9 Maintenance of egg temperature
J. S Turner

Contact incubation of eggs is one of the most conspicuous features of avian biology.
Its purpose is the maintenance of a warm and steady egg temperature, and during
incubation, the parent bird undergoes remarkable changes in its behaviour and
physiology, all seemingly directed to meeting this need. For example, the pectora skin
of incubating birds, commonly the female, but in some instances the male as well,
develops into a fleshy and well-vascularised brood mtch, naked of feathers (White
and Kinney 1974; Grant 1982; Tagien et al. 1986; Chapter 8). While incubating, the
brood patch is pressed against one surface of the egg, warming it, a process known as
contact incubation. The transfer of heat into the egg is regulated through adjustments
to both blood flow through the brood patch and heat production by the parent,
mediated through temperature sensors in the skin of the brood patch (Collias 1964;
White and Kinney 1974; Midtgard et al. 1985; Chapter 8). Likewise, many birds
construct nests constructed to insulate the eggs against losses of heat from their
exposed surfaces. In some instances, the nest completely encloses the egg in its
protected environment, although many nests are cup-shaped, open at the top to
accommodate the parent while it sits on the eggs (Collias 1964; Grant 1982; Skowron
and Kern 1984). Many birds are steady incubators, sitting on the eggs without
interruption from the completion of the clutch to hatching. However, many are
intermittent incubators, leaving the nest periodicaly during the day to feed or defend
the territory around the nest. These absences seem timed to limit the extent to which
the eggs cool during the absence: in colder conditions, the absences are shorter, while
warmer conditions are correlated with longer absences (Turner 1994a; Chapters 6 and
15).

Incubation involves a transfer of heat between the parent and embryo, which in
principle can be understood as a physical process mediated by the physiology of both
parent and embryo. The intention of this chapter is to provide a brief overview of the
physca and physiologicd principles underpinning the maintenance of egg
temperature. These principles have potentialy far-reaching implications for the
ecology and life histories of birds. Thus, it is essentid that they are properly
understood from the outset. Many attempts to make this link rely on erroneous
assumptions about the ways heat flows through eggs, usualy from a misplaced desire
for simplicity. The transfers of heat between parent and egg are marvellously subtle,
however, and it is argued that these subtleties are important features in how parent
and offspring manage the flows of heat between them. Understanding these subtleties
isimpossible if they are smplified away from the beginning.

Reprinted from: Avian Incubation: Behaviour, Environment And Evolution, D C Deeming (ed). Oxford
University Press, Oxford. pp 118-142.
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Maintenance of egg temperature: steady state

At its smplest, the maintenance of egg temperature is a straightforward problem of
energy baance:

Qin + Qout + Qs =0 (9.1)

where Q;, = rate of heat flow into the egg, Qo is rate of heat flow out of the egg and
Qs = rate of heat storage in the egg; al rate terms in units of watts (W; Js%). If egg
temperature is steady, i.e. not varying with respect to time, the storage term Qs is
zevo. In this section, this is assumed to be the case, and the matter of the unsteady
state, i.e. where Qst 0, isdescribed later.

When egg temperature, Teyg, is Steady, equation 9.1 can be rewritten as follows:

Qe + Qup + K (Tair - Tegg) = 0 (9.28)

where Qe = rate of embryonic heat production (always a net addition of heat), Qyp =
heat transfer rate betw een the brood patch and egg (commonly an addition of hedt,
but sometimes a removal of heat if the egg is too warm), K =thermal conductance of
the egg (W °CY), and Tar = air temperature (°C). Evaporation is a potential avenue of
heat loss, but these are generally negligible compared to the other flows of heat
(Turner 1985). The conductance term, K, is a proportionality that relates a rate of heat
transfer to the temperature difference driving it. It encompasses a variety of factors,
including surface areaof contact between brood patch and egg, heat transfer by blood
flow and conduction, and so forth. Based on this, the parental cost of incubation can
be edtimated simply:

Qup = K (Tegg - Tair) = Qanp (9.2b)

This equation states that the parent’s energy cost is determined by the heat lost from
the egg to the environment [K (Tegg - Tai)], Offset by the addition of heat to the egg by
the embryo [Qamw]. Thus, the energy cost of maintaining an egg's temperature
depends upon three things: the environmental temperature, the heat production by the
embryo, and the therma conductance of the egg. A number of smple predictions
follow from this. For example, it predicts a linear dependence of parental incubation
costs on environmental temperature. Also, it predicts thet the parent’ s incubation costs
should decline during the incubation period as the embryo’s own production of heat
increases.

Simple models are not subtle tools. They are useful mainly when the system to be
andysed is itsdf smple. Unfortunately, much of the important biology that underpins
the maintenance of egg temperature is subtle, most of it residing in the conductance
term, K. As written, the conductance term is primarily a physical property of the egg
and environment: traditionally there has been little appreciation of the extent to which
this term is under physiologica control, both by the parent and the embryo. The perils
of ignoring these physiologicd factors are illustrated by the implied reduction of the
parent’s energy costs during the incubation period. Asthe embryo develops, its rate of
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heat production increases. According to equation 9.2a, this should lessen the subsidy
of heat required from the parent. In fact, the opposite is true: as the embryo matures,
the parent’s heat subsidy required to maintain egg temperature increases (Turner
1991).

The key to understanding this disparity involves understanding the distribution of
temperatures in the egg, the so-caled temperature field. In any body, heat flow is
driven by differences in temperature. Where heat goes and how rapidly it flows there
is governed by how the potential energy gradients driving its flow are distributed. In
some instances, these temperature distributions are simple, and simple models of heat
flow describe them accurately. In other instances, including heat flow through eggs,
the temperature fields are more complicated.

The temperature field

The starting point for any analysis of heat flow is Fourier's Law of conduction, which
is generdly expressed as a differential equation (Thomas 1980):

dQ =-k dA dT / dx (9.3)

where k is the thermal conductivity of the material through which heat flows (W m*
°C"). Heat flow through any object will depend not only upon the temperature
differential (dT, °C), but also upon the object' s shape, which is accounted for by the
differential terms dx (m) and dA (m?). The simplest such shape is a flat plate of
thickness x and cross-section area A, for which case Fourier’s Law is solved as:

Q=Ak(T1-Ty)/x 94

Implicit in this equation is a temperature field which exists between both surfaces of
the plate, and which can be expressed graphically as a series of isotherms within the
object (Figure 9.1). The temperature field in a flat plate is uniform, its isotherms
pardle to the plate surfaces and evenly spaced through the plate. This smply
indicates that the temperature gradients driving heat flow are everywhere the same.
As such, the vectors for heat flow are likewise uniform and parallel (Figure 9.1).

