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Completeness of the mammalian fossil record in the
Iberian Neogene

David M. Alba, Jordi Agusti, and Salvador Moya-Sola

Abstract.—We infer the absolute completeness of the mammalian fossil record of the Iberian Neo-
gene, from a compiled database of preserved stratigraphic ranges for both species and genera and
by means of the analytical tools developed by Foote and Raup (1996). We conclude that the mam-
malian fossil record from the Neogene of the Iberian Peninsula is very complete (more than 75%
at the specific level, and more than 90% at the generic one), being a good indicator of how complete
the record of terrestrial organisms can be at least under certain favorable conditions. Comparison
with previously published results for well-known marine invertebrates indicates that the conti-
nental Iberian Neogene record is not significantly less complete, thus raising doubts about the im-
portance of more episodic deposition in continental environments. It remains to be seen if conti-
nental faunas in general are as complete as the marine invertebrate record.
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Introduction

““Determining the completeness of the fossil
record is of crucial importance to palaeobiol-
ogists” (Benton 1994: p. 185), since it is cus-
tomary for both paleontologists and neontol-
ogists to complain about the incompleteness
of the fossil record. Although this complaint
can be followed back to Darwin’s Origin of Spe-
cies (Darwin 1859), where it was used to ex-
plain the absence of transitional forms ex-
pected by the theory of evolution, numerical
analyses are rarely provided. The fossil record
is obviously incomplete for several reasons
(Benton 1994), and the degree of incomplete-
ness can vary dramatically from group to
group, but even in groups frequently found
as fossils, only a proportion of the extinct spe-
cies are preserved. Incompleteness, however,
should not be confused with inadequacy,
which depends on the aims of any particular
study (Paul 1991), and will not be examined
here.

Completeness can be defined and estimated
in different ways (Paul 1991), although it gen-
erally refers to the completeness of the fossil
list, which can be defined as ““the proportion
of taxa that have left some fossil record”
(Foote and Raup 1996: p. 121; cf. Valentine
1986). To infer the proportion of past species
known as fossils, a first (although too coarse)
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approximation would be estimating incom-
pleteness as the proportion of stratigraphic
ranges that are occupied by gaps in the fossil
record for any given species (Paul 1991). A
similar, more refined methodology can be
used at higher taxonomic levels, like Benton
and Storrs’s (1994) estimates of the so-called
relative completeness index (RCI), based on
the calculation of the minimum implied gaps
for any given cladogram and the range length
of each taxon (see also Benton 1994). However,
this kind of analysis is highly dependent on
the reliability of phylogenetic (cladistic) hy-
potheses, because low values of completeness
can be due not only to a small portion of taxa
preserved (or inadequate sampling), but also
to incorrect cladograms (due to homoplasy)
(Wagner 1995).

Good estimates of completeness for some
groups at a given time interval can be ob-
tained by means of the more powerful, phy-
logeny-free analytical tools recently devel-
oped (Foote and Raup 1996; Foote 1997). This
enables us to make much more reliable esti-
mates of completeness on the basis of data
from stratigraphic ranges alone. These infer-
ences are derived from the computation of the
probability of taxon preservation per strati-
graphic interval (see Material and Methods).
This has been shown, at least at the generic
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TABLE 1. Summary of main basins covering the Iberian Neogene.

Basin Time interval Reference
Ebro Oligocene to early late Miocene Krijgsman et al. 1996
Duero Middle to early late Miocene Krijgsman et al. 1996

Tagus and Loranca
Valles-Penedes
Calatayud-Daroca

Teruel Late Miocene to Pliocene
Fortuna Late Miocene to Pliocene
Jtcar Pliocene

Granada Late Miocene to Pleistocene

Guadix-Baza

Early to middle Miocene
Early to late Miocene
Early to late Miocene

Pliocene to Pleistocene

Krijgsman et al. 1996
Agusti et al. 1997, 1999
Krijgsman et al. 1996
Opdyke et al. 1997

Garcés et al. 1998

Opdyke et al. 1997

Agusti et al. 1990

Agusti and Moya-Sola 1992

level, to be well correlated with another in-
dependent measure of completeness, the pro-
portion of living families that have left some
fossil record (Foote and Sepkoski 1999), thus
strengthening the reliability of the inferences
of completeness derived by means of this
method.

Studies based on the RCI have shown that
incompleteness is not as problematic as pre-
viously thought. Thus, even in tetrapods a
good agreement exists in many instances be-
tween the stratigraphic order in which groups
appear in the fossil record and the sequences
of lineage divergence predicted by cladistic
analyses (Norell and Novacek 1992; Benton
and Storrs 1994). Both common sense and tra-
ditional knowledge suggest that the complete-
ness of the marine fossil record (at least for
benthic organisms from shallow environ-
ments) is better than that of terrestrial ones
(e.g., Valentine 1969). Most of the deficiencies
of the fossil record of durably skeletonized
forms have been attributed to tectonic de-
struction or burial of fossiliferous sediments
rather than to the lack of accumulation (Val-
entine 1989). Although this may be true for
marine organisms, this is certainly not the
case for the much more patchy continental fos-
sil record, where accumulation is more irreg-
ular (episodic) and fossils are generally much
more sparse. Many gaps in the continental re-
cord could result from original bad preser-
vation rather than late deterioration, leading
to greater incompleteness of the terrestrial fos-
sil record.

