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G331: The Nature and Adequacy of the Fossil Record 
 
Approaches: 

• Rarefaction 
• Logarithmic Decay Model 
• How many species might have been alive in the past?  What percentage are 

fossilized? 
• How many skeletonized species might have been alive in the past?  What 

percentage are fossilized? 
• Example research study on Mississippian crinoids 
• Spindle Diagrams of Diversity 

 
Rarefaction – A technique that helps to determine when an adequate sample size has 
been reached, a sort of “diminishing returns” approach to evaluating adequacy of sample 
size.  When the rarefaction curve begins to flatten, additional sampling adds little new 
information. 
 Examples: 

• How many WVU students would have to be randomly surveyed to find someone 
from 45 of the 50 states?  There are 26,000 students. 

 

 
 
 

• How many specimens should be randomly dredged from the continental shelf of 
Virginia to find most of the shelled invertebrate species?  Only a small fraction of 
what is available. 
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• How many specimens should be randomly counted from bulk rock samples to 
determine the approximate number of species in a geological formation?  Only a 
small fraction of what is available. 

 

 
 
 

• We can use rarefaction to compare different groups while adjusting for sample 
size differences.  For example, there are 217 genera of Mississippian crinoids in 
North America and the British Isles combined, with 181 in North American and 
93 in the British Isles.  Were there really twice as many genera living in North 
America, or does this reflect sampling differences?  Sample size is based on the 
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number of genera occurrences in time “bins”, essentially 11 biostratigraphic units 
within the Mississippian. 
 

A. Combined diversity for North America and British Isles, n = 217 genera 
B. Individual diversities for North America, n = 181 vs. British Isles, n = 93 
 

 

 
 

Crinoid localities plotted on Mississippian paleogeography 
 

 
  North America is larger than the British Isles and has more Mississippian-age 
outcrops, and more rocks to sample.  This might explain the difference between 
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181 and 93 genera.  But when sample size is adjusted to be the same for both 
regions, we would expect to find 124 genera in North America.  This is only 33% 
more rather than 95% more.  Thus, the British Isles were more similar in the 
number of crinoid genera to North America than the raw counts would suggest.  
However, even with more sampling the number of British Isles genera would 
probably not equal that of North America.  So there is a real difference between 
the two regions, but it is probably 33% greater, rather than 95%, for North 
America.  Why? 
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In all of the above examples we do not know the maximum possible value of the quantity 
we are seeking, but we can achieve an approximate value with a relatively small sample.  
This is analogous to predicting the outcome of a Presidential election with a sample size 
of 1000 randomly chosen voters from throughout the U.S.  Such a sample will have a 
margin of error of 5%, or a 95% confidence level. 
 
 
We can now use rarefaction to ask “How adequate is the fossil record of animals?”  
Rarefaction plots show varying degrees of adequacy depending on the taxonomic level.  
The numbers of phyla, classes, and even orders are fairly stable and are subject to little 
change as fossil collecting continues.  This would suggest that we have found most (but 
not all!) of these taxa that might ever be found as fossils.  In contrast, the numbers of 
families, genera, and especially species continue to increase as new fossils are collected 
and analyzed (note the log scale).  This is because the number of taxa increase with each 
lower taxonomic category.  While there are only 21 fossil phyla, there are hundreds of 
thousands of species. 
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Thus, if we were to ask the question “Do we have an adequate knowledge of the number 
of fossil animal species preserved in the earth’s crust?”  The answer would have to be no 
because the rarefaction curve is still steeply climbing.  As an aside, this answer would 
also be no for the question of the number of modern species on the planet because there 
are so many tropical insects that have not been described.  In other words, our knowledge 
of the number and kinds of living species is very imperfect as well.  
 
If we were to ask the question “Do we have an adequate knowledge of how many animal 
phyla have been fossilized?” the answer would be yes.  This, of course, does not include 
those phyla with almost no chance of being fossilized (some of the microscopic, soft 
bodied phyla; but not including large worms). 
 
Using rarefaction we now see that the adequacy of the fossil record is variable depending 
on the taxonomic level we investigate.  But before we dismiss the fossil record for lower 
taxonomic groups, such as genera and species, remember that small, random samples 
may be representative of the larger group they represent.  So, is it possible to recognize 
periods of adaptive radiation or mass extinction in the fossil record by plotting the 
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numbers of genera over geologic time?  Yes.  There are many examples of patterns in the 
fossil record of families or genera that are thought to represent real patterns. 
 
