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ABSTRACT

The influence of sampling biases on estimates of species richness through geo-
logical time is a great concern, and multiple methods have been developed to correct
for them. One method is the residual diversity estimate, a modelling approach which
removes the signal of a chosen sampling proxy. Despite having been widely applied to
palaeodiversity studies, the residual diversity estimate has yet to be tested in a simula-
tion environment. One difficulty with such a test is that the simulation must model sam-
pling in such a way that a sampling proxy may be extracted from the model in order to
calculate the residual diversity. Here, a novel approach is used to examine the efficacy
of this method. Taxa and an associated phylogeny were simulated using a birth-death
model, and a parameter was added representing dispersal of the taxa between areas
in simulated space. The simulated space in each time bin was divided into formations
and localities, which were removed at random to represent incomplete sampling, also
providing sampling proxies used to calculate the residual diversity estimate. The resid-
ual diversity estimate is found to perform best when the broader proxy representing
entire regions, e.g., formations, is used in its calculation, rather than more restricted
localities. A recent update to the residual diversity estimate, incorporating polynomial
relationships between diversity and proxies, performs poorly, sometimes showing a
worse correlation with the true diversity than the raw data. The residual diversity esti-
mate is consistently outperformed by the phylogenetic diversity estimate, even when
errors are introduced to the phylogeny. 
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INTRODUCTION

Understanding changes in species richness
through geological time is of paramount impor-
tance when studying the evolutionary history of a
clade. Such investigations enable palaeontologists
to deduce the major events in the history of the
group under study and are also relevant to broader

questions, such as the impact of and recovery from
mass extinctions, the processes underlying evolu-
tionary radiations and the importance of competi-
tion and co-evolution. Such questions, however,
are hampered by the incompleteness of the fossil
record. This incompleteness has long been
acknowledged, but it was not until the seminal
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paper of Raup (1972) that consideration was given
towards how the incompleteness of the fossil
record may be impacting on our interpretations of it
in a systematic and, more importantly, correctable
manner. Raup (1972) suggested two methods to
deal with this issue: modelling and subsampling.

Subsampling has been widely used both in
palaeontology and neontology, and the perfor-
mance of various implementations has been exten-
sively examined, both using simulations and case
studies (Sanders, 1968; Smith et al., 1985; Miller
and Foote, 1996; Alroy et al., 2001, 2008; Chao et
al., 2009; Zhang and Stern, 2009; Alroy, 2010a,
2010b). The most widely used in palaeontology
has been rarefaction (Sanders, 1968), although
recently Alroy (2010a, 2010b) proposed the Share-
holder Quorum method, which was shown to per-
form better than rarefaction under hypothetical
situations and simulation studies, as well as being
applied to real data. 

The use of modelling in sampling correction
was not explored in great detail until Smith and
McGowan (2007) introduced the residual diversity
estimate. This approach requires a proxy for sam-
pling bias such as number of collections or forma-
tions or outcrop area in each time bin. A model
diversity estimate, based on a perfect linear rela-
tionship between diversity and the chosen sam-
pling proxy, is produced by sorting both diversity
and proxy data from low to high and fitting a linear
model. The model diversity estimate is then sub-
tracted from the observed diversity, leaving the
residual diversity estimate. The idea behind this
method is that the observed diversity estimate is a
signal of both sampling and the actual diversity.
Subtracting the model diversity estimate in theory
removes the sampling signal, leaving only the bio-
logical signal (Smith and McGowan, 2007). 

The residual diversity method has proven
popular, particularly in analyses of terrestrial verte-
brate datasets where sample sizes are sometimes
too small for subsampling (Smith and McGowan,
2008; Barrett et al., 2009; Butler et al., 2009, 2011;
Wall et al., 2009; Benson et al., 2010; Brocklehurst
et al., 2012, 2013; Benson and Upchurch, 2013;
Fröbisch, 2013, 2014; Pearson et al., 2013). Lloyd
(2012) refined the method, allowing for non-linear
relationships between the sampling proxy and
diversity, and also introducing confidence intervals
to show which peaks and troughs are significant.
However, despite its popularity, there has never
been a thorough test demonstrating that this
method does produce an accurate estimate of
palaeodiversity in the same way that the perfor-

mance of subsampling methods has been tested in
simulation studies. A third sampling correction
method, the phylogenetic diversity estimate, in
which ghost lineages are incorporated into the
diversity estimate, thus including as yet unsampled
portions of the fossil record which may be deduced
from a phylogeny, has been tested in a simulation
environment (Lane et al., 2005). The residual
diversity estimate and Lloyd’s alteration thereof,
however, have only been examined in the context
of applying these methods to real data, or compar-
ing the diversity curves produced to other methods
(Smith et al., 2012). This is obviously an unsatis-
factory test; we do not know the true palaeodiver-
sity, so we have no way of knowing if the residual
diversity estimate is in fact producing a true signal.
Such confirmation can only be provided by simu-
lated data subjected to simulated sampling bias,
where the similarity between the sampling cor-
rected and the known true diversity signals can be
measured. 

