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The evolutionary meaning of "developmental time" in animals is an old-and 
unsolved-problem. Here, I suggest a solution; I do not claim to prove it. I 
approach this problem from the perspective that the evolution of a lineage is a 
sequence of ontogenies (life histories); and to understand morphological change in 
evolution, one must be able to compare the dynamic morphology of one form with 
that of another. I also assume no fundamental distinction between development 
and senescence; as Minot pointed out many years ago, "the condition of old age, 
is merely the culmination of changes which have been going on from the first stage 
of the germ" (1908, p. 130). 

Historically, the evolutionary relevance of time to embryology has largely been 
considered under the rubric of heterochrony: "changes in the relative time of 
appearance and rate of development for characters already present in ancestors" 
(Gould 1977, p. 2). However, such evolutionary processes as acceleration, retar- 
dation, progenesis, and neoteny, which are characterized by particular relations 
of morphology to the age of the organism (as compared with an ancestor), have 
almost universally been invoked in relating the morphology of one organ to the 
morphology of some other organ or of the organism as a whole; time as such has 
not commonly entered into work on heterochrony (see Emerson 1986 for an 
exception). 

In perhaps the most general treatment of this subject, Alberch et al. (1979) 
introduced a formalism for describing changes in developmental timing that repre- 
sents ontogeny as a trajectory X(t) = [a(t),S(t),u(t)],where a is age, S is size, and 
cr is shape (the last two may have more than one dimension); within this descrip- 
tive framework, heterochrony then appears as a special subset of all the ways in 
which one ontogeny might be related to another. In applying their formalism, 
Alberch et al. (1979, p. 301) explicitly assumed that daldt = 1, thus giving age the 
same dimensions as time. In several examples they had to use either size or shape 
as their measure of age because information on absolute age was not available, 
thereby eliminating one of the independent variables. For at least two reasons, 
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171 DEVELOPMENTAL TIME 

however, absolute age (in units of clock time) is not an appropriately independent 
measure of age even if this information is available. 

First, there is a pronounced positive relation between the size of an organism 
and its time scale; in general, small organisms develop more quickly than closely 
related large ones (Bonner 1965; Calder 1984). In fact, a species that gets larger 
evolutionarily may be expected to take longer to develop to a given stage. This 
assumption depends on one's model of the organism as an evolutionary unit; it is 
analogous to the assumption for size allometry that the allometric relation be- 
tween the size of a part and the size of the entire organism is more basic than their 
relative proportions. 

Second, the developmental rate in a given species usually depends profoundly 
on temperature, the rate at warm temperatures often being 10 or more times that 
at cool temperatures (Needham 1931; McLaren 1965; Brown 1967, 1975a,b, 1976; 
Bachmann 1969; Blaxter 1969; Kuramoto 1975). Fisheries researchers have at- 
tempted to nullify this effect by introducing degree-days as a measure of develop- 
mental time, but this metric is constant only over comparatively narrow tempera- 
ture ranges (Blaxter 1969). There is also, of course, lesser rate variation caused by 
unexplained factors even during development at a given temperature (see discus- 
sion in Hamburger and Hamilton 195 1). In order to compare developmental timing 
between species, the size and temperature dependence of developmental rates 
must be accounted for. 

Before returning to these points, I must introduce a fundamental distinction in 
the notion of time, that between time as sequence and time as duration. Time 
considered as sequence deals only with the relations "before," "after," and 
"simultaneous with," whereas time considered as duration also requires some 
measure of the interval between successive events. Comparative embryology has 
tended to abstract the continual change of the organism as a sequence of states 
("stages"), with the durational relations of development usually considered under 
the category of growth. Unfortunately, most studies of embryonic and adult 
growth include only fertilization, hatching or birth, and sexual maturity as compa- 
rable points in the life cycle (Brody 1945; Laird et al. 1965, 1968; Laird 1966; 
Sacher and Staffeldt 1974; Frazer 1977). Most normal tables of development 
include time as a rough correlate of morphological stages (Hamburger and Hamil- 
ton 1951 ; Yntema 1968; Ballard 1973), but this incorporates duration in only a 
limited sense; a true appreciation of duration must focus on the rate and tempo of 
change, and these have been largely neglected in comparative embryology. This 
neglect may be attributed both to historical and to practical factors. 

Historically, the Haeckelian search for ancestral adult stages in the ontogeny of 
descendants has tended to focus attention on the stages themselves rather than on 
the underlying continuum. Similarly, the transcendental idea of an archetypal 
form (see Russell 1916) is essentially static. On the practical side, the size and 
temperature dependence of developmental rate clearly makes any direct compari- 
son between the developmental timing of different species meaningless. 