Surprisingly, the comparison of the fossil
records of tetrapods and echinoderms at the
family level indicates that this is not necessar-

ily true (Benton and Simms 1995). Thus, both
the match between the stratigraphic and the
cladistic order of group appearances and the
computation of the RCI of Benton and Storrs
(1994) indicate that the fossil record of tetra-
pods is at least as good as or even better than
that of echinoderms (Benton and Simms 1995).
The latter authors suggest that this apparent
paradox could be due to more intensive study
of the vertebrate fossil record, i.e., that their re-
sults might reflect the current state of knowl-
edge rather than the record itself. To test these
results more accurately, we infer the complete-
ness of the mammalian fossil record of the
Iberian Neogene at the genus and species level
and compare it with published results on ma-
rine invertebrates. The method employed
(Foote and Raup 1996; Foote 1997) has the ad-
vantages that it is performed at a lower taxo-
nomic level and is independent of inferred
phylogenies.

Our aim here is to test if (at least under cer-
tain circumstances) the record of terrestrial
organisms can be as good as that of marine
ones. The mammalian record of the Iberian
Neogene provides a good opportunity to do
so, because it is thoroughly sampled, compris-
ing a number of endorheic and intramontane
basins that cover most of the Neogene (see Ta-
ble 1 and references therein). Most of the early
and middle Miocene is well represented by
four large basins (Ebro, Duero, Tagus, and
Loranca), with special relevance of some mar-
ginal and intramontane basins (Vallés-Pe-
nedés and Calatayud-Daroca), whereas the
late Miocene to Pliocene succession is best
represented by Teruel and small basins of the
Betic Cordillera (Fortuna, Jtcar, Granada and
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TABLE 2. Preserved range frequencies for species and genera.
Frequency
(1) £(2) £(3) f(4) £(5) f(6) f(7) f£(8) £(9) f£(10) f(11) f(12) £(13) Total
Species 292 89 41 21 11 3 1 0 0 0 0 0 0 458
Genera 108 52 33 30 20 12 6 7 0 2 0 0 1 271

Guadix-Baza), with the last one including a
unique mammalian succession that covers the
whole Plio-Pleistocene.

Material and Methods

We compiled the stratigraphic ranges of
species and genera of fossil mammals from
the Neogene of Spain and Portugal using in-
formation from a database of paleontological
literature. This database was assembled at the
Institut de Paleontologia Miquel Crusafont in
Sabadell (Barcelona, Spain), under the guid-
ance of one of the authors (Agusti), as a result
of the European Science Foundation network
“Hominoid Evolution and Environmental
Change in the Neogene of Europe” (Agusti et
al. 1998). We followed the MN (Mammal Neo-
gene) biochronological units convention (see
reviews in Mein 1999 and Steininger 1999),
from MN2 to MN17 (with MN7/8 combined).
Identifications “‘cf.”” were used to compute
ranges, whereas identifications “‘sp.” were
omitted for the analysis at the specific level
unless no other identified species of the genus
at issue was present.

To compute completeness, we followed the
discrete time interval and infinite window de-
vised by Foote and Raup (1996), which gives
results similar to those produced by later re-
finements of the method (Foote 1997). Accord-
ing to the procedure employed, the range of a
taxon is the number of intervals (in this case,
MN units) from its first to last occurrence, in-
clusive (so that single occurrences, called sin-
gle hits, have a range of one). Details of the
method are described by Foote and Raup
(1996) and Foote (1997). The first step was to
compute the frequencies of taxa with pre-
served stratigraphic range t: f(t). These data
were used to calculate the preservation prob-
ability R (probability that a taxon is preserved
at least once in one interval), which is esti-
mated, assuming stochastically constant pres-

ervation probability, by the range-frequency
ratio FreqRat, calculated as follows:

R =~ FreqRat = f2P/[f1)fB). (1)

The probability P,(T) that a taxon is preserved
at least once (range equal to or greater than 1),
given an original duration T, is calculated as

P(T)=1- (1 - R)". )

The estimated preservation probability R
(probability of preservation per taxon per in-
terval) is not enough to infer the quality of the
fossil record, since it should be considered
with respect to the distribution of true dura-
tions (Foote and Raup 1996). The original du-
rations h(T) can be inferred assuming an ex-
ponential distribution of original durations;
this means that extinction rate g is constant
and can be calculated from the In-slope of
range frequencies (except that of single hits),
as the slope with the sign reversed. The prob-
ability that the original duration is equal to T
can be therefore computed as follows:

WT) = e a0~ — g=aT,

@)

Completeness P, can therefore be calculated
as the sum of proportions of taxa preserved
for each original duration, i.e., as the sum, for
all original durations, of the product between
the probability h(T) of having an original du-
ration T and the probability P,(T) of being
preserved at least once in an interval given an
original duration of T:

h=;mnﬂﬁy @)

Results

The preserved range frequencies for species
and genera have been reported in Table 2.
When single hits are excluded, these range
frequencies were found to fit very well an ex-
ponential distribution: » = 0.990 (p < 0.001)
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FIGURE 1. Logarithmic plot of range frequencies (nat-
ural logs) for genera and species and least-squares re-
gression line. f = frequency; t = actual range; g = ex-
tinction rate (the slope with reversed sign). Single hits
f(1) and frequencies of zero have been excluded from the
computation of the regression.

for species and r = 0.989 (p < 0.001) for genera
(Fig. 1). We therefore estimated the range-fre-
quency ratio by using raw range frequencies
(R). The values obtained were R = 0.662 for
species and 0.759 for genera. The constant ex-
tinction rate per interval (as estimated from
the slope of the In-range frequencies regres-
sion) was 0.884 for species and 0.375 for gen-
era. These values provide estimates of com-
pleteness of 77% (P, = 0.769) at the specific
level and 91% (P, = 0.910) at the generic level.

Discussion

From the above-mentioned results, we can
conclude that more than three/fourths of the
mammalian species that existed during the
Miocene and the Pliocene of the Iberian Pen-
insula have been preserved in the fossil re-
cord. Completeness is higher for genera,
which seems logical since genera usually in-
clude more than one species and have longer
ranges. Although different, results at both tax-
onomic levels are consistent with one another,
suggesting that data at the generic level are
enough to obtain rough estimates of the pro-
portion of past diversity preserved in the fos-
sil record.

This figure of completeness at the species
level indicates a very good fossil record, es-
pecially if we take into account that future re-
finement of the database will tend to increase,
rather than decrease, this figure (by extending

preserved known ranges and including pre-
viously excluded taxa). According to these re-
sults, the Iberian fossil record is more com-
plete (77%) than the extensively studied re-
cord of Cenozoic mammalian species from
North America (58% complete, as calculated
by Foote and Raup [1996], on the basis of the
compilation of stratigraphic ranges by Alroy
[1992,1994] for 2941 Cenozoic species and 0.7-
m.y. intervals). The results are not fully com-
parable, however, for several reasons, includ-
ing longer time span, much more extensive
area, and shorter stratigraphic intervals in the
latter case.

It remains to be seen whether our results
merely reflect the restricted time span and/or
geographical area analyzed, or are more rep-
resentative of the completeness of the terres-
trial fossil record as a whole. The computation
of completeness in other similarly restricted
geographical areas from Eurasia and in all of
them combined would allow us to test our re-
sults, but this would require a more extensive
database and is outside the scope of this paper.
We therefore take our results from the Iberian
Neogene as tentatively indicating how com-
plete the terrestrial fossil record can be.

Interestingly, the comparison with previ-
ously published figures indicates that the
completeness of terrestrial mammals is not so
different from that of marine invertebrates,
thus partially confirming the results of Benton
and Simms (1995) at the family level. For ex-
ample, our figures at the species level (77%)
are lower than those for Upper Cambrian-
Lower Ordovician trilobites from Oklahoma
and European Jurassic bivalves (90% [Foote
and Raup 1996]), but higher at the generic lev-
el (91%) than those for Ordovician—Devonian
crinoids (70% [Foote and Raup 1996]). This
suggests that, at least locally, the terrestrial
fossil record can be as good as the marine one.
The unexpected completeness of the terrestri-
al record may indicate that hiatuses in depo-
sition are fewer than expected, or alternatively
that there is considerable redundancy among
continental localities that compensates for
less-continuous accumulation.

Conclusions

The record of Iberian Neogene mammals
seems to be a good indicator of how complete
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the record of terrestrial organisms can be, at
the genus and species levels, under conditions
favorable for preservation and with extensive
sampling. The comparison with values of
completeness for well-known marine inverte-
brate groups with a high fossilization poten-
tial indicates that the continental fossil record
can be approximately as good as the marine
one, thus suggesting that depositional differ-
ences are perhaps less significant than previ-
ously thought for the reliability of the conti-
nental fossil record. These results should be
refined by improving our database and ex-
tending it to larger geographic areas. Above
all, completeness estimates from other fossil
records (different taxa, geographic areas,
and/or periods of time) are required for more
extensive comparisons. The record from the
Iberian Neogene is one of the most extensively
studied and best documented for mammals,
so that more information is needed to see
whether the results reported here represent
the rule, rather than the exception, for the con-
tinental fossil record.
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