Fourier's Law is easily solved for other shapes (Thomas 1980), such as heat flow
through a cylindrical shell of thicknesst and outer radiusr,:

Q=2pLk(T1-T)/In(ro/ (ro-1)) (9.5
or, more germane to the problem of eggs, through a spherical shell:
Q=4pro(ro-Y k(T1-T)) /1o (9.6)

The temperature fields and heat flows in such cases are somewhat more
complicated than those in a flat plate. In a spherica shell, for example, the isotherms
may not be uniformly spaced, and the vectors for heat flow will diverge from the
inside surface of the shell to the outer. In both cases, however, the temperature field,
and the heat flows associated with it, are functions of only one spatia dimension,
specificaly the distance x from one side of a flat plate to the other, or the radid
distance r from the inside surface of a spherical shell to the outer (Figure 9.1). Such
temperature fields are said to be one-dimensiond.
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Figure 9.1. Isotherms and heat flow vectors in two one-dimensond heat flow regimes. a. One-
dimensond heat flow through aflat plate of thickness x with temperatures T, and T, on either Sde of
the plate. b. One-dimensiond hest flow through a circular tube or spherica shell of outer radiusr, and
thicknesst. Heavy arrows represent heat flow vectors. Dotted lines represent isotherms.

One dimensional temperature fields and heat flows are a special case. More
common are circumstances in which heat moves through objects in complex spatia
patterns that cannot be reduced to a single dimension. One example of dbvious
relevance to eggs would be heat applied to a limited surface on a block of materid,
similar to the way a brood patch might warm an egg. As hest flows through the block,
it spreads from its point of origin. The vectors for the heat flow can be resolved into
three mutualy perpendicular components, x, y and z (Figure 9.2). For such cases,
Fourier's Law resolves the temperature field into three partia differential equations.

dQ = -k dA YT/ Tx (9.79)
dQy = -k dA, TT/ Ty (9.7b)
dQ, =-k dA, 1T/ Tz (9.7¢)

The temperature field is now three-dimensional, because the temperature at any
locality in the block is afunction of the three variables, x, y and z.
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Figure 9.2. Multidimensiona heet transfer in solid bodies. a A heat flow vector (heavy arrow) that
results from temperature gradients (light arrows), 1T, in three dimensions, i fiyand fz. b. Hypothetical
scenario for twadimensiona heet flow through a solid body (light grey) warmed at one locdity by a
heated strip (dark grey). In this circumstance, temperature gradients in the z dimension arenil, i.e. T/
= 0. Hest flow is governed by temperature gradients in the x and y dimensions, T/fxand YT/fly, which
varies from place to place in the block.

Treating heat flow through any object as one-dimensionad is essentialy a statement
that only one of the partid differentids, say, T / x, matters. This, in turn, commits
one to the converse assumption that the other partial differentids, in this case T / fy
and T / Yz, and the heat flows that go with them are negligible. Similarly, two
dimensional leat flows are those in which only one of the partia differentials can be
safely neglected. Three-dimensiona hesat flows, of course, are those circumstances in
which none of the partial differentials can be ignored. This underscores a genera
principle of heat exchange theory. One can aways approximate multi-dimensiond
heat flows as one- or twodimensiona. However, the accuracy of such
approximations will depend on the extent to which the ignored partia differentials are
indeed negligible. If they are rot, the simplified estimate will be serioudly in error.

Temperaure fiddsin eggs

It is noteworthy that much of the literature on the energetics of egg incubation
presumes that heat flow through eggs is one-dimensiond. While this is true in some
circumstances, it is not in many (Turner 1991). Of the likely circumstances eggs might
be found in, there are four likely, but not exclusive, types, two of which result in a one-
dimensiond temperature field: one-dimensional radia fields, in which the temperature
variation is predominantly in the radiad dimension (Figure 9.3); one-dimensiond axid
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Figure 9.3. One-dimensiond radid hezt flow in aspherica egg. (a) Isotherms (dotted lines) and heet
flow vector (arrow) intheradid dimension r, down atemperature gradient dT / dr. (b) Electrica
andogy for one-dimensona heet flow in aspherica egg, where heat flow islimited by an internal
resistance, R, spanning an egg centretemperature Ty, and the egg surface temperature T, in series
with an externa resistance R, spanning egg surface temperatures and the environmentd temperarture
Te.

fidds, in which the temperature variation is aong an axis that runs through the egg
(Figure 9.4); twodimensiona fieds, in which the temperature variation is
differentiable into a combination of two axia or radia components (Figure 9.5); and
three-dimensiona fidlds, in which the temperature field is a function of three radid or
axia components.

One-dimensiona radia temperature fields arise when the egg is surrounded by a
uniform fluid medium, or by nest materials which incorporate insulating layers of ill
air. Such a circumstance could arise for eggs left for a time by an incubating parent.
In a one-dimensional radial field, the egg’s thermal conductance can be smplified to
two conductances in series (Figure 9.3): an internal conductance, Ki, which governs
the flow of heat from the interior of the egg to the eggshell surface; and an external
conductance, Ke, which governs the flow of heat from the surface of the egg to the
environment. The egg’ s thermal conductance, Key, is therefore:



Maintenance of egg temperature 125
or in terms of the inverse of the conductance, the thermal resistance;

Reg = Re+ R CED)

In air, the egg’s externa resistance is generdly larger than its interna resistance
(Turner 1985), with the result that Rgy » Re The extent to which the external
resistance dominates the total conductance of the egg depends upon its size and the
cardiac output by the embryo (Table 9.1), but it is unlikely that the externa resistance
will ever be less than 74% of the egg's total resistance. For most eggs, the external
resistance accounts for more than 90% of the egg’s total resistance (Table 9.1). The
disproportionately high external resistance signifies two important features in the