As far as I am aware, only Dettlaff and Dettlaff (1961; see also Dettlaff 1964, 
1986) have recognized this problem as one that might admit of a solution. They 
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proposed dividing the time to any given stage by the time between the first and 
second cleavage divisions or by the time between the first division and hatching, 
and they demonstrated that the dimensionless time to any stage, thus defined, 
remained reasonably constant under different temperature regimes for each of two 
species of the sturgeon Acipenser and four of the frog Rana. This constancy is not 
perfect, however, and when one recognizes that their proposal is identical with 
claiming that the Qlo(the proportional change with a 10°C rise in temperature) of 
the duration of a given developmental period is the same for all possible periods, it 
is not difficult to find data that contradict their hypothesis. Yntema (1968), for 
example, found that the snapping turtle Chelydra has a much higher Qloduring 
early development than close to hatching. 

Two theoretical objections to their proposal are important. First, to use their 
measure requires homologizing two different stages (e.g., first and second cleav- 
ages) in the species one is comparing. There is thus no possibility of testing the 
hypothesis that the "developmental duration" between these stages is the same; it 
must be assumed a priori. Second, in all fairness, the problem Dettlaff and Dettlaff 
were considering is somewhat different from the one that I am considering here. 
Their primary objective was to examine the duration in clock time of various 
developmental periods; they introduced a relative measure because they realized 
that any other method is bound to fail. There is, however, another distinction one 
may make in the notion of time: that between clock, or extrinsic, time and the rate 
of aging, or intrinsic time. Extrinsic time is an external characteristic of a system, 
relating its changes to the vibrations of an assumed perfect harmonic oscillator 
such as an atom or the motion of the earth around the sun. Intrinsic time expresses 
the rate of change of an internal characteristic of a system and, as such, is closely 
connected with the idea of an intrinsic age, expressing how far a system has 
progressed from a certain point (see the discussion in Rosen 1985). This distinc- 
tion is especially clear if one considers the effect of changing the temperature in 
the midst of development: the relative time scale of Dettlaff and Dettlaff breaks 
down completely in this case because the relation between extrinsic time and the 
intrinsic age (correlated with a given morphological stage) is no longer even 
approximately constant. 

I am seeking a way to measure this intrinsic age-some metric of develop- 
mental time that for any species correlates closely with developmental stage but is 
general enough to allow comparisons between different species. Such a metric 
must satisfy seven criteria to be useful in comparative studies. I believe that these 
criteria are both necessary and sufficient for this purpose. (1) The metric should be 
independent of morphology. (2) The metric should be independent of size. (3) The 
metric should depend on only one a priori homologous event (e.g., fertilization, 
mid-blastula transition). (4) The metric should be unaffected by changes in tem- 
perature for any given species. (5) Closely related organisms should undergo 
homologous events at similar developmental ages, as measured by the metric. (6) 
The metric should increase monotonically with clock time (in the case of gamete 
production, and perhaps planarian "rejuvenescence," this may need qualifica- 
tion, but in general one expects animals to get "older" with time). (7) The metric 
should be defined in a physically measurable way. 
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THEORETICAL FOUNDATIONS 

To ask whether some metric can be found that satisfies the criteria above is 
essentially the same as asking whether there is some measurable quantity that 
remains invariant under each of the transformations T1-+ T2,  S1 -+ S2,  u1 -+ u2, 

and Atl -+ At2, where Tis the temperature at which the organism develops, S is the 
size at equivalent stages, u is the shape at equivalent intrinsic ages (whatever that 
might mean), and At is the clock time between equivalent stages. This hypothet- 
ical quantity may be called an "age invariant"; if it exists, it can be identified with 
the intrinsic age. The theory of biological similarity, an extension of the theory of 
physical similarity that provides the basis for all physical comparative biology (see 
Stahl 1962, 1963; Rosen 1978 and references therein), is expressly concerned with 
finding such invariants, which can be represented as dimensionless or dimensional 
product groups of the variables involved (dimensional analysis). A familiar ex- 
ample of this technique is the characterization of hydrodynamic regimes whose 
state depends on size, density, viscosity, and the rate of flow by a single parame- 
ter, the Reynolds number (Stahl 1962). The problem of developmental time is 
broadly physical (as opposed to narrowly biological), in that one is concerned with 
how one life cycle is physically scaled to another; one might thus expect similarity 
theory to apply. As expressed by Rosen: "to the extent that two natural systems 
can be compared in terms of age, they must be encoded into a common similarity 
class of dynamical systems" (1985, p. 273). Unfortunately, using this theory 
requires that one knows either the laws governing the system or, at least, the 
variables that are relevant (Johnstone and Thring 19-57), neither of which are 
known for this problem. Nevertheless, it is still possible that an age invariant can 
be found empirically. 

