC weight

Third-order

polynomial 0.102 0.000
DEB (0% structure) 0.139 0.000
DEB (5% structure) 0.346 1.000

Table 4. Statistical comparison of model fits

Hatch time

(excluding univoltine aquatic)

(Figure 2)
variance explained AIC weight
Power function 0.374 0.927
DEB (0% structure) 0.282 0.014
DEB (5% structure) 0.309 0.059

Hatch Time

As found by:Gillooly and Dodson (2000b), univoltine aquatic insects (consisting of
Plecoptera, Odonata, Tricoptera and Ephemeroptera) exhibit much longer hascthémall
other insects. Despite our addition of 64 insects to Gillooly and Dodson’s data set of 34
insects, there was still no overlap between data from univoltine aquatic insects and all other

insects, which is confirmed statistically by the lack of overlap in confidenee/at$ of the
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fitted least squares regressidime regression lines estimate that hatch time scales with an
exponent of 0.29+0.19 (95% confidence interval) for univoltine aquatic insects and an
exponent of 0.21+0.06 for all other insects. While not a pure power function, the DEB
prediction(0% structurejppproximates one with a logarithmic slope of 0.26 at tivero

range ofiinsect'masses and 0.23 at the higher range. When compaesfittedtipower

function (Table 4), the standard DEB mo(l&¥ structurefan be seen to explain less
variancein‘hatch timeand has a lower AIC weight (likelihood of being the thesodel).

However given that the DEB modé0% structurehas not beefit to the data, it still

explains a comparable levels of variance and lies close to the 95% confidence interval of the
estimated 'scaling relationship. For smaller masses, the slabB& model prediction lies

close tothe™95% confidence interval of the best fit to insects (excluding univoltine aquatic)
but tends to ovepredict development times for larger insects. When we modify our
assumptions to allow 5% structure within a fresh egg, the prediction is slightly improved, but
not to a significant degreses can be seen in the similar AIC weights of the two models (Table
4).

Table4 shows thatalthough theDEB model that assumed 5% structure dad perform as
well as the fittegowerfunction in capturing the massaling of hatch times, it explained
conparableseyvels of variance, li@dthin the confidence bounds of the estiethscaling

relationship; and waable to capture the time course of respiration with greater accuracy.

To ensure that the results obtained were robwstconducted a sensitivity analysis on all

model parameters. Upon varying each parameter by £20% we found our results were
sensitive anly to the growth efficiency parametgmwhich was taken as the defaultwe of

0.80. To increase our confidence in this ‘default’ value we analysed 389 species for whic

this parameter had been estimated. Parameter estimates and supporting data for the 389 are
available online jin the ‘add_my_pet’ library (www.bio.vu.nl/thb/ieblab/add_my_pet/).

We found thaig.could be estimated to a high degree of accuracy with a mean of 0.80 and a
95 percent confidence interval of {0.796, 0.810his value isalsovery close to the value
independentlestimated by Ricklef§l974).

Discussion
Dynamic Energy Budget theory’s unique interpretation of embryonic developmeshicted
the broad effect of body size on development time withoupamngmetefitting. Thisa
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priori prediction is facilitated by the mechanistic basis of the model; the model parameters
have a physical interpretation so that a reasonable estimate can be made before even seeing
the observational data to which to the pegdn is comparedMaino et al. 2014).This

approach contrasts with most scaling studies where power functions are fittgd to
transformediata using a least squaressonilar approach with analystarried out on the
estimated @xponents. While not a pure power law, the DEB function for hatch time

approximates one and appears linear on a double logarithmijgoR).

As first demonstrated b@illooly and Dodson (2000b), univoltine aquatic insects exhibit a
scaling pattern of development time that is distinct from other indadesed, the
exceptionalityof univoltine insects appears to extend beffumthsects. Gilloolyand

Dodson (2000pfound that univoltine aquatic insects were outliehengeneral relationship
between egg.size and hatch time ib@ad analysis that included zooplankton, fish,
amphibians.reptile@Gillooly & Dodson 2000a)However, the relationship for multivoltine
insects was 'nearindistinguiskablefrom most other animals. After contributing 66 new

insect speciesto Gillooly and Dodson’s data set, this separation is confirmed with univoltine
aquatic insects exhibiting a delayed embryonic development that does not overlap with data
from all otherinsects Our prediction based on typical parameters for a generalised animal
did not capture_univoltine aquatic insects, which appear to be outliers even wleen w

taxonomieal groups are included in the analysis.