Figure 9.4. Onedimensond axid heat flow in a spherica egg warmed a one surface by abrood patch.
a. Isotherms (dotted lines) and heet flow vector (arrow) in the axid dimensiony, down atemperature
gradient dT/dy. b. Electricd andogy for one-dimensiond hest flow in aspherica egg, where heat flow is
limited by several seriesinterna resistances, R ; ... R 3, spanning the brood patch temperature Ty, Severdl
internal egg temperatures Ty 1 ... T€Y,2, and the egg surface temperature T, in serieswith an external
resistance R, gpanning egg surface temperatures and the environmentd temperature Te.

maintenance of egg temperature. First, any factor which influences R,, such as
protection from wind, reflection of solar radiation and so forth, will have a large effect
on the egg’s thermal resistance. Secondly, because the external resistance is so high,
there is little potential for the embryo to have any physiologica control of thermal
conductance of its egg. The reductions in R; which might result from the embryo’s
burgeoning circulation have relatively little effect on the egg’ s total thermal resistance,
except in very large eggs, severa hundred grams or more in mass. (Table 9.1).
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Figure 9.5. Two-dimengona hesat flowsin a spherica egg warmed at one surface by a brood patch. a.
I sotherms (dotted lines) and heat flow vectors (arrow) in the horizonta (x) and vertica (y) dimensions,
resolved into the temperature gradients {T/fx and TAly. b. Electrica analogy approximation for two-
dimensiona hegt flow in a sphericd egg warmed at one surface by a brood patch, where hegt flow is
limited by an array of interna resistances which feed hest to the egg surface where its flow is further
limited by an array of externd resistances.

Table 9.1. Estimated internal and external resistances of birds' eggs at start and end
of incubation (Turner unpublished).

Ep R(CWT) R (CW?) R(CTW) R/R R/R
mass (g)
Start End Start End Start End
2 1007 6.0 51 1068 1058 094 095
10 384 35 26 41.9 409 092 094
60 134 20 11 154 145 087 092
150 76 14 0.7 9.0 82 084 092
1500 19 0.7 0.2 26 21 074 092

Where R, = Externd resistance; R = internal resistance; R = total resistance

One-dimensiond axid gradients are probably rare in naturaly incubated eggs, but
these are often invoked as an approximation of the two-dimensiona gradients that
commonly would arise in an egg warmed by a brood patch (Ackerman and Seagrave
1984; Turner 1991). In a contactincubated egg, the normally expected two
dimensiona gradient could approach a one-dimensiond axia gradient when heet flows
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through the egg between a strong source at one surface, and a strong sink at the
other. An egg warmed at one surface by a brood patch while its antipodal surface sat
in water, on ice or on cold ground could qudify as a sufficiently strong source and
sink. A one-dimensional axia gradient could aso result when heat loss from the
exposed sides of the egg is prevented. The natural Situation that comes closest is
probably found in the Aptenodytes penguins, where the egg is warmed on one side by
a brood patch, cooled on the other by dtting on the penguin’s cold feet, and is
enveloped in awell insulated pouch (Burger and Williams 1979; Handrich 1989; Rahn
1991).

In most contact-incubated eggs, a two-dimensiona temperature field is more likely
(Turner 1991). The two dimensiond fields in a contactincubated egg show strong
vectors for heat flow to the exposed surfaces of the egg adjacent to the brood patch,
while heat flow to the antipoda surface of the egg is fairly weak. This is a crucid
digtinction: a one-dimensona axid gradient assumes, among other things, that heat
from the brood patch (equivalent to an energy cost to the parent) ultimately leaves the
egg uniformly over its surface. In a two-dimensiond field, this is not the case: of the
parent’s heat imparted to the egg through the brood patch, more leaves the egg from
surfaces near the brood patch, while relatively little leaves the egg from surfaces
opposite the brood patch. This has some interesting consegquences, both for the total
energy cost for incubation, considered below, and for the role the embryo might play in
the regulation of its own egg temperature. In the initid stages of incubation, when
there is little or no embryonic circulation of blood, heat flows through the egg by
conduction only. Consequently, most of the heat imparted to the egg leaves the egg at
surfaces near the brood patch. The temperature of the egg’s antipodal surface is very
close to air temperature and little heat leaves the egg there. As the embryo’s
circulation develops, this promotes the axia transport of heat, warming the egg's
antipodal surfaces, and increasing the loss of heat therefrom. Thus, the embryo's
circulation affects the energy cost of incubation in a way that it could not if the egg
was surrounded by air. For an egg of the domestic fowl (Gallus gallus), Turner
(1991) edtimated that the increase of embryonic circulation during incubation will
roughly double the parent’s energy costs of maintaining the egg temperature. This
stands in marked contrast to the oft-stated presumption that the parent’s energy costs
will decline as the embryo’'s own heat production increases through the incubation
period.

Three-dimensional temperature fields arise in circumstances where there are
significant asymmetries in the sources or sinks for heat flow. For example, the air cell
of the egg is usudly located at one end of the egg’s mgjor axis, while the major axis,
for its part, usudly lies approximately pardlel to the parent’s brood patch. Thus, heat
will flow through one of the egg's major poles differently than through the other.
Another conceivable circumstance would be in a clutch of eggs where each egg has
been warmed differently than its clutch-mates. Temperature fields in eggs in the
centre of a clutch surrounded by warm eggs could have temperature fields that are
approximately one-dimensional. Eggs at the periphery, for their part, might have within
them substantial horizontal temperature gradients, warmed on one side by its clutch
mates and cooled on the other by the outside environment.
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The common fallacies of steady-state incubation energetics

It would seem, therefore, that the energy cost of incubation depends crucially upon
what types of temperature fields exist in the incubated eggs. There can be no
presumption that one particular type of field will be common. It follows that any model
of energy costs that assumes just the opposite, either explicitly or implicitly, will often
be inaccurate. Consider, for example, the famous Kendeigh equation, which purports
to estimate the energy cost of incubating a clutch of n eggs (Kendeigh 1963):

Qp=NMCp(Tegg- Tair) (1 -C)/ (9.9

where M = egg mass (kg), ¢, = egg specific heat (J kg™t °C™), ¢ = fraction of egg
surface covered by brood patch and t = time constant for cooling (s). In the Kendeigh
equation, the term (M ¢,/ t) is equivalent to the egg’s thermal conductance, K (W °C
Y. In Kendeigh's origind formulation, the time constant t was measured from eggs
cooling in ill air, conditions in which the temperature field in the egg will be one-
dimensiona in the radial dimension, and surface temperatures will be uniform.
Kendeigh also assumes that heat loss from a contact-incubated egg is smply that lost
from an egg cooling in air, corrected by the fraction of surface area left uncovered by
the brood patch, (1 - ¢). This presumes that the distribution of surface temperaturesin
a contact-incubated egg is uniform as they are likely to be in an egg cooling in air. This
is incorrect because the temperature field in a contact incubated egg is quditatively
different: it is atwo-dimensiona field, in which different rules for heat transfer apply.

