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Because phylogenetic hypotheses make
implicit statements about the temporal or-
dering of branching events, various metrics
have been developed to reliably quantify
the �t of observed temporal data to inferred
phylogenies (Norell and Novacek, 1992;
Huelsenbeck, 1994; Wagner, 1995; Clyde and
Fisher, 1997; Benton et al., 1999; Wills, 1999).
Several of these metrics attempt to quan-
tify �t by evaluating the amount of range
extension necessary to reconcile the implied
branching order of a phylogenetic hypoth-
esis with the observed sequence of appear-
ances in the fossil record. Two of these, the
Retention Index (RI; Farris, 1989a,b) calcu-
lated for the stratigraphic character (RIstrat;
Clyde and Fisher, 1997) and the Gap Ex-
cess Ratio (GER; Wills, 1999), normalize
the amount of implied range extension to
the maximum and minimum possible ex-
tensions. Such normalized metrics are use-
ful because they provide a way to quan-
tify the �t of hypothesis to observation and
to compare the degree of �t between hy-
potheses derived from datasets of various
sizes. Although computationally the RIstrat
and the GER are essentially identical, the
data they use to evaluate hypothesis �t-
ness differ. In this study, we reveal the
similarity of RIstrat and GER for a set of
fossil taxa with an observed stratigraphic
distribution, and we compare the behav-
ior of RIstrat and GER under controlled
simulations to identify important differ-
ences in underlying assumptions of the two
methods.

THE RETENTION INDEX OF THE
STRATIGRAPHIC CHARACTER

As formulated by Farris (1989a,b), the RI
normalizes the observed number of state
changes in a character relative to the maxi-
mum and minimum possible number of state
changes for that character. The formula for

the RI of a given character is:

RIi D
MAXi ¡ Obsi

MAXi ¡ MINi
(1)

where MAXi is the maximum possible num-
ber of steps and MINi is the minimum pos-
sible steps, respectively, for the ith character,
and Obsi is the observed number of steps for
this character for the phylogenetic hypothe-
sis under evaluation.

Clyde and Fisher (1997) used RIstrat (Fisher,
1991, 1992) to evaluate the �t of temporal
data to phylogenetic hypotheses. In that
study, stratigraphic character states were
coded by using the observed succession
of �rst and last appearance events (FAEs
and LAEs). Clyde and Fisher (1997) used
these appearance events to delimit “levels”
in the stratigraphic record de�ned by the
presence of some subset of the ingroup taxa
(Fig. 1). Each stratigraphic level in which the
existence of a particular taxon is implied by a
phylogenetic hypothesis but is not observed
in the fossil record is treated as an ad hoc
stratigraphic statement, because at least one
other hypothesis exists that does not make
such a statement (Fisher, 1991). Each ad hoc
stratigraphic statement incurred by a par-
ticular hypothesis is considered one unit of
stratigraphic parsimony debt and is counted
by MacClade’s stratigraphic character as one
“step.” This use of the term step differs some-
what from the traditional morphological
and molecular use, where a step refers to any
character-state transition, not just those that
constitute parsimony debt (see discussions
in Fisher, 1992; Clyde and Fisher, 1997:4).

The number of steps for the stratigraphic
character takes on its maximum possible
value for the phylogenetic hypothesis that
joins all taxa to the level of the �rst ap-
pearance of the earliest taxon in the group.
The minimum possible number of steps is
realized when the taxa are arranged in an
anagenetic lineage according to their order
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FIGURE 1. Given four hypothetical fossil taxa (A, B, C, and D) with the stratigraphic ranges shown, and the given
phylogenetic hypothesis, the GER codes the observed gaps as 3, 5, and 6 million years. The stratigraphic character
codes each span of time as a single unit of stratigraphic parsimony debt.

of appearance in the fossil record. This makes
the minimum number of steps for the strati-
graphic character equal to zero, because at
least one evolutionary hypothesis can ac-
count for the stratigraphic distribution of
taxa with no implied sampling gaps in the
fossil record. Computation of RIstrat then fol-
lows the above formula for RI. The strati-
graphic character can be coded in various
ways (Fisher, 1992); we are restricting this
study, however, to the coding method used
by Clyde and Fisher (1997) because of its
general applicability. Additionally, we note
that the original formulation of the strati-
graphic character, and therefore the RIstrat,
was devised for the evaluation of phyloge-
netic trees, where ancestral taxa can explicitly
be identi�ed.