A POSSIBLE METRIC 

In the physiological literature there has long existed a concept of a "physiologi- 
cal" or "biological" time distinct from ordinary clock time (Loeb 1908, 1919; 
Loeb and Northrop 1916, 1917a,b; Pearl 1928; Carrel 1931 ; du Noiiy 1937; Brody 
1945). This concept has most recently and most rigorously been applied to the 
"allometric" scaling of physiological periods in homeotherms (see McMahon 
1980; Lindstedt and Calder 1981). Periods such as heartbeat, gestation time, time 
to 50% of maximum growth, and maximum life span usually scale as At M1I4, 
where At is the length of the period in clock time and M is adult mass. Because the 
allometric factor is the same for all these periods, their ratios tend to remain 
constant across species; from this follows the well-known fact that all mammals 
have about the same number of heartbeats per lifetime. 

Boddington (1978), following up on an idea first proposed by Rubner (1908), 
combined this M " ~scaling of physiological periods with the well-known M3I4 
scaling of basal metabolic rate (BMR) ("Kleiber's law"; see Kleiber 1975) to de- 
rive a constant that he called the "absolute metabolic scope." This constant is a 
minimum amount of energy expenditure per lifetime per unit of mass, which is 
approximately the same for all mammals regardless of adult mass. It is most easily 
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expressed in terms of mass-specific metabolic rate (msMR = MRIM); thus, 

life span (m M"~) msBMR ( m  M-'I4) = "absolute metabolic scope" (m 1). (1) 

This constant has the dimensions of energy per unit of mass (energy/[mass . time] . 
time) and was found by both Rubner (1908) and, working with a much larger data 
set, Stahl (1962) to be about 190,000 calories per gram of wet weight. The 
"absolute metabolic scope" at first seems like a good age invariant: it shows no 
significant dependence on absolute size (Boddington 1978), in accordance with 
criterion 2, and it also seems that closely related organisms have more-similar 
"absolute metabolic scopes" than distantly related ones, in accordance with 
criterion 5. Lindstedt and Calder (1981), for example, demonstrated a profound 
difference between birds and mammals, and I have found (data from Eisenberg 
1981) smaller but still significant differences between marsupial and placental 
mammals (Student's t-test, t = 3.5, df = 26, P < 0.01). 

In spite of its attractiveness, however, when one tries to use this quantity as a 
measure of developmental time a problem immediately arises: the "absolute 
metabolic scope," as defined above, does not allow for ontogenetic changes in 
body mass and metabolic rate. In equation (I), one is multiplying msMR at a 
particular stage (adult) by a time period that includes stages of different masses; 
there is thus no way to interpret physically the quantity arrived at. This can be 
seen by rewriting equation (1) in integral form: 

f td  

"absolute metabolic scope" = msMR(tJ 1 dt , (2) 
to 

where msMR(t,) is the mass-specific metabolic rate of an adult, to is fertilization, 
and td is death (for now I ignore the distinction between basal, resting, and active 
MR's). 

Concurrent with the ontogenetic change in mass, however, is an ontogenetic 
scaling of MR, in rough accordance with Kleiber's law, though this relation is 
complicated by the higher specific growth rates of young animals (Brody 1945). 
Because of this, young homeotherms have higher msMR's than do adults of the 
same species. Assuming that the rate of flow of physiological time is proportional 
to msMR, it follows that physiological time flows more quickly for younger 
(smaller) homeotherms of a given species. Therefore, in attempting a physical 
interpretation of physiological age, the energy metabolized/(mass . time) must be 
integrated over the time period considered; that is, 

"specific lifetime metabolism" = J, msMR(t) dt . (3) 

By thus generalizing to more closely tie the concept of a uniform physiological 
lifetime to that of the rate of flow of physiological time at any moment in the life 
history, I have laid the groundwork for a further generalization, which is to define 
physiological time by the integral 

physiological time = (4) 
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FIG.1.-Comparison of "absolute metabolic scope" and "specific lifetime metabolism" for 
Gallus gallus. A ,  The shaded area represents the "absolute metabolic scope" (Boddington 
1978), as given by equation (2); B, the shaded area represents "specific lifetime metabolism," 
as defined by equation (3). h ,  Hatching; a ,  adulthood; d, death. Data from Brody 1945, 
extrapolated to death. 

where t, is the start of the period under consideration and t pis the end. I thus give 
physiological time the dimensions of energy per unit of mass, with the understand- 
ing that this is a time-weighted average of the msMR at any given time. 