This study represents the first rigorous test of
the performance of the residual diversity estimate
under a variety of sampling conditions. Its perfor-
mance is compared to a raw estimate of diversity
(no sampling correction) and also to the phyloge-
netic diversity estimate. Both the original method
proposed by Smith and McGowan (2007) and the
refinement by Lloyd (2012) are subjected to the
same tests.

MATERIALS AND METHODS

Simulation-based studies of subsampling
methods and the phylogenetic diversity estimate
have simply required data points to be deleted at
random. A simulation-based analysis of the resid-
ual diversity estimate is made complicated by its
implementation; the method uses a proxy for sam-
pling to create the model diversity estimate, which
is subtracted from the observed diversity estimate.
Such proxies include attempts to quantify human
sampling effort such as the number of fossil-bear-
ing collections in each time bin (Crampton et al.,
2003; Butler et al., 2011; Brocklehurst et al., 2012,
2013) or geological biases such as rock outcrop
area (Peters and Foote, 2001; Smith, 2001;
Crampton et al., 2003; Smith and McGowan, 2007,
2008; Wall et al., 2009; Fröbisch, 2013, 2014) or
number of formations dated to each time bin
(Fröbisch, 2008; Barrett et al., 2009; Butler et al.,
2009; Benson et al., 2010; Mannion et al., 2011;
Benton, 2012; Benson and Upchurch, 2013).
Therefore, to examine the residual diversity esti-
mate in a simulation environment, one cannot sim-
2
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ply delete taxa at random in each time bin. One
must simulate sampling in such a way that a sam-
pling proxy may be extracted from the model, a
proxy which approximates the biases affecting the
real-world fossil record. Here, a novel simulation
environment is proposed in order to simulate such
proxies.

The simulation is based on an expansion of
the simFossilTaxa function in the R package paleo-
tree (Bapst, 2012). This function implements a sto-
chastic birth-death model; at any one point in time,
a taxon may undergo speciation, either by budding
(a new species branches off from the original, while
the original remains), cladogenesis (a species
diverges into two lineages which both represent
different taxa to their parent) or anagenesis (one
species gives rise to a single descendant species).
Also, at any point in time, any taxon may go extinct.
In the simulation presented herein, the probability
of speciation and extinction are set equal, and
each mode of speciation has an equal probability.
Thus, variation in diversity occurs by a random
walk. No size limit was placed on the clade gener-
ated in this model, but only clades surviving for 50
units of simulated time were retained for the analy-
ses.

An additional two parameters are added to the
model presented in the original R package: random
dispersal and local extinction. An area of simulated
space is generated, divided into 10 regions. When
a new species is produced in the simulation, it is
randomly assigned to a region of origin. At any
point in time, this species may disperse (expand its
range to another area) or it may undergo regional
extinction (die out in only one region whilst remain-
ing in any other regions it happens to occupy). The
probability of dispersal relative to the probability of

local extinction is hereafter referred to as PD/PLE
(see Table 1 for the full list of abbreviations used in
the text and figures) and is a variable parameter in
the simulations (see Table 2 for the full list of
parameter variations in each simulation).

This model outputs a clade that has evolved
over time and space. The period of simulated time
is then divided into 50 time bins, and the number of
lineages present in each time bin is counted. This
provides the “true diversity,” the signal which palae-
ontologists hope to emulate. Then a novel method
of simulating sampling is applied. Each region in
sampling space and each time bin is taken to rep-
resent a rock formation of a specific age that can
produce fossils. Each of these “formations” is split
into 10 “localities”. Each species present in that
time bin starts as present in every locality of the
regions it occupied. Then, the simulated space in
each time bin passes through three simulated sam-
pling filters, each representing a different bias
affecting the fossil record. The first of these filters
represents the taphonomic processes which lead
to the elimination of individuals before the fossilisa-
tion process. Each species may be randomly
deleted from any locality it inhabited with the prob-
ability “PTAPH” (probability variable in simula-
tions). An example of how the taphonomic filter
may be applied to one species in one time bin is
shown in Figure 1. The second filter represents
geological biases; fossil-bearing formations may
be destroyed by erosion or subduction before sam-
pling occurs, or covered by further sedimentation.
Each of the simulated formations (and the “fossils”
within) is therefore subjected to random deletion
with a probability “PFORM” (variable parameter).
The final filter represents human sampling biases;
not all fossil-bearing localities have been explored.

TABLE 1. Abbreviations used in the figures and text. 

Abbreviation Meaning

PTAPH The probability that a species is not removed from a locality by taphonomic processes

PFORM The probability that a formation is sampled

PLOC The probability that a locality is sampled

PMIST The probability that of a node being subjected to nearest node interchange (i.e., an error is introduced to the 
phylogeny at that node); in short, the error rate.

PD/LE The probability of dispersal divided by the probability of local extinction.

TDE Taxic diversity estimate

PDE Phylogenetic diversity estimate

RDE Residual diversity estimate
3
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Therefore, each locality (and the “fossils” within) is
subjected to random deletion with a probability
“PLOC” (variable parameter). An example of how
these final two filters may be applied to one time
bin is shown in Figure 2. 