THE GAP EXCESS RATIO

Wills’ (1999) GER uses the absolute ages
of ingroup FAEs to measure the �t of
observed temporal data to the order of
branching events implied by cladistic hy-
potheses. Given the RI (Farris, 1989a) and the
homoplasy excess ratio maximum (Archie,

1989), Wills proposed the formula:

GER D 1 ¡
³

MIG ¡ Gmin

Gmax ¡ Gmin

´
: (2)

MIG is the minimum implied gap of a
cladistic hypothesis as determined by the or-
dering of branching events. Gmax and Gmin
are the maximum and minimum possible
gaps, given the observed temporal distribu-
tion. Gmax and Gmin are calculated in a sim-
ilar fashion to the MAX and MIN values of
the stratigraphic character, where Gmax is at-
tained in the cladogram that joins all taxa
at the �rst appearance of the earliest taxon,
and Gmin is attained in the cladogram that
lines up the taxa in their order of appearance
(Wills, 1999; Fig. 2). The GER is explicitly de-
signed to evaluate cladograms and is unable
(in its current form) to evaluate phylogenetic
trees, for which ancestral taxa are explicitly
identi�ed.

Although absolute time is continuous, the
gap data used in coding the GER are not
continuous variables. The temporal informa-
tion used to calculate the GER may be more
or less precise (106, 105, 100 years, and so
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FIGURE 2. A comparison of RIstrat and the GER for the exhaustive set of 10,395 cladograms relating seven species
of the Eocene mammal Ectocion (original data from Thewissen, 1992). A strong linear relationship between the two
metrics is observed, although RIstrat scores are consistently lower than the corresponding GER for a given cladogram.
This is related to differences between the two methods in the way the minimum value is calculated. See text for
discussion. Dashed line is the equation y D x.

forth), but the information used in the calcu-
lation, as currently implemented in the soft-
ware package Ghost2 (Wills, 1999: available
at http://palaeo.gly.bris.ac.uk/cladestrat/
Gho2.html), is expressed in integer units of
time. As is the case with RIstrat, the GER
assesses the �t of observed temporal data
to phylogenetic hypotheses by relating the
proportion of implied range extension to
the maximum and minimum values (Fig. 1).
Note that a simple manipulation of the GER
formula reveals an expression essentially
identical to that of RIstrat:

GER D 1 ¡
³

MIG ¡ Gmin

Gmax ¡ Gmin

´

() GER D
³

Gmax ¡ Gmin

Gmax ¡ Gmin

´

¡
³

MIG ¡ Gmin

Gmax ¡ Gmin

´
(3)

() GER D
Gmax ¡ MIG
Gmax ¡ Gmin

:

Therefore, computationally, the GER is a
retention index and the difference between
the methods lies in the coding of the temporal
data.

COMPARING RISTRAT WITH GER
To compare the behavior of the two met-

rics, we obtained the exhaustive set of 10,395
cladograms for seven species of the Eocene
mammal Ectocion [see Thewissen (1992) and
Clyde and Fisher (1997) for original morpho-
logical and temporal data) by using PAUP¤

v4.0b8 (Swofford, 1999). Because the GER
in its current form can evaluate hypothe-
ses only at the level of the cladogram, here
we restrict our implementation of the strati-
graphic character to cladograms to facili-
tate comparison of the two methods. The
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sequence of appearance events was used
to code the stratigraphic character, as pre-
sented by Clyde and Fisher (1997), and the
number of stratigraphic steps was calculated
for all cladograms by using MacClade v3.08
(Maddison and Maddison, 1999). Maximum
and minimum values were then used to
calculate RIstrat for each cladogram. Abso-
lute ages were obtained for the appearance
events used to code the stratigraphic charac-
ter (Wing et al., 2000; Clyde, 2001) and these
ages were used to calculate GER values for
all cladograms by using the program Ghost2
(Wills, 1999).