This non-conformity to the general tremdhy be related to the degree of diapdusguently
exhibitedin‘these specieand requirements for synchreeddevelopmentGillooly and

Dodson (2000ghypothesised that the degree of diapause in a species may be related to the
level of voltinism. For agatic insects in particularly, it may be important that hatching is
synchronised to avoid cannibalism when many size classes are present at gHetpee,
Crowley & Kielman 1996). Delayed development time through diapause may be one strategy
to ensure synchronicity of developmemntour analysis DEB parameters were held constant

at the values expected for a general organism. However, selective pressures will modify
parameters foer‘particular taxa from the general trend and we can use DEB thmoly to
hypotheses.for such parameteiftshFor example, the delayed development of univoltine
aguatic insects (Fig.)2could be explained by a decrease in structural maintenance, an
increase in growth efficiency, erdecrease in conductance (Begure S2 in Supporting
Informtion). As changes to these parameters will also modify other aspects of an organism’s

life history, these alternate/pothesesan be tested by collecting more data on these insects.
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Thepresented DEB model alpoedictedthe effect of egg size dhe timeouse of

embryonic respiratianThe standard DEB model assumes all embryos begin development
with zero structure, predicting that increased amounts of reserve will not affect development
(the growth rate of structure) until reserve becomes sufficiently téelpdeich that the amount

of reserve istlimiting. In other words, while reserve is not limiting, eggs of different size will
follow the sametrajectory of respirationate This is analogous to increasing the raw inputs
into a factorythat is alreadyperding at capacityand observing no effect on the rate of
productionsig. 1C shows this prediction, wherespiraion ratesat early embryonic
developmentollow identical trajectoriesHowever, as reserve is depleted and begins to limit
the energy.availasle for metabolismthe trajectoriesliverge with smaller eggs diverging first

as their reseryveare the first to deplet&his canalsobe seen analytically from inspection of
equation 3 Wen taken at the limit of large reserwhich occurs during early embryonic
devdopment when structure is smahie term for reservE cancels out, showing energy for
metabolism is not dependent on reseH@wever, this prediction does not align well with
observations of early developmeaspiratiorwhere it was fond that data wasnder-
predictedby.the;model. Moreover, respiration rate during early development appears to vary
widely acrass species, suggesting eagg metabolism may not be independerdgy size
(starting structure This positive effect of bodgizeon the respiration of day old egigs

shown inFig..2B:

Interestingly, other alternative models also suffer from the problem of undéctprg the
respiration during early embryonic development and predict no systematic patteegagvith
size. Recentlyypa simplified DEBiodel known as DEBKiss has been developed for basic
DEB theoryapplicationsandto simplify theprocess of parameterisation, which is quite
involved farafull life-cycle standard DEB moddhger, Martin & Zimmer 2013).ike the
standard"modelpresented here, a DEBkiss maddelassumes that a fresh egg is all reserve

from which structure growd he diferenceis that theDEBkissmobilisation of reserve is

2
simplyp. = aV3 wherea is some constanthis is simpleithan equation 2. Another model

proposed byGillooly et al. (2002)assumesnetabolic ratdMR) scaleswith the mass fathe
3
embryo (n)asr, = ams, wherea is the normalisation constant. Masgpredicted to

. . . at 4 . . at 3
increasewith time asm = (7) and saespiratiomasMR = a(:) . In bothof these

alternative modelghe timecourse of respiration will followthe same trajectory regardless of

the size of the ag(but smaller eggwill hatch earlier). In other worgghese models also do
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not predict theppareneffect ofegg size ombryonic respiration shown in FigBl These
alternatives (as well agher less mechanistic models) frequently model the timeeaiirs
respiration as some polynomial function of time (Smith 1957; Gillebsl.2002; Kooijman

2010; Maino & Kearney 2014l§jepresented by thtaird-order polynomial model iftable 3.

To bring theory in better accordance with observation it is necessary to modify the
assumption that a freshly laid egg is entirely reserve. In his formulation oatigast DEB
model, Kogijman highlights that the assumption of zero starting structonade for
convenience,.claiming “for all practical purposes the initial structural voldriee@mbryo
can realistically'be assumed to be negligibly sm@&uboijman, 2010, pg. 4). We have shown
that this assumption is not practical in the case of insect embryonic respiration. It was
previously hypothesised (Maino & Kearney 2014b) that thezswo-respiration of fresh eggs
may have been.due either to some development having already taken place inside the adult
prior to egg.lay.(Sander 1990), thie rapid speed at whighany insect eggs develop, which
poses pragtical'problems for attaining respiration measurements of telgnptedeveloped
eggs (Bownes1975). Indeed, many insect eggs are already undergoing the first mitotic
division by the time of oviposition (Dunkel, Wensman & Lovrien 1979). However, the
positive relationship of egg size to early embryonic respiration cannot be explgirsimply
adding a small lag time. This because different theoretical models predict that the time
course oembryonic respiration ratgill be the samdor eggs of different size, at least during
early embryonic development. The modified assumption ofzaoa-starting structure is
consistehwith the observation of norero respiration rate of unfertilized eggs and with
physiologicalebservations of fertilized and unfertilized edfgs.able to consistently explain

both the mass scaling and time course of respiration within a single foaknew

In the context of DEB theory, the respiring unfertilized egg would represent an egg with
some strugture but no allocation of resources to growth, while the fertilised alijocating
resources,to.the.growth of structure. These theoretical représesitaf unfertilized and

