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Smooth Curve of Evolutionary Rate: 

A Psychological and Mathematical Artifact 

Gingerich (1 )  has shown that many of 
our orthodox comparisons for evolution- 
ary rates between different groups of 
organisms are wrongly stated as  a result 
of measurement over different temporal 
scales. Thus, he demonstrates that verte- 
brates may not evolve more rapidly than 
invertebrates, while Pleistocene mam- 
mals may not exceed their earlier Ter- 
tiary forebears in rate of change. 

Nevertheless, Gingerich's quantitative 
apparatus for illustrating this phenome- 
non is an artifact of human psychology, 
and his chosen mode of mathematical 
plotting is not a property of the empirical 
world. H e  bases his conclusions on the 
continuous and straight array of data, 
with slope of -1.0, for a plot of the 
natural logarithm of the evolutionary 
rate (in darwins) as  the ordinate and the 
natural logarithm of the measurement 
interval (in millions of years) on the 
abscissa. 

The formula for rate in darwins (2) is 
the ratio of final to  initial state, or In 
x2 - In ,TI (where x  is the morphological 
character being measured at  times t 2  and 

t l )  divided by time in millions of years. 
(Comparison of rates in darwins is valid 
regardless of the time interval if the 
organisms' rate of change is exponential. 
If rates of change are not exponential, 
then comparisons are valid only if the 
same time interval is used for both orga- 
nisms.) Gingerich then regresses this ra- 
tio against time in millions of years. In 
other words, Gingerich had plotted time 
(on the abscissa) against its own recipro- 
cal (lit) on the ordinate, and his negative 
slope arises necessarily from this artifi- 
cial redundancy. Hallam (3) has com- 
mented on this problem, while Bonner 
(4) avoided just such an artifact by con- 
sidering rate in darwins with respect to 
time as  a univariate problem (5). 

The plotting of a variable against its 
reciprocal is not devoid of empirical in- 
formation if the numerator of the ratio is 
free to vary. The slope must be negative 
(unless the numerator varies directly 
with and at least as  strongly as  its de- 
nominator), but it may take a variety 
of forms with interesting implications. 
However, in Gingerich's case, as  he 

notes with some puzzlement ( I ,  p. 160). 
the numerator has an average value of 
1.2 at  all values of the abscissa. In such a 
situation, the slope must be -1.0 be- 
cause the plot really does reduce to  kit as 
a function of t, where k is a constant. 

But why should the numerator, a mea- 
sure of absolute evolutionary change in a 
lineage, be constant? Surely this invari- 
ance cannot be a property of the world. 
Amounts of evolutionary change smaller 
than In x2 - In xl  = 1.2 must exist un- 
less all changes are per sultuin to this 
degree. Likewise, larger amounts of 
change must occur if mammals have 
their ultimate ancestors in prokaryotes 
and all organisms are related by evolu- 
tionary descent. The average value of 1.2 
at all scales must be a property of human 
perception, not of the world. That is, we 
rarely notice smaller degrees of change, 
while larger amounts are accompanied 
by so much uncertainty about actual 
ancestors and descendants that we do 
not identify lineages with confidence and 
d o  not make the evolutionary links. Gin- 
gerich says as  much when he states: 
"Organisms differing by a factor of much 
more (or less) than 1.2 are so different (or 
so similar) that they are rarely compared 
in calculating rates" (1, p. 160). None- 
theless, whatever the reason for a con- 
stant average numerator, the simple fact 
of its invariance renders the smooth and 
straight form of Gingerich's plot a math- 
ematical necessity, not a source of em- 
pirical information. 

Incommensurability of categories rep- 
resents another problem with Ginger- 
ich's analysis. The very fast rates (up to 
60.000 darwins) for laboratory selection 
experiments and the very low rates of 
longest intervals (less than 1 darwin) are 
not random samples of their scales and 
cannot. therefore, be directly compared. 
As Schindel argues (6 ) ,  the fastest rates 
are for populations when they change, 
and do not include the millions of natural 
populations that are not evolving and 
would display rates in darwins of flat 
zero. The slowest rates do represent a 
potential average for all lineages (since 
all change to some degree over such long 
intervals), but they are so low primarily 
because they average long periods of 
stasis with shorter intervals of change at  
higher rates. Even Gingerich, a leading 
gradualist in the so-called gradualist- 
punctuationalist debate, says as  much: 
"The longer the interval, the more stasis 
and evolutionary reversal are likely to be 
averaged in the result" (1, p .  160). 