Comparison of RIstrat and GER for the set of
Ectocion cladograms reveals a strong positive
correlation (Fig. 2). This correlation, how-
ever, does not fall about the line of identity
(y D x), as would be implied by the simi-
larity of the formulae for the two metrics;
rather, the values for RIstrat tend to be some-
what lower than the corresponding GER val-
ues, because of the differences in calculating
the minimum number of steps. The RIstrat
assesses the minimum possible number of
steps by using the set of all possible phylo-
genetic trees. As such, the minimum num-
ber of steps in the calculation of the RIstrat
is zero, corresponding to the anagenetic lin-
eage in which the taxa are arranged in order
of appearance. The GER assesses the mini-
mum implied gap by using only the set of
possible cladograms; accordingly, the mini-
mum for the GER will always be greater than
zero. Restricting the analysis to consider only
cladograms leads to RIstrat values that appear
somewhat lower. However, if this difference
in the treatment of the minimum number of
steps is accounted for in the calculation of
the RIstrat, and the temporal data are coded
such that each stratigraphic character state
is equivalent in length to one arbitrary time
unit, the GER, as calculated by Ghost2, is
identical to the RIstrat, as calculated in Mac-
Clade, for every cladogram. The observed
deviation from a perfect linear correlation be-
tween the two metrics for the Ectocion data
set, therefore, must originate from the differ-
ent methods of coding the temporal data. Us-
ing simple simulations, we have isolated sev-
eral reasons why GER and RIstrat will differ
from one another in real world examples; in
doing so, we can identify different assump-
tions that each approach makes about the
fossil record.

S IMULATIONS

Beyond differences in calculating the min-
imum possible number of steps, RIstrat and
GER behave in substantially different ways
under different stratigraphic conditions. Var-
ious stratigraphic factors were examined for
their differential effect on RIstrat and GER.
The exhaustive set of 105 cladograms for �ve
hypothetical taxa was generated in PAUP¤,
and the �t of each cladogram to a given
stratigraphy was measured by both RIstrat
and GER. A pairwise comparison of each
metric was performed for all cladograms.
The simulations were organized into three
cases. In the �rst case, we examined the ef-
fect of repositioning a relatively long strati-
graphic interval. In the second case, we
examined the effect of repositioning a last ap-
pearance event. In the third case, we exam-
ined the effect of sampling gaps in the fossil
record and their position in the stratigraphic
record. In each case we observed a strong cor-
relation between GER and RIstrat. However,
individual cladograms were often character-
ized by signi�cantly different values of strati-
graphic �t depending on the metric used.

Case I—The Effect of Relatively Long
Time Intervals

A stratigraphy was created for the �ve hy-
pothetical taxa such that the time difference
between the FAE of the �rst taxon to ap-
pear, taxon A, and that for the next taxon
to appear, taxon B, was �ve units (Fig. 3a;
Stratigraphy 1). The remaining taxa appear
in sequence at uniform intervals of a single
time unit. This creates a scenario in which
coding for the stratigraphic character and the
GER deviate from one another only for the
long interval between the FAEs of taxa A
and B. To avoid other complicating factors
(see Cases II and III), all taxa were coded as
ranging to “extant.” To test the effect of the
position of this long time interval, we con-
structed an alternative stratigraphy identi-
cal to Stratigraphy 1 except the long interval
was placed after the origination of taxon B
(Fig. 3a; Stratigraphy 2).