This assumption introduces some significant errors in the estimates of energy cost
calculated from Kendeigh's equation (Turner 1991). For an unembryonatedfowl egg,
Kendeigh's equation estimates an energy cost that is roughly double the measured
cost when the egg is incubated by an artificial brood patch. The source of the error is
clearly in the presumption that the temperature fields in eggs cooling in ar describe the
temperature fields in contact incubated eggs. A egg cooling in air has a high externa
thermal resistance, and uniformly high surface temperatures. A contact incubated egg
has high surface temperatures only near the brood patch, and is significantly cooler a
the egg’'s antipodal surfaces. Heat losses from the egg, and the energy costs of
keeping the egg warm, are commensurably lower.

Consider aso the conflicting roles of embryonic circulation and metabolism (Turner
1991). The thermal conductance of an egg cooling in ill air is uninfluenced by the
embryos circulation, but its temperature is significantly influenced by the embryo’'s
metabolism. For example, at the end of the incubation period of a fowl egg, the
embryo dissipates heat at a rate sufficient to raise egg temperature 230C above air
temperature (e.g. Meir and Ar 1990). At the same time, the egg's thermal
conductance in gill air remains unchanged throughout the incubation period, despite
the subgtantia increases in internal blood circulation. Equation 9.2a suggests that as
the embryo matures, the parent’s energy cost should decline as the embryo provides
more of the heat required to keep the egg warm. For afowl egg, Kendeigh's equation
predicts the energy costs of maintaining egg temperature should decline by about 30%
through the incubation period. However, the energy costs measured by an artificia
brood patch actually increase by about 25%. Again, the error results from unredistic
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assumptions about the temperature digtributions inside contact-incubated eggs. One-
dimensional radia fields where the externa resistance is large compared to the egg's
internal resistance limit the extent to which the embryo’s blood circulation can affect
the egg's therma conductance. This leads to the erroneous implication that K in
equation 9.1 is assumed by Kendeigh's equation to be constant, or at least controllable
principaly through externdly-driven factors. However, the situation Kendeigh's
equation is intended to smulate results in two-dimensional fields inside the egg. Based
upon the evidence that embryonic circulation can influence energy costs so strongly,
this signifies that the term K clearly is not constant. Furthermore, it opens the
possibility of active control by the embryo of the parent’s energy costs of incubation,
particularly near the end of incubation, when the embryo has the neural machinery for
temperature regulation, even if it lacks the thermogenic capacity for it.

Finaly, consider how incubation energy costs should scale with egg size (Turner
1991). The thermal conductance of an egg cooling in air is a composite conductance
for heat flow by convection and radiation from the surface of the egg. This composite
resistance scales to roughly the 0.6 power of egg mass. By implication, the energy
cost of incubation predicted by Kendeigh's equation should also scae to 0.6 power of
egg mass. However, in a two-dimensiona temperature field, the axial component of
heat flow through the egg is important, and this should scale to the 0.33 power of egg
mass. The thermal conductance of a contactincubated egg is a composite
conductance that melds these two, and should therefore scale to a power of egg mass
intermediate between 0.6 and 0.33. Turner (1991) estimated the scaling exponent to
be 0.45.

Thus, by conflating the temperature fields that characterise two very different
therma regimens, approaches like that adopted by Kendeigh (1963) are prone to
serious erors in estimating the energy costs of maintaining egg temperature. Three
obvious ones spring to mind. First, the energy cost of incubation is presumed to be
more than it really is. Second, the energy cost of incubation is presumed to decrease
through the incubation period, when in fact it increases. Third, the effect of egg size
on energy cost of incubation is exaggerated.

Maintenance of egg temperature: unsteady state

In steady conditions, the net heat exchange of the egg with its surroundings (which
include the parent) is nil, and the temperature of the egg does not change wih respect
to time. If the net heat flow is no longer nil, egg temperature changes at a rate
proportiona to the rate of heat storage, Qs (equation 9.1). This can be either negative
(with a decline of egg temperature) or positive (with an increase of egg temperature).
Birds eggs often experience this so-caled unsteady condition. For example,
intermittent incubation involves a cycle of vists to, and absences from, the nest by the
incubating parent, with the result that egg temperature cycles synchronously through a
periodic excursion of temperature (Turner 1994a, 1997). The energy cost of
maintaining the egg’'s temperature includes both the cost of keeping the egg warmer
than the surroundings and the costs involved in changing the egg's temperature
(Figure 9.6).
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Figure 9.6. Transent and steady components of egg temperature, illustrated using a representative
daily march of temperature (solid line) of the eggs of the dusky flycatcher (Empidonax oberhol seri; after
Morton and Pereyra 1985). The steady companent is represented by the average egg temperature over
the course of the day (dotted line) of egg temperature. The transient component, those involving anet
storage or release of hest from the egg are represented by the shaded regions between the actua and
average temperatures of the egg.