While the jump from equations (3) to (4) is a natural extension of the incorpora- 
tion of an ontogenetically defined physiological time unit intb equation (2), that 
from equations (2) to (3) involves a mathematical leap away from the supportive 
data of Boddington (1978), but this is not as unjustifiable as it might first appear. 
Figure 1 shows the msMR of the chicken (Gallus gallus) plotted against time: the 
shaded area in figure 1A represents the integral in equation (2); that in figure 1B 
represents the integral in equation (3). Because the duration of adult life is so 
much longer than that of the embryo, its high msMR is slightly compensated for 
by the reduced msMR of old age. More importantly, if the msMR curve is of the 
same general form for all animals, with high values in the embryo and relatively 
low, declining values in the adult (one certainly expects this from the increase in 
size and decrease in specific growth rate; cf. Zotin 1972; Zotin and Zotina 1978), 
then the difference between equations (2) and (3) is not too great and the approxi- 
mate invariance of specific lifetime metabolism still holds. I thus propose that 
physiological time, as defined by equation (4), satisfies the criteria 1-7, above. 

With respect to these seven criteria, physiological time is inherently indepen- 
dent of morphology (I),  depends on only one a priori homologous event (3), 
increases monotonically with clock time (6), and is defined in a physically measur- 
able way (7). The three criteria that remain unsatisfied (2, 4, 5) must be evaluated 
empirically. I have been able to ignore temperature thus far because I have been 
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dealing only with homeothermic animals; in order to demonstrate that physiologi- 
cal time is independent of temperature (4), I must show that the integral in 
equation (4), when taken between two equivalent stages of a poikilothermic 
species developing at different temperatures, remains constant. 

Many data (reviews in Needham 1931; Tyler 1939) show that embryos devel- 
oping at different temperatures require the same amount of energy to reach a 
given stage, and some demonstrate differences. However, one is concerned not 
with total metabolism but rather with the integral over time of msMR (a different 
quantity), and I have found no relevant data on this point. Assuming that organ- 
isms of a given species developing at different temperatures have the same mass at 
equivalent stages and that metabolic rate has the same temperature coefficient as 
developmental rate (there is some evidence for this; e.g., Tyler 1939), then 
equation (4) is invariant, and it could be invariant even if these conditions did not 
hold in a particular case. 

Data bearing on the two remaining criteria, size independence (2) and similarity 
of closely related organisms (9,are examined in the empirical section below. I 
must first, however, discuss the difficulties in standardizing these data that, at 
present, prevent definitive testing of the hypothesis. 

METHODOLOGICAL CONSIDERATIONS 

Mass 

In applying the concept of physiological time, one must be able to measure 
mass-specific metabolic rate in a consistent manner. Both mass and metabolic rate 
can be difficult to measure, however. Of the two, mass is the more problematic. 
Not only can hydration state vary, but often there is much extracellular material 
present: ingested food, bone, horn, hair, and, most important for our purposes, 
yolk. In almost all invertebrate and vertebrate embryos, the yolk present cannot 
easily be separated from the embryo itself. This yolk is metabolically inert 
(Needham 1931; Romanoff 1967) and, if included in the mass estimate, leads to the 
absurd conclusion that there is no increase in mass during development in these 
forms. Ideally, one would like some measure of "metabolically active mass" as 
distinct from this inert material (to use a now-unpopular term, one would like to 
measure the amount of active protoplasm present). 

A reasonable prospect for a measure of this metabolically active mass is the 
total mass of DNA present, which should obviously correlate quite closely with 
total cell number. Moreover, the general constancy of the nucleo-cytoplasmic 
ratio in adults, reflected in the interspecific correlation between cell size and DNA 
content (Szarski 1976), suggests that this measure would not be affected by 
differing genome sizes across species. Information on total DNA content is not 
obtainable for most animals, however. Here 1 have used only data from animals 
having meroblastic cleavage, thus allowing the use of mass as the estimate of 
active protoplasm. 

Another question arises with respect to the treatment of extraembryonic mem- 
branes, since one would get very different values for mass, especially at early 
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stages, if these were included. In a general way, though, my proposed measure of 
physiological time is already an average over the mass of the embryo, since 
different organs may respire at significantly different rates (Romanoff 1943, 1967), 
and the question becomes one of whether one wants to examine the whole embryo 
or  just a part of it. Theoretically, this depends on the question one is trying to 
answer; more realistically, on the data available. Although for most organisms the 
data on respiration include the entire egg, whereas weight data are for the embryo 
only, the data sets usually begin late enough that the embryo is quite large relative 
to extraembryonic structures. 

Finally, one must decide whether to use wet or dry weight as the measure of 
mass. There is no constant relation between these standards; in the chicken, for 
example, water content rises from 70% early on to about 93% on day 3 and then 
declines steadily to about 79% at the time of hatching (21 days; Romanoff 1967). 
This range includes the most typical values for vertebrate embryos (see, e.g., 
Morris et al. 1983 for Chelydra; Smith 1947 for Salmo), although D. Vleck et al. 
(1984) found values of 68% and 64% for hatchling mallee fowl and brush turkeys, 
respectively. Dry weight seems a more fundamental basis for comparison; for 
example, Packard et al. (1983), working with the turtle Chrysemys, found embry- 
onic dry weight unaffected by hydric conditions of incubation, although both wet 
weight and carapace length were affected. For data sets in which wet weight was 
the only information available (see table I),  I have estimated a "dry-weight 
equivalent" (very roughly) as 15% of the wet weight, using 85% as a typical water 
content. 