Comparing the RIstrat and GER between
the two stratigraphies demonstrates the rela-
tive effect of an interval of variable length
and position on the two metrics. Because
the relative order of appearance events does
not change between the stratigraphies, the
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FIGURE 3. (a) Comparison of two stratigraphies for �ve hypothetical taxa containing a single long time span
between the �rst appearances of two of the taxa. The position of the long time span (5 time units) is between the
FAEs of taxon A and taxon B in Stratigraphy 1 and between the FAEs of taxon B and taxon C in Stratigraphy 2.
Because the ordering of appearances does not change between the two stratigraphies, the coding of the stratigraphic
character, and therefore RIstrat , remain constant. However, this longer interval is incorporated into the computation
of the GER, changing the scale of the metric. Depending on the topology of the cladogram, GER is either increased
or decreased. (b) RIstrat and GER are calculated for two topologies. For the topology to the left, the GER is greater for
Stratigraphy 1 and less for Stratigraphy 2. The opposite is the case for the topology to the right. RIstrat is the same
for both stratigraphies in all cases.
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coding of the stratigraphic character and
therefore RIstrat, does not change for any
given cladogram (Fig. 3b). However, the two
stratigraphies generate different GER values
for a given cladogram. The �rst cladogram in
Figure3b is characterized by ahigher GERfor
Stratigraphy 1 and a lower GER for Stratigra-
phy 2, whereas the reverse is true for the sec-
ond topology. The main difference between
the two cladograms is that taxa A and B are
not sister taxa in the �rst cladogram, but are
in the second cladogram. With respect to the
GER, the �rst cladogram �ts the observed
stratigraphy better than the second when the
time period between taxa A and B is rel-
atively long (Stratigraphy 1). However, the
second cladogram �ts the observed stratig-
raphy better when the long period serves to
cluster these two taxa to the exclusion of the
rest of the ingroup (Stratigraphy 2).

Case II—The Effect of Last Appearances

The scenario in Case I demonstrates that
adding time intervals of various lengths to
a stratigraphy will alter the GER values ob-
tained for a set of cladistic hypotheses rel-
ative to a �xed RIstrat value. This is not the
only difference in the relative behavior of the
two metrics. A second difference in the cod-
ing of temporal data is the stratigraphic char-
acter’s treatment of last appearance events.
The GER is unaffected by any change in last
appearance events, being calculated solely
from the difference in absolute time between
�rst appearance events. As used by Clyde
and Fisher (1997), the stratigraphic character
makes use of all appearance events to de�ne
the boundaries of character states. For exam-
ple, in Stratigraphy 3 (Fig. 4a), each of the
�ve taxa appear at different times in the fossil
record, but most importantly, no last appear-
ance event occurs before a �rst appearance
event. As altered in Stratigraphy 4 (Fig. 4a),
the last appearance of taxon B occurs before
the �rst appearance of taxon C, thus creating
an additional character state for the strati-
graphic character.

In this case, the value of RIstrat is vari-
able because the coding of the stratigraphic
character changes between the two stratigra-
phies. However, the ages for the FAEs remain
unchanged in absolute time between the
stratigraphies; therefore, the GER calculated
for any cladogram is unaffected (Fig. 4b). The
presence of an additional character state in

the stratigraphic character favors topologies
that cluster the taxa appearing after the de-
creased LAE of taxon B. Variable positions
of LAEs, such that one or many appear be-
fore any of the FAEs, cause the RIstrat to
be increased or decreased, the change being
topology-dependent.

Case III—Gaps in the Fossil Record

A �nal difference between the two coding
schemes can be observed in the treatment of
sampling gaps in the fossil record. In some
periods of time there may be no recovered
fossils for the study group. Such sampling
gaps—not to be confused with the term
“gap” as used by Benton et al. (1999) or Wills
(1999) to mean a span of time occupied by
a ghost lineage—can be left uncoded for the
stratigraphic character (see Clyde and Fisher,
1997; Fig. 4) and treated as “no data.” Left un-
coded, these sampling gaps do not �gure into
the calculation of RIstrat. However because
GER codes the temporal data using absolute
time, discounting these gaps is not possible.
Some observed amount of time has always
passed from the beginning to the end of the
sampling gap, an amount that will be incor-
porated into the minimum, maximum, and
observed values used to calculate the GER.