At its smplest, the energy storage term, Q, is proportional to the egg’'s therma
capacity, C (J °C™), and the magnitude of the temperature change, dT (°C):

dQs=CdT/ dt (9.108)

(Turner 1997). The egg's thermal capecity is the product of its specific hest, ¢, (J kg
°C™) and its mass, M (kg), so equation 10a can aso be expressed:

dQs=M c, dT/ it (9.10b)

This simple description of the energy storage term could be used to estimate the
energy costs of re-warming an egg following an absence from the nest. Asin the
simple application of Fourier's Law to the maintenance of steady temperature, this
simple conception is only as good as the assumptions that underlie it. If these
assumptions are not met, errors will aise in any estimates of the energy cost of re-
warming derived therefrom. Also, the dimension of time is now involved and so these
errors will pose a sort of double jeopardy, involving not only energy costs but time
costs aswell (Turner 19944, 1997). For example, the time abird can spend away from
its nest, and hence the time that can be spent foraging, patrolling territories and
defending the nest, will be influenced by how rapidly the eggs change temperature,
both in how fast they cool when the parent is absent from the nest, in how fast they
can be re-warmed when the parent returns, and by how many eggs are in the clutch.
How differently sized clutches of eggs and eggs of different masses affect nest
atentiveness is discussed in Chapter 6.
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Figure9.7. Transient hesat flows and temperaturesin afowl egg warmed by an artificia brood patch.
Egg temperature was forced by asinusoidd input of heat from the artificia brood patch which had an
amplitude of 200 mW around a mean heat input of 250 mW (top panels). Egg temperatures were
measured at the shell beneath the brood patch ( Ty, Solid lines), the egg centre (Te, dotted lines) and the
eggshd| antipodd to the brood patch (T,, dashed lines). a Sinusoidal heat input with aperiod of 100
min. b. Sinusoida heat input with aperiod of 400 min. After Turner (1994c).

The ungteedy temperature field

Unsteady flows of heat through eggs are driven by temperature fidlds, just as are
steady flows (Turner 1994b). An unsteady temperature field consists of two
components. a steady component, which is equivalent to the temperature fields in
steady conditions, and an unsteady component, expressed as a time-dependent change
of temperature superimposed on the steady temperature field. The unsteady
component is driven by a so-caled unsteady forcing, in the case of eggs, a pulse of
heat applied intermittently to the egg surface through a brood patch. This method of
warming forces a periodic oscillation of temperature in the egg, the so-called unsteady
component, about some average, To, the steady component.

The unsteady temperature fidd is most easily visudised by forcing the egg
temperature with a sinusoidal wave of heating from an artificial brood patch (Figure
9.7). This forces a sinusoidal variation of temperature throughout the egg, the
amplitude and phase of which varies with locdity in the egg. In generd,at greater
distances from the brood patch, the amplitude of the unsteady temperature diminishes,
and becomes increasingly out of phase with the heat wave forcing the temperature
(Turner 19943, 1994b).
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The effective therma capacity

This distribution of unsteady temperatures indicates that not all parts of a contact-
incubated egg participate equaly in the unsteady flows of heat through it. In particular,
the unsteady heat flows are strongest near the brood patch, and diminish with distance
from the brood patch (Turner 1997). Simple formulae €.9. equation 9.10) presume
that the temperature change is uniform throughout the egg. It demonstrably is not
(Figure 9.7). This means that the actual cost of reewarming must be weighted by the
distribution of temperature change within the egg. Those regions of the egg closest to
the brood patch will experience large increases of temperature, and the costs of re
warming those parts of the egg will be high. In contragt, those regions of the egg
which experience smaller changes of temperature will incur rewarming costs that are
commensurably lower. Findly, those regions of the egg which experience no
temperature change will incur no rewarming costs at dl, asif this portion of theegg's
mass was thermally not there. Thus, a contact-incubated egg will have an “effective
therma capacity” which should be considerably less than the more commonly used
“gravimetric thermal capacity” implied by an equation like 9.10, i.e. the product of the
egg's mass and its specific heat (Turner 1997). The effective thermal capacity is
smaller and so the rewarming costs will therefore be less than might be predicted
from the egg’ s gravimetric thermal capacity. Time spent re-warming is also afunction
of thermal capacity, meaning that time costs should aso be considerably less. Turner
(1997) has estimated the effective thermal capacity of a fowl egg might be as little as
15% of its gravimetric thermal capacity.

The concept of the therma impedance

The effective thermal capacity of an egg is less than its gravimetric thermal capacity
because the unsteady flows of heat penetrate unevenly into the egg. It follows that the
effective therma capacity will vary depending upon how readily the unsteady
component of heat flow penetrates the egg. If the unsteady heat flow penetrates the
egg poorly, only a smal region of the egg will experience a temperature change, and
the effective thermal capacity will be amall. On the other hand, if the unsteady heat
flow penetrates far into the egg, a larger portion will experience a temperature
change, and the effective thermal capacity will be larger.

The tempora component of the unsteady heat flow is very important in determining
how effectively it penetrates the egg (Turner 1994c). Again, this is easly
demonstrated by forcing egg temperatures using a sinusoidally-varying heat input from
an artificial brood patch. When the brood patch’s heat input varies a high frequency
(short period), the unsteady flows of heat are confined to a small region of the egg
close to the brood patch. Temperatures in regions of the egg far from the brood patch
oscillate only weskly (Figure 9.7). However, low frequency inputs of heat spread
through the egg more broadly (Figure 9.7). As a result, temperatures of the egg far
from the brood patch oscillate more strongly than they do under high frequency inputs
(Figure 9.7).
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These temporal effects further complicate the analysis of egg re-warming.
Fortunately, this problem has much in common with unsteady energy flows through a
variety of physical systems, such as are found in aternating current flow through an
eectronic circuit or acoustic energy flow through pipes. There is a substantia body of
theory developed to deal with such flows, and this should, in principle, be applicable to
the problem of unsteady energy flows through contactincubated eggs. One of the
more useful aspects of this theory is the notion of impedance, a sort of transert-state
analogue to the egg's thermd resistance (Turner 1994c). Put simply, the therma
impedance, Z:, accounts both for the steady and unsteady components of energy flow
through the egg:

Zy= (Rt2 + Xcz)o.s (9.11)

where R; = the steady state resistance through the egg, by definition insensitive to the
temporal component of the heat input, and Xc = the capacitative reactance, which
varies with the frequency of the heat input (all terms are expressed in units of °C W
1), Contactwarmed eggs behave like a low-pass thermal filter, so that their thermal
impedance declines with the period of the unsteady heat flow driving the temperature.
At very long periods (low frequencies), i.e. where the period approaches infinity, the
therma impedance is equivaent to the therma resistance (Figure 9.8), and heat
supplied from the brood patch penetrates deeply into the egg. For periods shorter than
the egg’s time constant, t (roughly 20 min for fowl eggs), the impedance increases
sharply, rising severd orders of magnitude higher than the steady therma resistance
(Figure 9.8). Here, the unsteady component of heat supplied through the brood patch
penetrates the egg poorly. Again, the embryo has some significant control over this.
As the embryo’'s circulation develops, it distributes both the steady and unsteady
components of heat flow more widely through the egg, resulting in a decline of the
egg’ s thermal impedance over all frequencies.
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Figure 9.8. The components of the thermal impedance and their variation with period of the transient
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The therma impedance of an egg suggests some interesting possibilities for ways
birds might manage the unsteady heat flows through their eggs (Turner 19943). Most
of these are unexplored, but could form the basis for future investigation. Imagine, for
example, how an intermittently incubating bird might manage its incubation energy
budget through the incubation period. Re-warming the egg should involve primarily
warming of the embryo: it makes little sense to warm those parts of the egg not
occupied by the embryo. If only those parts of the egg occupied by the embryo could
be selectively rewarmed, energy savings could accrue to the parent. Early on in
incubation, the embryo and yolk are free to rotate within the egg, such that the embryo
is automatically positioned near the egg's upper surface. During this time, the
incubating parent may need to warm only those regions near the egg's upper surface,
i.e. that region occupied by the embryo (Rahn 1991). This the parent could do by
adjusting the vigitation schedule to favour high impedance warming. High frequency
input of heat are now favoured, which are confined to those regions of the egg
occupied by the embryo. As the embryo grows, however, it comes to fill more and
more of the egg. High impedance warming, which warms only a narrowly
circumscribed region of the egg near the brood patch, might no longer warm the whole
embryo effectively. The parent might then shift s visitation schedule to one that
favours low-impedance warming, which would penetrate further into the egg and
warm al parts of the egg occupied by the embryo.

Thermd impedance and naturd incubation rhythms

Subtle aspects of the maintenance of egg’s unsteady temperatures, such as concepts
of therma impedance, or effective thermal capacity, emerge clearly when egg
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temperatures are forced by well-behaved sinusoida heat inputs from an artificia
brood patch. Whether such subtleties have any relevance o living eggs under actua
brood patches is presently unknown. One obvious problem is whether the actual
unsteady heat inputs to eggs by incubating parents bears any resemblance to the well -
behaved snusoidal heating one can impart to an egg using an artificial brood patch.
Whatever the unsteady heat inputs to a naturally incubated egg might be, they are
unlikely to be well-behaved. Thus, the temptation might be strong to dismiss these
biophysical subtleties as laboratory curiosities, with little relevance to the “real world”
situation faced by eggs and their parents in nature.

Fortunately, there is a way to evauate such temptations critically, and these rely
crucialy on concepts like the thermal impedance. Any periodic phenomenon, whether
it be snusoida or not, can be resolved into a series of snusoidal components, each
with a particular amplitude and phase (Trimmer 1950). Thisisthe Fourier series.

f(t) = S0 k (ak coskt + by snkt) (9.12

where f(t) is some function with respect to time, t. The function f(t) can be resolved
into a summed series of sinusoidal components of amplitudes ax and bk. Thus, any
periodic forcing of egg temperature, whether it be sinusoida or not, can, in principle,
be resolved into a series of sinusoidal components, each governed by the therma
impedance appropriate to the frequency of that component (Trimmer 1950; Turner
1994b). The response, namely the egg’'s unsteady temperature, can be reconstructed
from the sum of the unsteady responses to each of the snusoidal components of the
forcing. Consider, for example, a forcing of egg temperature by a square-wave input
of heat. A square wave can be resolved into the following infinite series:

Qs= Qup- Qopa P(SNt+sN3t/3+sin5t/5..)/ 2p (9.13)

where Qyp is the average heat input, equivalent to the steady component of heat from
the brood patch, and Qua, is the amplitude of the heat input, and P is the period of the
dominant frequency(Figure 9.9). The effect of each of the sinusoidal heat inputs on
egg temperature is weighted by the thermal impedance of the egg at that frequency.
Thus, the high-frequency components will heat the eggs less than the low-frequency
components. The actual change of egg temperature will be the sum of the forcing at
each of the sinusoidal frequencies. Thus, the transient heat flow into the egg is derived
from the sum of al the sinusoida heat forcings that go into this series. The result isa
damped oscillation of egg temperature that reflects the differential heating effects of
the various components of the series.

One of the more interesting implications of this gpproach is the notion that not al
joules imparted to the egg during an intermittent bout of incubation will be equa. Some
(those in the high frequency components) will penetrate the egg only dightly, while
others (those in the low frequency component) will spread more broadly through the
egg. In short, to estimate the costs of re-warming accurately, it is not sufficient to
simply measure the egg's temperature excursion. Rather, one must construct a power
spectrum that accounts for the differential effects of the different frequency
components of the warming.

Relaxation of the unsteedy temperature fied
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There is a fina complication in eggs driven by unsteady heating that needs to be
considered. During visits to the nest, the eggs presumably are warmed by contact with
a brood pach, and this will result in the eggs teking on the two-dimensiond
temperature fields characteristic of contact incubation. When the parent vacates the
nest, however, the egg's temperatures will shift toward the one-dimensiona radia
temperature fields characteristic of eggs surrounded by still air. The process whereby
a temperature field shifts from one configuration to another is known as relaxation. In
a cooling egg, relaxation is evident as a twophase pattern of temperature change
(Turner 1987; Figure 9.10). Early in the cooling phase, the egg cools a a rate
dominated by the redistribution of heat from near the brood patch to the centre. As the
egg assumes the one-dimensiona temperature field typical of cooling in air, the egg’'s
cooling rate changes because heat now is flowing uniformly out of the egg across its
surface (Figure 9.10). Thus, the cooling of the egg is a two-phase process, governed
by two time constants, one early in the transient for the relaxation time, t;, and the
other, t,, later in the transient for normal cooling of the egg:

Tag=Tu+ (To-Ty) (@ €'+ b e™?) (9.14)

where a and b are coefficients representing the ratios of the time constants (Turner
1987). The reverse should happen when the parent returns to the nest. The returning
parent first encounters an egg containing a one-dimensiond radia temperature field,
and imposes upon it the two-dimensiona field characteristic of contact incubation. The
egg will similarly change temperature in two phases.
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Figure 9.9. Partid decomposition and recondtitution of a square-wave forcing of egg temperature and
thetemperature response of the egg. a. The first five Snusoidal components of a square-wave forcing of
hest input from abrood patch. b. Recongtituted square wave response showing the effects of summing
various of the Snusoidad components of the forcing, including the fundamenta frequency (f), the sum of
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firgt five snusoida components of the response of egg temperature to the forcings of egg temperature
by asinusoidal wave of heet input from abrood patch in a. b. Recongtituted temperature response of
the egg forced by the componentsin b. including the response at the fundamentd frequency (), the sum
of the responses of the first three components (S1f-5), the sum of the responses of thefirst five
components (S 1f-%), and the sum of the responses of the first twenty components (S1f-39f).

The implications of this type of temperature change are largely unknown, except for
the work of Hainsworth and Voss (Chapter 15). However, it may be substantial,
particularly in those circumstances where the period of the incubation rhythm is
shorter than the egg's time constant for cooling. For example, imagine an
intermittently incubating bird which, during its visit to the nest, engages in high
impedance heating of the egg, so that the added hest is confined to a smal region
close to the brood patch, this region surrounded by a sharply graded temperature field
into the egg. This will enable the bird to deposit a load of heat, and leave the nest
quickly. Once the bird leaves, this sharply graded temperature field will shift within the
egg as the heat deposited there is redistributed (Figure 9.10). The parent’s deposit of
heat is therefore retained in the egg, rather than being lost, because it migrates
preferentialy into the egg rather than out through the egg’'s warmed surface. This
could be a useful heat conservation measure, because hest that is retained in the egg
is heat that will not have to be replaced on a subsequent visit.
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any timet, T, cooling toward an equilibrium temperature of Ty, starting at aninitia temperature T,,.
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Limitations of the biophysical approach to maintenance of egg
temperature

The biophysicd approach to egg temperature outlined above assumes that
temperature maintenance, i.e. incubation, is largely a matter of how incubating birds
and embryos manage the flows of heat into and out of the egg. This approach follows
ultimately from the notion that natural selection is the result of a sort of cost-benefit
anayss. Differentia reproduction results when one phenotype is able to mobilise more
energy to do reproductive work than another. Phenotypes can be favoured as a result
of increases of physiologica efficiency, so that a greater proportion of an animal’s
total energy budget is diverted to reproduction. However, it can aso result from
seemingly costly behaviours and investments: as long as more reproductive work
accrues from a costly investmert, it will be favoured. Contained within this energetic
definition of selection is a seductive promise: understand the energetics of an organism
and you open a window on dl features of an anima’s biology, such as its behaviour,
its physology, its life history, any aspect that is subject to evolution by natural
selection. The biophysical approach to the maintenance of egg temperature embodies
this promise: understand the energy flows between parents and eggs and you
understand al features of avian biology that follow from it, such as attentive
behaviour, parental care, and so forth. Realising this promise was an important
motivation for the pioneers of the field such Charles Kendeigh and his contemporaries.

As we have seen, the flows of heat through eggs are far more complex and subtle
than these pioneers ever imagined it could be. This rich complexity presents a three
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sided chalenge to the promise just outlined. One the one hand, understanding these
biophysical subtleties can reved tremendous possibilities for ways incubating birds
might manipulate their incubation energy budgets. For example, applying impedance
concepts to the heating of eggs suggests that costs and benefits accrue differently to
behaviour patterns that result in “high-impedance’” heating of the egg compared to
“low-impedance’ heating (Turner 1997). On the other hand, the complexity makes a
rigorous experimenta approach to the problem of incubation energetics more difficult.
The difficulty arises for the same reasons economics or sociology are experimentally
difficult sciences. The systems under study are themselves adaptable which means
that it is sometimes uncertain whether a result is due to the experimental treatment, or
due to an adaptive response of the system to the novel and artificia environment
posed by the experiment. Finally, these complex and subtle features of egg incubation
operate in a naturd environment that is itself highly variable and unpredictable.
Turbulent winds, for example, can introduce such high variation in heat exchange rates
that other, more subtle sources of variation, such as egg colour, nest insuletion, time
spent away from the nest, etc., are swamped. So, while theoretical tools are available
for quantifying the thermal interaction between parent, egg and embryo in great detail,
applying them to the “real world” might be problematic.

Given these problems, it may be worthwhile at this stage to step back and ask: what
is to be gained by pursuing an ever more sophisticated physica understanding of the
maintenance of egg temperature? If we attain a perfect understanding of the
biophysics of heat transfer between parent and egg, could we then say that we
understand incubation?

The biophysical approach to egg temperature reflects the reductionist faith that a
system can be understood through a knowledge of the behaviour of its parts. While
very powerful, inherent in reductionism is the tendency to dienate the parts of the
system from the system itself. For example, an enzyme can be analysed as an entity in
itsedf, which can illuminate such enzyme-level questions as how the active site
operates, or how subdgtrate is turned into product. This approach, however, divorces
the enzyme from the biochemical, cdlular, organic and organismic milieu in which it
normaly operates, such that a thorough understanding of active site kinetics may be of
only limited value in understanding how the enzyme works in the system of which it is
a part.

The initia biophysical studies of incubation energetics, exemplified by Kendeigh
(1963), smilarly offered a useful reductionist framework for answering the seemingly
simple question: how much energy is required from the parent to keep its eggs warm?
However, these initia approaches dienated the egg profoundly: from the parent,
treated now as a disembodied regulated heat source; from the embryo it contained,
denying the embryo any physiological control over its own temperature; and even from
the environment in which it lived. As we have come to understand the biophysics of
incubation more fully, the aienation between parent and embryo has eased to a
degree. For example, we now know that the embryo can, in some contexts, affect its
own temperature through physiological digtribution of heat from the parent. The
important question now is not whether or not the embryo can control its own
temperature, but whether, and how often the embryo is found in contexts that enable it
to control its own temperature. Such questions might be more profitably approached
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by examining how the egg, embryo, @rent, and environment function together as a
system, identifying and studying the mutudly interacting feedbacks and physiological
systems which govern the behaviour of the whole.