Metabolism 

By metabolism one generally means heat production in calories, but in adult 
organisms heat production is proportional to oxygen consumption (1 liter O2 = 4.8 
kcal at standard temperature and pressure; Schmidt-Nielsen 1979); and since this 
latter quantity is much easier to measure, it is used almost exclusively in physio- 
logical research (indirect calorimetry). Some data suggest, however, that this 
constant relation does not always hold for embryos (see Needham 1931), and 
ideally, one would use only studies on heat production for calculating physiologi- 
cal times. Unfortunately, most studies of embryonic metabolism have measured 
0 2  consumption, and I have had to use this as an approximate measure of heat 
production (for eggs with no external energy source, one can equate heat produc- 
tion with the decline in energy within the egg as measured by bomb calorimetry; 
see, e.g., Smith 1947). 

A more serious problem is the question of how to treat activity versus resting 
metabolism. The distinction between activity, resting, and basal metabolism 
(animal fasted, thermoneutral conditions) has been vital for obtaining reproduc- 
ible results in comparative physiology (Brody 1945). It is important to remember 
that the "absolute metabolic scope" was defined in terms of basal metabolism; it 
thus estimates a minimum lifetime energy expenditure. Ever since the work of 
Rubner (1908) and Pearl (1928), there have been numerous attempts to show that 
activity shortens the life span by using up the allotted energy more quickly. This 
work, which has concentrated largely on rats and Drosophila, has produced 



TABLE l 

P H Y S I ~ L ~ G I C A L  DEVELOPMENTTIME UNITS (PTU'S) USED FOR 

Developmental Range in Total PTU's 
Time Period, Embryonic Used, in 

Species in days* Dry Wt., in mgt callg of dry wt.S Source 

Teleostei 
Clupea harengus 3-7 (h) 0.095-0.12 700 Eldridge et al. 1977 

7-12 (f) 0.12-0.085 19,000 Eldridge et al. 1977 
Morone saxatilis 1-2 (h) - 1,900 Eldridge et al. 1982 

2-7 ( f )  - 4,900 Eldridge et al. 1982 
Salmo gairdneri 22-35 (h) 0.48- 1.5 2.500 Smith 1947 

35-83 (f) 1.5-17 8,900 Smith 1947 
Chelonia 

Chelydra serpentina 15-55 10-1.220 19.000 Morris et al. 1983 
Gettinger et al. 1984 

Serpentes 
Aspis cerastes 0-62 (h) 48-930 19,000 Dmi'el 1970 
Echis coloratu 0-43 (h) 70-9 10 9,300 Dmi'el 1970 
Natrix resselara 0-37 (h) 26-760 15,000 Dmi'el 1970 
Spalerosophis cliffordi 0-60 (h) 30-2,400 19,000 Dmi'el 1970 
Vipera xanthina 0-41 (h) 59- 1.600 7,800 Dmi'el 1970 

Aves 
Agapornis personata 4-22.5 (h) 10-400 2 0 , 0 0  Bucher 1983 
Anous stolidus 10-31 (p) 120-2.800 12,000 Pettit & Whittow 1983 

31-35.6 (h) 2.800-3.900 2.700 Pettit & Whittow 1983 
Anous tenuirostris 10-29.2 (p) 45-1.800 14.000 Pettit & Whittow 1983 

29.2-34.7 (h) 1.800-2.400 3.600 Pettit & Whittow 1983 
Coturnix coturnix 10-18 (h) 270-800 9.300 C. Vleck et al. 1979 
Diomedea immurahilis 30-58 (p) 1.500-21 .OOO 12.000 Pettit et al. 1982a 
Diomedea nigripes 30-58 (p) 1.200-22.000 11,000 Pettit et  al. 1982a 
Callus gallus 1-4 1-166 20,000 Romanoff 1967 

4-21 (h) 4.4-6.500 4 1 . 0 0  Romanoff 1967 
Gygis alha 12-30 (p) 150-1.500 6.900 Pettit et al. 1981 

30-35.5 (h) 1,500-2.100 5,000 Pettit et  al. 1981 
Leipoa ocellata 30-62 (h) 500-3 1.000 29,000 11. Vleck et al. 1984 
Peleranus occidenralis 7-28 (P) :I-7.200 17 .00  Bartholomew & Goldstein 1984 
Poephila gutrata 4-14 (h) 1.5-92 15,000 C. Vleck et al. 1979 
Pterodroma hypoleuca 24-42.7 (p) 600-2.900 7,400 Pettit et al. 19826 

42.7-48.7 (h) 2.900-3.400 4.700 Pettit et al. 19826 
Puffinus pacificus 13-45 (p) 92-4.900 18,000 Ackerman et al. 1980 

45-50 (h) 4.900-8.800 2,300 Ackerman et al. 1980 
- -.-.-- ---

* Time to hatching (h), to feeding (f),  or  to internal or external pipping (p), in days from fertilization for teleosts. from start of incubation for all others. 

t Estimated as  15% of wet weight for all except the teleosts, Chelydra. Agapornis, and C;allu.s. 