The effect of these sampling gaps in the
fossil record was examined by producing a
stratigraphy for �ve hypothetical taxa to in-
clude such a gap between the last appearance
of taxon A and the �rst appearance of taxon B
(Fig. 5a; Stratigraphy 5). To eliminate con-
founding factors, the intervals of time sepa-
rating the remaining taxa were set to one time
unit each and the length of the gap was also
set to one time unit. A second stratigraphy
was constructed identical to Stratigraphy 5
except that the sampling gap was placed be-
tween the last appearance of taxon B and the
�rst appearance of taxon C (Fig. 5a; Stratig-
raphy 6).

Comparing the values of the GER with
those of the RIstrat for the two stratigraphies
clearly shows that sampling gaps in the fossil
record affect the values of the GER relative to
a �xed RIstrat (Fig. 5b). Once again, GER val-
ues vary depending on the topology of the
cladogram. For the two cladograms consid-
ered in Figure 5b, the value of RIstrat does not
vary between the two stratigraphies, because
the sequence of appearance events does not
change and the gap is not coded in either
case. The GER, however, is affected as in
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FIGURE 4. (a) Comparison of RIstrat and GER when the position of a single LAE is changed. In Stratigraphy 3,
�ve hypothetical taxa appear in succession. In Stratigraphy 4, the absolute ages remain the same for all appearance
events, except for the LAE of taxon B, which has been placed below the FAE of taxon C. Because the ages associated
with the FAEs of all taxaare unchanged between the two stratigraphies, the GER willnot differ for agiven cladogram.
However, RIstrat is affected by the change in position of the LAEs because it serves to de�ne stratigraphic character
states. (b) RIstrat and GER are calculated for two different cladograms. For Stratigraphy 3, the RIstrat value for the �rst
topology is greater than the value for Stratigraphy 4, whereas this pattern is reversed for the second topology. This
results because the second topology groups into a clade the taxa appearing after the decreased LAE of taxon B. The
position of the altered LAE in the stratigraphic record, and thus the position of the added stratigraphic character
state, will variably affect the values of RIstrat, depending on the topology of a given cladogram, but will not affect
the value of the GER.
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FIGURE 5. (a) Comparison of the effect of sampling gaps in the fossil record at different positions relative to the
succession of taxa. A sampling gap exists between the LAE of taxon A and the FAE of taxon B for Stratigraphy 5.
For Stratigraphy 6, the sampling gap occurs above the LAE of taxon B and below the FAE of taxon C. Sampling
gaps are highlighted in gray. If the sampling gap is left uncoded, it will not �gure into the calculation of RIstrat ,
and because the order of appearance events is unchanged between the two stratigraphies, the value of RIstrat is not
affected. However, the sampling gap will be factored into the GER metric because, some observed amount of time
has passed between the beginning and end of the sampling gap. (b) GER and RIstrat values are compared for two
topologies relative to the two stratigraphies. RIstrat is the same for both stratigraphies in all cases. The GER for �rst
cladogram do greater for Stratigraphy 5 and less for Stratigraphy 6. The reverse is true for the second cladogram
GER.
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Case I. Again, the main difference between
the two cladograms is the relationship be-
tween taxa A and B, which are not sister
taxa in the �rst cladogram but are in the sec-
ond cladogram. The �rst cladogram �ts the
observed stratigraphy relatively better than
the second when the sampling gap separates
taxa A and B (Stratigraphy 5), whereas the
second cladogram �ts the observed stratigra-
phy relatively better when the gap separates
these taxa from the remainder of the ingroup
(Stratigraphy 6). Because MacClade evalu-
ates the coded stratigraphic character states
in alphanumeric order, a gap can be coded in
the stratigraphic character by skipping a let-
ter or number in the coding scheme (Fisher,
1992). If treated in this manner, sampling
gaps then become a special instance of Case I
discussed above, where the RIstrat treats the
sampling gap as asingle stratigraphic charac-
ter state, and the GER will treat the sampling
gap as some variable amount of elapsed time.