The egg as part of atherma mutuaism

Treating the egg, embryo, parent and environment as a unified system (.e. the bird
nest incubation unit described in Chapter 1) is tantamount to describing egg
temperature as the outcome of a type of symbiosis, which includes the components
(i.e the embryo, the parent and so on) and the feedbacks which regulate the flows of
energy between them (Figure 9.11). Symbiosis can take the form of a mutuaism, a
physiological phenomenon whereby two disparate organisms associate in some
mutualy beneficid way. A mutudism usudly involves partners that have
complementary physiologies, mechanisms for one partner adjusting the physiology of
the other, and some means of controlling the common environment shared by the
partners. Consider, for example, the quintessentia mutudism, the lichen (Ahmadjian
1993). The heterotrophic and autotrophic physiologies of the fungal and agal partners
complement one another, each partner providing nutrients that the other partner could
not synthesise on their own. At the same time, the physiology of the autotroph is
regulated by a feedback from the heteratroph: e.g. the algage's rate of photosynthetic
carbon fixation is regulated by the production rate of urea in the fungus. Findly, the
intimate association between the aga and fungus ensures that environmenta
perturbations do not disrupt the orderly exchange of matter and energy between the
partners.

An incubated egg meets some of the criteria for being a mutualism. For example,
there is complimentarity of metabolisms. the embryo requires a high temperature to
grow, but is not itself capable of providing the heat required to elevate the egg
temperature more than a degree or so. The heat required by the embryo must come
mostly from the parents, supplied through the brood patch. There is adso an intimate
association between parent and egg: the egg is usudly contained within a nest of some
sort, and the transfer of heat is usualy through the intimate contact between the brood
paich and the egg. Finaly, there are feedbacks whereby this transfer of heat is

Food (new energy) ’ Yolk (stored energy)

Work <+—Parent \Embryo —» Work
Heat Heat <—J
Enwronment Enwronment

Figure9.11. Sketch of the demerts of atherma mutualism between parent and embryo. The control of
this mutualism residesin the control of the crossed arrows representing hegt transfers between parent
and embryo.
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governed. For example, heat flow between the brood atch and egg appears to be
regulated by adjustments to blood flow through the brood patch and heat production by
the parent (White and Kinney 1974; Vieck 1981a, 1981b; Tgien et a. 1986). The
insulation of nests is adjusted to some degree to the loca conditions (Ponomareva
1971; Schaefer 1976; Webb and King 19833, 1983b; Kern 1984; Kern and van Riper
1984; Skowron and Kern 1984). Still largely unknown, though, is the extent or

mechanisms of feedbacks within the embryo, or between the embryo to the parent,
but there is tantalising evidence these exist. For example, fowl embryos appear to
have the neural regulatory machinery to regulate egg temperature severa days prior
to hatching, athough the ability to actually do so is limited by the resistance of the
eggshell to exchange of respiratory gases, which in turn limits the thermogenic

capabilities of the embryo in ovo (Tazawa e d. 1988). Also, the embryo might,

through some pheromona or other mechanism, signd to the parent that it requires
more hest. Indeed, recent work has shown that nitric oxide appears to play arole in
embryo-parent interactions during incubation (Ar et al. 2000). It is even conceivable
that the embryo, through dtering the building behaviour of its parents, could actualy
control the structure of its own nest.

What is* egg temperature?’

If the egg is pat of a therma mutualism, this puts the question “what is egg
temperature?’ in a particularly critica light. Consider, for example, the title of this
chapter. A contribution on the “maintenance of egg temperature’ implies some
knowledge of just what egg temperature is. Biophysicaly, though, the question is
nonsensical. Eggs do not have a temperature, they have temperature fields (Table
9.2). which can behave in some complicated waysin this light, the term “egg
temperature” has to be qudified somehow. Is it temperature of the embryo? Is it
temperature of the egg’'s exposed surface? Is it temperature of the shell underneath
the brood patch? All these temperatures co-vary (Rahn 1991), and simple
measurements of either egg temperature, brood patch temperature offer little insight
into which is the important temperature that is maintained.

Table 9.2. Body, brood patch and egg temperatures in
various bird species, based on the compilation by Rahn

(1991).
Average SD N
Body 3953 1.36 23
Brood patch 38.39 161 27
Egg center 35.85 1.80 103

Certainly, a case can be made for designating any of the temperatures in an egg as
the most important temperature. For example, one could credibly argue that the
embryo's temperature is the most critical, on the grounds that it must be kept within
the limits of the embryo’'s therma tolerance. When the egg is trested as an
autonomous individual, separate from the parent tat incubates it, such embryo-
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centred hiases colour the types of questions asked. For example, what is the nature of
the “physiologica zero”, the low temperature a which embryonic development
suspends? Similarly, what is the nature of the embryo’s tolerance to ether high or low
temperatures? These are clearly important questions, but coming as they do from an
essentially reductionist perspective, they imply that the embryo is essentialy a
“physiologica problem” presented to the parent, which the parent then “solves’
through behaviour and adaptation, similar in kind to other “physiologica problems’
posed to the parent by cold temperatures, high insolation, water scarcity and so forth.
If the embryo is thought of as an active partner of a thermal mutualism, however,
the focus shifts to the critical feedbacks and regulators that drive the behaviour of the
system as a whole. This poses a whole new set of criteria for deciding which, of all
the temperatures in the egg, is the important one. For example, an important
component of athermal mutualism are temperatures which are sensed by both
partners, and which form crucia control points for the system itsef. In this
perspective, the embryo’s temperature is of little relevance, because only one of the
partners in the mutualism can be aware of it. The other partner, namely the parent,
cannot directly sense the temperature of an embryo deep within the egg. A more
relevant temperature might be one that both partners can sense, and perhaps control.
The best candidate for the regulated temperature in an egg-parent mutualism would be
the egg surface contacting the brood patch. Incubation behaviour, life history, thermal
tolerance and so forth will centre around and adapt to the maintenance of the egg's
surface temperature, rather than the maintenance of the embryo’s temperature per se.
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