3 Estimated from 0, consumption (I liter 0, = 4.8 kcal: Schmidt-Nielsen 1979) except for Salmo and Gollrrs. 

§ Embryonic membranes included. 
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equivocal results (see Lints et al. 1984). Most embryos begin moving within the 
egg, and activity can be quite pronounced during larval stages, even if no feeding 
occurs. In juvenile and adult animals one can also distinguish heat production 
associated with the metabolism of food (the "specific dynamic effect" of the food; 
see Kleiber 1975). This source is present in embryos, but it cannot be dissociated 
from the basal metabolism. I know of no data relating these factors to develop- 
mental rate, although it would be relatively easy to block muscle contraction with 
an inhibitor and examine the effect on developmental rate and msMR. Here I have 
assumed that the extra metabolism due to activity can be included with all other 
metabolism, although I have avoided data on animals that are feeding. Future 
work will determine to what degree it is necessary to define a "resting" develop- 
mental metabolism excluding muscular activity. 

RESULTS AND DISCUSSION 

As discussed above, two empirical questions need to be examined: is physiolog- 
ical time independent of size? (criterion 2); and do closely related organisms 
undergo homologous events at similar physiological times? (criterion 5). In the 
following discussion I refer to the calories per gram of dry weight calculated from 
equation (4) as physiological time units, or  PTU's. Table 1 gives the total PTU's 
used during the listed periods of embryonic development for all species for which 
I have been able to find data suitable for analysis. For the reasons given above, the 
strict comparability of these data between species is questionable. Moreover, in 
all cases the developmental period considered does not begin at fertilization but 
rather at a fairly advanced stage, when most organ rudiments have already 
appeared (the data for the chicken Gallus are an exception, beginning much earlier 
than the rest). Illustrations of developmental stages that can be correlated with the 
calculated PTU's are available for only five species; the results for all other 
species must be evaluated on the basis of the percentage of incubation time used. 
In spite of these confounding factors, I believe that these data strongly suggest 
that criterion 2 is indeed satisfied, although they cast doubt on the satisfaction of 
criterion 5. This latter conclusion is rendered less potent, however, by the phy- 
logenetic distance between the species compared. 

The most important point to be drawn from an overview of the data as a whole 
is that, in spite of great differences in the shape of the curves (fig. 2), all the 
calculated figures in the table are comparable, with a range from 6800 PTU's for 
the striped bass Morone to 61,000 PTU's for Gallus, or about an order of mag- 
nitude. Considering the roughness of the calculations (due to estimating heat 
production from oxygen consumption and dry weight from wet weight) and the 
lack of comparability between the taxa and developmental periods considered, 
this is a reasonable agreement. 

To examine more specifically the effect of mass on the metric, it is best to look 
at the data for birds, which cover a range from 0.09 g of dry weight at hatching in 
the zebra finch (Poephila) to 31 g of dry weight at hatching in the mallee fowl 
(Leipoa). The three species with the smallest hatching weight-the zebra finch, 
lovebird (Agapornis), and European quail (C0turni.x)-take about 15,000, 20,000, 
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FIG.2 (above and facing page).-Curves of mass-specific metabolic rate (msMR) for all 
animals included in this study. The shaded area represents physiological time as defined by 
equation (4) and calculated in the table. Although the developmental periods covered are not 
strictly comparable between taxa, species with slower development clearly tend to have 
lower msMR's, thus decreasing the disparity in the area under the curve between species. For 
more information on individual species, see the table. h ,  Hatching; f, feeding; ep, external 
pipping; ip, internal pipping. 

and 9,300 PTU's for the last 71%, 82%, and 41% of their incubation periods, 
respectively. The three species with the greatest hatching weight-the mallee 
fowl, Laysan albatross (Diomedea immutabilis), and black-footed albatross (D. 
nigripes)-take about 29,000, 12,000, and 11,000 PTU's for the last 52%, 48%, and 
48% of their incubation periods, respectively. The considerable overlap between 
these groups belies a major effect of mass on the physiological time scale. 