This analysis does not deny the value 
of Gingerich's main practical point: 
proper comparison of rates must either 
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be made over similar intervals or cor- 
rected for the differences. To make such 
a correction, however, one must have 
enough data for the intermediate points 
on the curve (between .xi and x2) to 
enable one to determine the values need- 
ed to give comparable time intervals for 
comparing two rates. With only the end 
points, xl and xz, one cannot do this 
without assuming the rate of change. If 
one assumes exponential change, then 
rates (in darwins) are independent of the 
time interval. One is free to choose any 
curve to "correct" the rate based on the 
longer interval to that of the shorter 
interval in the absence of intermediate 
points, and thus can arrive at the rate 
that best suits his theory. My demonstra- 
tion of the artificial nature of Gingerich's 

Evolutionary rates are inversely relat- 
ed to the interval of time over which they 
are measured. A frequency distribution 
of observed rates and corresponding in- 
tervals forms a hyperbolic trend that is 
highest near the origin, bounded at zero 
on both the interval and rate axes, and 
declines to a limit approaching Y = 7.4 
X-' O (I). This smooth curve requires 
thoughtful interpretation, but it is not an 
artifact of psychology or mathematics 
(2). 

Transforming axes to logarithms 
makes the original hyperbolic trend lin- 
ear because the origin vanishes and other 
values are adjusted on a proportional 
scale. This linear trend has lower and 
upper limits. The lower limit is purely 
operational, arising because small differ- 

to 1600, with an average value of about 
1.2. A proportional difference less than 
D = 1.0025 cannot ordinarily be distin- 
guished from D = 1, corresponding to 
the logical lower limit of zero absolute 
difference. Beyond its operational com- 
ponent, the observed upper limit of pro- 
portional change, D = 1600, is likely to 
be important for understanding the natu- 
ral world, differences of greater propor- 
tion pose insoluble structural and func- 
tional problems in organisms of common 
body plan. The largest of the great blue 
whales is about 1600 times larger in most 
linear dimensions than the least shrew, 
one of its smallest mammalian relatives. 
Mammals simply cannot be more differ- 
ent. Time is free to vary by factors 
exceeding 100,000,000, while morpholo- 

curve should help us to identify the vari- ences cannot be distinguished from zero. gy is more tightly constrained. 
ous reasons for measured differences in The upper limit has an operational com- Hallam (3) stated that rate and time are 
rates. Differences measured during inter- ponent, arising because very different not simple reciprocals of each other. 
vals of varying lengths may represent the organisms are rarely compared, but it Bonner (4), like others before him, over- 
same absolute change of In xz - In has structural and functional importance looked the problem. My purpose in pre- 
xl = 1.2 occurring over different as well, reflecting material limits of mor- senting data from a diverse range of 
amounts of time, while differences mea- phology. Minimum rates are always empirical studies was to show that evolu- 
sured at the same interval must represent zero. Maximum rates are of greater in- tionary rate and time are inversely relat- 
real variation of the numerator about its terest because they define the upper limit ed as simple reciprocals, that this inverse 
average value of 1.2. of evolutionary change for any given relationship is more than an artifact of 

Finally, the artificial character of Gin- interval of time. plotting. that the underlying problem is 
gerich's curve refutes his general conch- Given two points and no additional fundamental and cannot be ignored, and 
sion that its smoothly linear character information, a conservative assumption that it renders meaningless any simple 
demonstrates that "microevolution and of linearity of intermediate values is axi- comparison of evolutionary rates. 
macroevolution are different manifesta- omatic in all rate calculations. One is not Two modes or classes of rates are 
tions of a common underlying process" free to manipulate rates to suit particular distinguished in the theory of evolution 
( I ,  p. 161). The claim is invalid on logical theories. by punctuated equilibria (5): high "punc- 
grounds in any case, since continuity in Rates are calculated to remove the tuation" rates associated with short in- 
rate does not demonstrate unity of effect of time in comparing difference~ tervals of genetical or ecological time, 
cause. Gingerich's own statements belie produced by evolution. The proportional and low "stasis" rates associated with 
his claim since he admits that the high difference (D) between two forms is as- longer intervals of geological time. In 
rates (in darwins) over shortest intervals sumed to be some monotonically in- view of the above, one might ask wheth- 
cannot represent the stuff of change over creasing function of time ( t ) ,  appropri- er high rates calculated over short inter- 
longer times; for he states that "they ately modeled in simple cases as a genes- vals (punctuation rates) are different 
exceed homeostatic limits and exceed a1 power function: from low rates calculated over longer 
rates to be expected in nature (1, p. D = clth + c intervals (stasis rates) when corrected 
161)." Micro- and macroevolution will for differences. in measurement interval. 
be united under a common theory en- where a is a constant, b r> 0, and r drops Any comparison of rates, including that 
compassing their distinctive causes with- out because D = 0 when t = 0. When implicit in portraying "punctuation" as a 
in a coherent framework. b = 1. proportional difference is a linear distinct evolutionary mode, must be 

STEPHEN JAY GOULD function of time. made over a common interval or scaled 
M~tseurn of Comnparntive Zoology, Evolutionary rate (R) is usually as- to correct for the difference in intervals. 
Harvnrd University, sumed to be independent of time, which Properly scaled, "punctuation" and 
Boston, Massuchztsetts 02138 is true when b = 1. In general: "stasis" are not likely to be different. 