fertilized eggs gain support from physiological observations. It has long been known that
fresh eggs coensume oxygen, albeit small amounts, including even those that have not been
fertilised and 'are naindergoing cellular divisi@(Boyd 1928; Borei 1948). As oocytes
develop into eggs inside the ovaries (or ovarioles in insects), reserve is synthesihed and
respiration ratés high (Borei 1948) Once the oocyte has become a “ripe” unfertilized egg,
respiration rate falléBorei 1948)andmeiotic growth is halte@wWent 1982). Depending on

thespecies,ipe eggs may remain viable in this statedeveraldays(Whitaker B31;
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Holcombet al. 2004)and although meiotically halteamay be far from inactive. Measurable
oxygen consumption rates have been observed in unfertilized eggs for a variety of species
(Whitaker 1931; Borei 1948; Horwitz 1965; Tyler, Tyler & Piatigorsky 1968; Davenport &
Lonnig 1980) and may indicate the generation of energy throegkrébs Cycle
Unfertilized"eggs contain all the necessary components of protein synthesisnimclud
MRNAs (Tyler 1963; Tyleret al. 1968) and evidence of protein synthesis has been
demonstrated inpe, unfertilizedeggs of sea urchir¥yler et al. 1968),clams(Bell &

Reeder 1967), polychaete worms (Gould 1969) and frogs (Smith, Ecker & Subtelny 1966).
Protein synthesis in ripe, unfertilized eggs likely represents the turnover of degraded proteins
and othe cell maintenance processes, as ripe eggs may remain unfertilized for extended
period without a.change in the capacity for normal develop(igtdr et al. 1968).A
measureable réspiration rate and evidence of active protein synthesist\gitbwth supports

the notion that an unfertilized egg should be comprised of some amount of structure.

There is also'physiological evidence that the growth of structure from reserve may initiate
quite soon-afterfertilizatioriurther supportinghe assumption that a frdgtiertilized egg

should be /madelled with some amount ofisture Within the first few hours after

fertilization, respiration may increase exponentially until respiration rate has nearly doubled
(Boyd 1928y\Whitaker 1931; Borei 1948). Respiratiate mayalso increase dramatically

within thefirst few minutes after fertilization, up to three times the rate of respiration in the
unfertilized eggbut falling again within minutes (Horwitz 196%®rotein synthesis in clam

eggs has also been shown to increase rapidly immediately after fertilization, and well before
the first meiotie.divisior(Bell & Reederl967). In the context of DEB theory, this sharp
change in'respiration is captured when the growth of struistumdéiated afteregg
fertilizationywith'the overhead costs of structural growth making an observable contribution
to respirationThis advance in our knowledge of egg development brought by the application
of DEB theory highlights the usefulness of process-based models from which higher level
patterns can be derived.

Metabolic theory is increasingly being applied in biology to ustd@d a range of biological
phenomendy currencies of mass and energy, which are relevatitsatales of biology
(Brownet al.2004; Kearney & White 2012; Mairet al. 2014).DEB theory builds on this
notion by formalising further constraints on the metabolic organisation of orgasisohsas
constraints on uptake, or mobilisation of assimilated resources for metatidisbroad

reaching fieldof DEB theory, and metabolic theory in geneigin an active state of
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development andill befurther refined by conducting broad scaled tests of the model

assumptionsis we have shown here
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541 Figurelegends

542  Figurel. (A)-The timecourse of respiration from oviposition to hatching for 16 ing@&ts.

543 Day one.respiration rate for 15 insects was plotted against egg size with a quiadciiton

544  used foridnterpolation (data f&hodnius prolixusvas omitted because its earliest

545 measurement was 3.5 days since oviposition, whereas for all other insects sfayalioa

546 was reporteéd):"The prediction for the DEB model that assumes a fresh egg is all reserve is
547 denoted.oythe lower bold line. Assuming an egg is 5% structure results in the prediction
548 denoted by themupper bold line. The least squares regression line and 95% confidence interval
549 s also given and has a slope of 1.21+ 0(@%.The solid lines show the standard DEB

550 model’'s prediction of timecourse of respiration from oviposition to hatching, assuming 0%
551 starting structure, for each of the 16 insects in panel Adotted line shows the least
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squares fit of a thirdrder polynomial(D) The model shown in panel C is modified so that a
fresh egg contains 5% structure. The solid lines show the revised model prediction. The
dotted line shows the leastiuares fit of @hird-order polynomial(E) Residual deviations of
observations from predictions of the 0% structure md@é¢IResidual deviations of

observationsfrom predictions of tB&b structure model.

Figure 2. The effect of egg size on time to hatch in 98 insect species. Univoltine aquatic
insects are separated from other insects following Gillooly and Dodson (2000b). The upper
bold line denotes the prediction of the DEB model that assumes a fresh egg Iis resiee.

The lower bolddine denotes the prediction of the DEB model that assumes a fresh egg is 5%

structure. Least'square regression lines with 95% confidence intervalsaggven.
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