To examine the effect of phylogeny, two approaches are possible. First, one can 
compare morphological development between species directly; this is, of course, 
the primary use for a metric such as this. As mentioned above, illustrations that 
can be correlated with physiological time data are available for only five distantly 
related species. These illustrations are plotted against physiological time in figure 
3. For the three teleost species, two major developmental periods should be 
considered: fertilization to hatching (egg) and hatching to the start of feeding (yolk 
sac). It is worth noting that the herring takes the least PTU's to hatching but the 
most to yolk absorption, reflecting the extremely large increase in metabolic rate 
at hatching in this species (fig. 2). This suggests possible confounding effects of 
increased activity at this time. Ignoring this potential problem, morphological 
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FIG.2 (continued). 

change and PTU's correlate here no better than within half an order of magnitude 
between species. 

Comparing these fishes with amniotes indicates that they probably take fewer 
PTU's from fertilization to hatching than do turtles, snakes, or birds (see the 
table). However, if one examines the morphology of hatchlings in Chelydra and 
Gallus (fig. 3), the two other species for which morphological information is 
available, it is apparent that the fishes are less developed at hatching and that the 
start of feeding is a more appropriate stage for comparison. Using this standard, 
the herring is roughly comparable to amniotes, whereas both the striped bass and 
trout take fewer PTU's to yolk absorption. The beginning of the physiological data 
for Chelydra appears to be at a later stage than that for Gallus (fig. 3); never-
theless, it is apparent that the chicken takes more PTU's to develop from a 
comparable stage through hatching than does the turtle. 



PTUs (kcal/g dry wt) 

FIG.3.-Morphological development versus physiological time units (PTU's) for five 
species: a ,  Salmo gairdneri (after Knight 1963; Ballard 1973); b, Morone saxatilis (after U.S. 
Fish and Wildlife Service 1978); c ,  Clupea harengus (after U.S. Fish and Wildlife Service 
1978); d, Chelydra serpentina (after Yntema 1968); e ,  Gallus gall~rs (after Hamburger and 
Hamilton 1951). h ,  Hatching; f,feeding. Some figures reversed for ease of comparison. 
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Perhaps the most strictly comparable data on avian development are available 
in the paper on developmental energetics of Pelecanus by Bartholomew and 
Goldstein (1984), who staged their embryos using the Hamburger and Hamilton 
(1951) table for the chicken; these data are also the least supportive of the 
hypothesis. Although the period of data overlap is short, it is clear that, between 
stages 22 and 25, Gallus used about 8,200 PTU's and Pelecanus about 1,100 
PTU's; from stage 25 to 30, Galli4s used about 13,000 PTU's and Pelecanus about 
3,300 PTU's. 

As a second approach to examining phylogenetic effects, one can compare the 
PTU figures for congeneric species. These data are available in two cases. The 
albatrosses Diomedea immlrtabilis and D.  nigripes take 12,000 and 11,000 PTU's, 
respectively, for the last 48% of their incubation periods. The terns Anous 
teni4irostris and A .  stolidus take 18,000 and 15,000 PTU's for the last 71% and 72% 
of their incubation periods, respectively. The general agreement seen between 
congeneric species is in accord with criterion 2, although one might have hoped 
that the figures for the terns would be closer. It is worth noting that the albatrosses 
do not lie outside the range of other birds in terms of PTU's, although they, along 
with other procellariforrns (including Pterodroma and Puffinus), have incubation 
times and energy costs of incubation per gram of hatchling that are greater than 
predicted by the allometric equation for all birds (Ackerman et al. 1980; Pettit et 
al. 1982a,b). 

My proposed use of physiological time as a metric for comparative embryology 
is thus most strongly supported by the generally comparable PTU figures cal- 
culated for all species and especially by the apparent size independence of these 
figures. It is most weakly supported (or most strongly contradicted) by the 
scattered data on morphological development. Additional, more-rigorous tests of 
the hypothesis should be possible when more data become available on develop- 
mental energetics as correlated with growth and morphological development. 
Especially important will be data allowing comparison between closely related 
species and between embryos of the same species developing at different tempera- 
tures. 

PROSPECTS FOR THE FUTURE 

Increasing attention is being paid in evolutionary biology to the view, long 
championed by Bonner (e.g., 1965), that the organism is the life cycle. From this 
point of view it is clear that time, on the scale of the individual life cycle, is an- 
perhaps the-essential dimension for the description of organisms. In the in- 
troduction I try to show the inadequacies of ordinary clock time as a metric for 
this dimension. The most important point has been stressed in almost all previous 
discussions of physiological or biological time: the rate of flow of intrinsic time 
varies widely among animals. The implications of this point were suggested more 
than 50 years ago by Carrel, who perceived that because "living organisms are 
immersed in the physical universe, their duration must either be placed in the 
frame of physical time or be used as a frame for physical time. In fact, physical 
time is referred to physiological duration." (1931, p. 621.) 
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The introduction of a metric for developmental time satisfying the criteria above 
would obviously be of the greatest importance, giving substance to concepts that 
in the past have been largely qualitative and thus all too easily neglected. Already, 
the "allometric" scaling of physiological time in homeotherms has been used to 
gain important insights in ecology and life-history theory (Blueweiss et al. 1978; 
McNab 1980; Lindstedt and Calder 1981). Perhaps the most important effect of 
such a metric, however, would be to allow a closer connection between life- 
history theory and the theory of morphological evolution. In this context, I show 
how a metric would allow one to address two particular issues that have been 
raised in the past; undoubtedly, new issues and insights will arise if a metric 
indeed becomes available. 