R = D/t = = at"-' Continuity of rate does not by itself 
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Gut Flora and Urinary Phenylacetic Acid 

Sabelli et al. (I) suggested that urinary 
phenylacetic acid (PAA), a metabolic 
product of phenylethylamine, may be a 
marker for the diagnosis of some major 
depressive disorders. These researchers 
strengthened their argument that urinary 
PAA reflects metabolism in the body 
rather than in the gastrointestinal tract 
by including a number of references, one 
of which (2) reports a personal communi- 
cation that ingestion of neomycin, which 
kills intestinal flora, did not reduce sig- 
nificantly the total urinary PAA excre- 
tion. Seakins (3) reported that less than 
0.4 percent of an ingested 7-g sample of 
L-phenylalanine was recovered as  uri- 
nary PAA. However, when 600 mg of 
phenylalanine was taken in an enteric- 
coated capsule, the increase in PAA out- 
put corresponded to 22 percent of the 
ingested dose. Noting the wide range in 
results on normal subjects, Seakins con- 
cluded (3, p .  129) that PAA excretion 
was affected by "variations in feacal 
flora, transit time, efficiency of digestion 
as  well as  variations in the intake of 
dietary protein and its digestibility." 

We obtained 46 24-hour urine samples 
from 12 healthy volunteers. The samples 
were analyzed by the method of Sabelli 
et al. (I) with the exception that 2- 
phenylbutyric acid was used as an inter- 
nal standard instead of phenylpropionic 
acid. The PAA outputs of these individ- 
uals were consistent with those reported 
in (I). 

In addition to the volunteers, we ob- 
tained urine samples from an individual 
who was under medical care and was 
ingesting cloxacillin (8 g per day). Twen- 
ty-four-hour urine samples collected on 
days 25, 26, 27, and 30 of treatment 
contained 38.4, 24.5, 25.7, and 29.0 mg 
of PAA, respectively. On days 25, 39, 
and 46 after the cessation of treatment, 
the respective PAA values were 121.9, 
161.6, and 217.4 mg. 

Two of the 12 volunteers were al- 
so subsequently placed on antibacterial 
medication after which their PAA out- 
puts dropped significantly. Prior to re- 
ceiving medication, one of these indi- 

vidual's four consecutive 24-hour urine 
samples contained 175.6, 134.2, 106.0, 
and 76.7 mg of PAA. For  4 days this 
individual ingested penicillin V (1.5 g per 
day) and then for 5 days cephalexin 
(Keflex) (1 g per day); urine collected on  
days 8 and 9 of treatment contained, 
respectively, 24.0 and 36.2 mg of PAA. 
The other subject excreted 134.1, 138.8, 
188.0, and 160.1 mg of PAA in four 
sequential 24-hour urine samples; on 
days 5 ,  6, 7, and 8 of treatment with 
ampicillin (1 g per day), the PAA values 
were 127.0, 83.4, 113.0, and 44.3 mg, 
respectively. 

These results lead us to conclude that 
urinary PAA values seem to be influ- 
enced by the condition of the gut flora. 
The involvement of the gastrointestinal 
tract would indicate that the PAA output 
may also be affected by diet. These find- 
ings would limit the use of PAA as a 
marker for major depressive disorders. 
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In our studies we have proposed that a 
deficit in brain phenylethylamine (PEA), 
an amphetamine-like substance that was 
first identified in the brain (I),  causes 
depressive illness. More recently, we 
reported a reduction in the PEA metabo- 
lite phenylacetic acid (PAA) in the urine 
(2, 3) and blood (4) of depressed sub- 
jects. These individuals were otherwise 
healthy and untreated. In these reports 
we made no claims that PAA excretion 
could not also be altered in other illness- 

es or with drug treatment. Many factors 
affect any biochemical variable, and the 
most important of these should be 
known before a biochemical measure- 
ment is used as a diagnostic test. Thus, 
the contribution of Hryhorczuk et al,  is 
of value to researchers. Some cautionary 
remarks are, however, in order. 

1) Hryhorczuk et al, report no mea- 
sures of mood or any other clinical vari- 
able in the patients. Was there diarrhea? 
What was the protein intake? Many pa- 
tients with viral illnesses show depres- 
sive-like symptoms. 

2) There is no evidence presented by 
Hryhorczuk et al. indicating that antibi- 
otics reduce urinary PAA by reducing its 
dietary absorption. Many antibiotics af- 
fect protein metabolism systemically (5). 
Earlier reports demonstrated that drugs 
that do not affect the gut flora, such as 
amphetamines and antidepressants, rap- 
idly modify PAA excretion (6). Changes 
brought about by antidepressants appear 
to correlate with therapeutic response. 

3) The considerations about diet are 
highly speculative. Karoum et al. (7) 
have shown that marked dietary manipu- 
lations fail t o  affect PAA excretion. On 
the other hand, we have found that load- 
ing with L-phenylalanine, the amino acid 
precursor of PEA and PAA, ameliorates 
depression and can even terminate an 
episode in bipolar subjects (8). These 
therapeutic studies strengthen, in our 
view, the importance of pursuing the 
study of PEA and PAA in affective disor- 
ders. 
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