CONCLUSIONS

Although computationally similar, RIstrat
and the GER differ from one another when
applied to a real group of taxa with observed
stratigraphic ranges. RIstrat values are gen-
erally lower than GER values for a given
cladogram, because of differences in calculat-
ing the minimum number of transitions. This
scaling issue aside, simple simulations show
that the remaining differences in the scoring
between RIstrat and GER result from the dif-
ferent ways that each method codes tempo-
ral data. RIstrat and GER vary relative to each
other based on three characteristics of the fos-
sil record for a particular study group of taxa.
Time spans of variable length between �rst
appearances will cause the GER to vary rel-
ative to RIstrat, because the absolute amount
of time that has passed between appearance
events is ignored in coding the stratigraphic
character. The position of last appearances of
ingroup taxa affects the score of RIstrat rela-
tive to the GER, because LAEs serve to de-
�ne the boundaries of stratigraphic charac-
ter states but are not used in the calculation
of GER, which relies solely on FAEs. Lastly,
the existence and position of sampling gaps
in the fossil record of the ingroup will affect
GER relative to RIstrat if the coding scheme
utilized by Clyde and Fisher (1997) is used,
because these gaps are factored into the cal-
culation of the GER but not the RIstrat. For
each of these cases, the effect of the change in

stratigraphy depends on the topology of the
cladogram under consideration.

The different coding methods used for the
RIstrat and GER reveal different assumptions
about the fossil record. For the stratigraphic
character, each instance in which a phyloge-
netic hypothesis postulates a lineage passing
unrepresented through a stratigraphic level
that preserves other ingroup taxa is treated
as an ad hoc statement of nonpreservation.
Each ad hoc statement is equally weighted
for evaluating the stratigraphic �tness of a
hypothesis regardless of how much absolute
time it represents. In computing the GER,
however, a mismatch between hypothesis
and the fossil record is quanti�ed as some
integer number of units of absolute time. In
this case, all absolute time units in which the
existence of a taxon is implied by a particular
hypothesis but not actually observed are es-
sentially treated as an ad hoc statement and
given equal weight. The fundamental differ-
ence between these approaches, then, boils
down to whether the rock record is treated
in terms of time (GER) or in terms of stratig-
raphy (RIstrat).

The approach of the GER parses the rock
record by using increments of absolute time.
Here, the unit of measure is arbitrary, con-
stant, and independent of the fossil record
being considered. Because the GER treats
each integer unit of time equally, the GER
makes the assumption of horizontal (across
taxa) equivalence of preservation potential
and also includes an additional assumption
of equivalence of preservation potential for
each integer time unit. However, given that
sampling intensity has been shown to vary
greatly through time for a wide variety of tax-
onomic groups (Alroy, 1998; 2000; Marwick,
1998; Budd and Johnson, 1999; Aguirre et al.
2000), this observed variability in sampling
intensity violates any assumption that the
preservation potential for any one unit of ab-
solute time can be treated as equivalent to the
preservation potential for any other unit.

On the other hand, the stratigraphic char-
acter parses the rock record by using a rel-
ative succession of observed stratigraphic
events, the FAEs and LAEs of the ingroup
taxa. If one can demonstrate that event A
happened at a stratigraphic level below that
for event B, then A and B de�ne a char-
acter state for the stratigraphic character.
This approach assumes that the presence of
any one ingroup taxon serves as a suf�cient
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condition for expecting the presence of other
taxa in the group (i.e., ingroup taxa serve
as reliable taphonomic indicators for each
other; Fisher, 1991). As such, the RIstrat as-
sumes only horizontal equivalence in preser-
vation potential for all ingroup taxa for each
coded stratigraphic character state. This as-
sumption states that the presence of one in-
group taxon demonstrates the potential for
any other ingroup taxon to be preserved at
the given level. No temporal assumption is
made, and the preservation potential may
vary dramatically through the stratigraphic
range of the ingroup. This coding of thestrati-
graphic character represents the most con-
servative approach to parsing the temporal
range of ingroup taxa, in that only the strati-
graphic sequence of appearance events of the
study group are used in evaluating the inter-
nal branching events.