Length of Development 

In the nineteenth century one possible argument against the Haeckelian doc- 
trine of ontogenetic evolution by terminal addition of characters was the un- 
reasonable lengthening of development that would result. To counter this, re- 
capitulationists introduced the notion of a "condensation" of ancestral ontogenies 
such that they would occupy a smaller proportion of development. This was 
conceived of by Haeckel as a deletion of intermediate stages, such that "ontogeny 
strikes out on an ever straighter course" (Haeckel 1866; quoted in Gould 1977, p. 
84). Cope and Hyatt, in contrast, preferred the "acceleration" of characters into 
earlier developmental stages by some unknown mechanism, so that, as character- 
ized by Gould, "the stages of ancestral ontogenies are repeated in successively 
shorter intervals, leaving time for the addition of newly acquired characters" 
(1977, p. 86). Miiller and other Darwinists tried to find a selective basis for 
condensation, arguing, for example, that "in general it will be useful for an animal 
to express as early as possible those advantages by which it sustains itself in the 
struggle for existence" (1915; quoted in Gould 1977, p. 101). 

Common to all these viewpoints is the assumption that the time available for 
development is limited, although it is not clear from the review by Gould what the 
various parties to the debate really meant by "time." Gould himself did not 
clearly dissociate time and size, stating that "embryonic stages usually occur 
much earlier in time and at much smaller sizes than the ancestral adult stage they 
represent" (1977, p. 74). Seemingly implicit in Haeckel's concept of deletion is a 
notion that time is proportional to the number of stages an organism passes 
through, whereas the acceleration of Cope and Hyatt implies a concept of time 
that is perhaps more closely related to the relative proportion of the entire life 
history used. It is in fact likely that all the above authors meant all of these things, 
to some degree or another, by "time" and that these meanings are mixed in with 
an intuitive notion of intrinsic time, which I have discussed above. It is certainly 
clear that none of them meant ordinary clock time. 

This controversy over the mechanism of condensation died down with the 
realization that a strict dogma of terminal addition is untenable. One might still 
ask; however, whether the length of development has increased through phy- 
logeny in "progressive" lineages (those tending toward greater complexity) or has 
decreased in "retrogressive" lineages. For example, one might see a general trend 
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SUMMARY 

The lack of a suitable metric for developmental time has prevented a compari- 
son of developmental rates and tempos between species, thus precluding analyses 
of heterochronic processes in evolution that do not depend on the use of morphol- 
ogy or size as an index of age. At least two problems exist in using clock time itself 
as the measure of developmental time: temperature effects within a species, and 
size effects across species. Consideration of two important distinctions that can 
be made in the notion of time-that between time as sequence and time as 
duration and that between extrinsic and intrinsic time-suggests that a metric, to 
be useful, must satisfy seven criteria: (1) it should be independent of morphology; 
(2) it should be independent of size; (3) it should depend on only one a priori 
homologous event; (4) it should be unaffected by changes in temperature for any 
given species; (5)closely related organisms should undergo homologous events at 
similar developmental ages as measured by the metric; (6) it should increase 
monotonically with clock time; and (7) it should be defined in a physically 
measurable way. 

I propose that physiological time, here defined as the integral of mass-specific 
metabolic rate over clock time, may be such a metric; this definition is based on an 
extension of previous concepts of physiological time to reflect ontogenetic 
changes in mass and metabolic rate. The proposed metric inherently satisfies 
criteria 1,  3, 6, and 7; satisfaction of the others must be assessed empirically. In 
spite of problems with strict comparability, literature data from 22 vertebrate 
species strongly suggest that criterion 2 is also satisfied, although they cast doubt 
on the satisfaction of criterion 5. No available data bear directly on criterion 4, 
although circumstantial evidence suggests that it may also be satisfied. 

A more rigorous assessment of the hypothesis awaits additional data, especially 
those allowing a correlation between physiological time and morphological devel- 
opment. However, even if this particular proposal for a metric proves unwork- 
able-which is likely, given its simple formulation and broad scope-the criteria 
suggested will serve to judge any future proposal of a metric for developmental 
time. For the present, one must at least be aware of the hidden assumptions that 
have entered into much previous work on heterochrony, particularly that of an 
equivalence between size and age. Without a metric for developmental time, the 
extent and meaning of evolutionary changes in developmental timing simply 
cannot be assessed. 
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