 
Logarithmic Decay Model – We can model the adequacy of the fossil record as fitting a 
logarithmic decay model (analogous to radioactive decay) where the farther down the 
taxonomic hierarchy we go, the less material is still preserved as a percentage of 
maximum taxonomic diversity.  This plot is another way to view the adequacy of the 
record that is different from the rarefaction plots. 
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How many species might have been alive in the past?  What percentage are 
fossilized? – See Kidwell and Sepkoski, p. 69.  To determine what percentage of fossil 
marine animals have been discovered, we need four numbers. 
 

• The actual number of fossil species, which in 1976 was about 200,000. 
• The number of animal species in the oceans today, which is about 250,000. 
• The age of the oldest animal species, which is about 600 Ma (Ediacaran). 
• The average duration of a marine animal species, about 4 MY. 

 
We also need to know how diversity has changed over geologic time.  Figure 3 shows the 
observed diversity of families during the Phanerozoic.  As shown in the figure, the 
diversity pattern can be fit to a straight-line approximation (the area above the line is 
approximately the same as that missing below the line, thus the error cancels out).  Using 
the above information, the estimate of the number of animal species that ever lived in the 
oceans can be made by calculating the area of the right triangle in 4 my intervals: 
 

½ x (2.5 x 105 species) x (6 x 108 yrs)/(4 x 106 yrs) = 18,750,000 species 
 
Thus, the percentage of fossil species that have been described is: 
 

2.0 x 105 species/1.875 x 107 species = 1.1 x 10-2 or 1.1% 
 
(They incorrectly used 250,000 rather than 200,000 in the above equation.) 
 
This percentage looks to be bad news, but consider that 1.1% of the American electorate 
(~200 million adults) is 2,200,000 people, but we can predict how they would vote for 
President with just 1000 of them.  So a small sample of a larger population can be very 
useful. 
 
How many skeletonized species might have been alive in the past?  What percentage 
are fossilized? – See Kidwell and Sepkoski, p. 69-70. 
 
Can we do better than 1.1%?  Well about 2/3 of marine animals have no hardparts, so we 
wouldn’t expect them to be in the fossil record.  Thus if we ask what percentage of 
species with hard parts have been preserved, we find: 
 

1.1%/0.33 = 3.3% 
 
This value still seems small, but it is an even more meaningful sample of a large 
population.  If the data are random, which is often not the case, we can then look for 
meaning in the patterns that appear in fossil data.  There is still a lot of “noise” in the 
data, but if we ask questions at the right scale (large, not small; global vs. local), there are 
many answers to be found. 
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An example of patterns preserved in the fossil record, and how to interpret them. 
Examples of Mississippian Crinoid Groups 

 
 

A. Camerate crinoid with pinnulate arms. Abatocrinus grandis  
B. Disparid crinoid with non-pinnulate arms. Synbathocrinus swallovi  
C. Advanced cladid crinoid with pinnulate arms. Decadocrinus tumidulus  
D. Primitive cladid crinoid with non-pinnulate arms. Cyathocrinites barydactylus  
E. Flexible crinoid with non-pinnulate arms. Onychocrinus ulrichi  
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Fossil Record of Major Groups of Crinoids for the Devonian (Loch-Fame), 
Mississippian (Tour-Serp), and Pennsylvanian (Bash-Step). 

 

 
Figure A – Actual counts of genera 
 
 

 
Figure B – Counts of genera in percentages to show how groups change relative to each 
other. 
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Figure C- Looking at the record of just crinoids with pinnules on their arms. 
 
 

 
Figure D- Looking at the record of just crinoids with pinnules on their arms expressed in 
percentages.  Note how one group clearly replaces the other over geologic time. 
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Spindle Diagrams of Diversity – The spindle diagrams in Kidwell and Sepkoski show 
that a great deal of interesting history is known, despite having sampled only a small 
percentage of the species.  The data are the number of families for different classes.  The 
spindles representing different classes expand and contract at different rates and different 
times, although they sometimes behave in concert as in the great mass extinction at the 
end of the Paleozoic.  Some of the patterns in the spindles are simply preservational bias, 
such as the upward expansion exhibited by several groups that probably reflects a better 
fossil record as the Recent is approached, such as for the bivalves, gastropods, and insects 
(although it can be argued that the diversity increase is real).  Other patterns probably 
reflect real changes in the history of life, such as the contraction of articulate brachiopods 
(Articulata) and crinoids after the Paleozoic, which indicates a real change in their 
evolutionary fitness, or the contraction and extinction of trilobites.  Some expansions 
probably document true adaptive radiations such as the pattern for osteichthyes (bony 
fishes), birds, mammals, and angiosperms.  Careful inspection of these spindle diagrams 
permits the framing of many interesting hypotheses that can be tested on the limited data 
of the fossil record. 
 
 

Phanerozoic Diversity of Crinoids 
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