The coding method used here (and in
Clyde and Fisher, 1997) is not the only pos-
sible way to code the stratigraphic character.
For example, sampling gaps in the fossil
record can be coded (Fisher, 1992), and under
such a scheme, the differences observed in
Case III become a special instance of Case I.
Additionally, data extrinsic to the ingroup
could be utilized to hypothesize periods of
equal preservation potential. For example
the stratigraphic character for the Ectocion
dataset could be coded for each North
American Land Mammal Age subunit (e.g.,
Wasatchian 1, 2, 3, and so forth). In this case,
associated faunal communities are used
as the taphonomic indicators for ingroup
taxa. However, as more data extrinsic to
the ingroup taxa are considered in parsing
the stratigraphic range of the ingroup taxa,
more assumptions are added, although such
approaches may be well suited to particular
cases.

The GER and RIstrat represent two com-
putationally equivalent metrics for evaluat-
ing the �tness of phylogenetic hypotheses
to observations of appearance events in the
fossil record. The GER bases its differen-
tial weighting of ingroup ranges on absolute
time, which has been shown to be prob-
lematic. On dropping this reliance on abso-
lute time, the GER and RIstrat are essentially
identical.
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Although the history of life cannot be ob-
served directly, several sources of informa-
tion preserve a historical signal that allows
inferences about it. The phylogenetic rela-
tionships of organisms provide insight into
the order of appearance of clades and their
morphological evolution. The fossil record
also preserves information about the rela-
tive and absolute ages of clades and pro-
vides documentation of the existence of or-
ganisms that otherwise would be unknown.
Because only one true history exists, the sig-
nal preserved in each dataset ideally should
be the same, and so predictions based on
one can be tested with observations from the
other.

Several techniques are now available to
compare the �t of a cladogram to the strati-
graphic record (e.g., Gauthier et al., 1988;
Norell and Novacek, 1992a,b; Benton and
Storrs, 1994; Huelsenbeck, 1994; Siddall,
1998; Wills, 1999), and others use strati-
graphic information directly in the construc-
tion of phylogenetic trees (e.g., Gingerich,
1979; Fisher, 1988, 1991, 1992, 1994, 1997;
Wagner, 1995; Clyde and Fisher, 1997;
Huelsenbeck and Rannala, 1997). All of these
methods use stratigraphic data associated
with taxa, proceeding from the premise that
the order of appearance of taxa on a clado-
gram and in the fossil record ideally should
be the same. However, cladograms also make
predictions about the order of appearance of
character states, predictions that can be com-
pared with the order of appearance of these
states in the fossil record. Although to date,
a character-based approach has not been im-
plemented, this type of congruence between
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a cladogram and stratigraphy should be con-
sidered explicitly. Characters orcomplexes of
characters can evolve in a mosaic or stepwise
fashion, making it is possible for the order
of appearance of character states on a clado-
gram to con�ict with that of the fossil record,
even when the order of appearance of taxa
does not.

CHARACTERS, TAXA, AND STRATIGRAPHY

The method proposed in this paper
is based on the principle that taxa are
hierarchically arranged lineages or clades
(or at least should be; the lineage/clade sta-
tus of all taxa has not been tested). Because
lineages and clades cannot be studied di-
rectly, the distribution of synapomorphies is
the primary evidence used in reconstruct-
ing relationships among different lineages
or clades. Thus we recognize that Diictodon
and Eodicynodon (Fig. 1a) share a more recent
common ancestor than either does with Pa-
tranomodon (Fig. 1a), based on a pattern of
character-state distribution that we infer re-
�ects genealogy.

A similar process occurs when the strati-
graphic range of a taxon is measured. By de�-
nition, stratigraphic range implies a series of
specimens of a given taxon found to occur
in a sequence of rocks. Character states must
be used to recognize any individual speci-
men as a member of a particular taxon. The
earliest known occurrence of a unique, diag-
nostic set of character states is the �rst ap-
pearance datum for the taxon, whereas the
latest occurrence provides a lower bound
for when the lineage became extinct. Thus,