This method of simulating sampling allows
two sampling proxies to be output, along with diver-
sity data. One may count those formations and
localities in each time bin, which were not randomly
deleted and are, therefore, contributing to the
diversity count.

Those taxa remaining in each time bin after
three rounds of random deletion make up the
palaeontological dataset: the fossils representing
what palaeontologists have found in a biased fossil
record. From this data, 10 different diversity curves
are produced. Each of these 10 curves is com-
pared to the “true” diversity (diversity before the

sampling filters are applied) using the Spearman’s
rank correlation coefficient. The Spearman’s rho
value is used as a measure of how closely each
diversity curve represents the true palaeodiversity.
The 10 diversity curves are described below.

The Taxic Diversity Estimate

No sampling correction method is applied.
This represents raw count of the number of species
sampled in each time bin; that is, the observed fos-
sil record including all the biases.

The Phylogenetic Diversity Estimate

This method corrects for sampling by incorpo-
rating ghost lineages into the diversity estimate.
Ghost lineages are lineages which are not
observed in the fossil record, but are inferred to be
present from a phylogeny based on the assump-
tion that two taxa must have split from their com-
mon ancestor at the same time (Norrell, 1992).
Therefore, if one taxon is observed in the fossil
record at a particular time, its sister taxon may be
inferred to have been present at that time bin as
well, even if it is not observed in the fossil record
until later. Including these ghost lineages in a diver-
sity estimate includes as yet unsampled portions of
the fossil record (Smith, 1994). Use of this method
is obviously limited to clades for which a compre-
hensive phylogeny exists, and as such it has been
most widely applied to vertebrates (Upchurch and
Barrett, 2005; Lloyd et al., 2008; Barrett et al.,
2009; Benson et al., 2010; Mannion et al., 2011;
Ruta et al., 2011; Brocklehurst et al., 2013; Walther
and Fröbisch, 2013). The phylogenetic diversity
estimate has been shown to be more accurate than
the taxic diversity estimate in simulation studies
(Lane et al., 2005) and, therefore, provides a
benchmark for comparison with the residual diver-
sity estimate. The two are used on similar datasets
and multiple studies have applied both to the same
dataset (Barrett et al., 2009; Mannion et al., 2011;
Brocklehurst et al., 2013). 

The taxa2cladogram function in paleotree was
used to produce a cladogram from the output of the
birth-death model. The cladogram produced by this
function takes into account how ancestor descen-
dant relationships are resolved using current phylo-
genetic methods; ancestors are resolved as the
sister to, or in a polytomy with, the descendants
depending on what mode of speciation separated
them (Bapst, 2013). The tree is time calibrated
using the reduced ranges of taxa resulting from the
sampling filters (those taxa not sampled at all are

TABLE 2. The full list of parameter variations tested in
this study. For each set of parameter values, 100 simula-
tions were carried out. The Spearman’s rho values pre-
sented in the figures and Appendix are the means of the

results from the 100 simulation.

PTAPH PFORM PLOC PMIST PD/LE

Simulation 1 0.1 0.1 0.1 0.1 1

Simulation 2 0.15 0.15 0.15 0.1 1

Simulation 3 0.2 0.2 0.2 0.1 1

Simulation 4 0.25 0.25 0.25 0.1 1

Simulation 5 0.3 0.3 0.3 0.1 1

Simulation 6 0.4 0.4 0.4 0.1 1

Simulation 7 0.5 0.5 0.5 0.1 1

Simulation 8 0.75 0.75 0.75 0.1 1

Simulation 9 0.25 0.25 0.25 0.2 1

Simulation 10 0.25 0.25 0.25 0.3 1

Simulation 11 0.25 0.25 0.25 0.4 1

Simulation 12 0.25 0.25 0.25 0.5 1

Simulation 13 0.9 0.1 0.9 0.1 1

Simulation 14 0.9 0.25 0.9 0.1 1

Simulation 15 0.9 0.5 0.9 0.1 1

Simulation 16 0.9 0.9 0.1 0.1 1

Simulation 17 0.9 0.9 0.25 0.1 1

Simulation 18 0.9 0.9 0.5 0.1 1

Simulation 19 0.25 0.25 0.25 0.1 1.5

Simulation 20 0.25 0.25 0.25 0.1 2

Simulation 21 0.25 0.25 0.25 0.1 2.5

Simulation 22 0.25 0.25 0.25 0.1 3

Simulation 23 0.25 0.25 0.25 0.1 4
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pruned from the tree). Ghost lineages are inferred
and phylogenetic diversity estimate is calculated.

The Lane et al. (2005) test of the phylogenetic
diversity estimate assumed a correct phylogeny. In
this analysis, error is incorporated into the phylog-
eny using random nearest neighbour interchange
applied to each node with a probability of PMIST
(variable parameter). This was implemented using
the function rNNI in the R package phangorn
(Schliep, 2011).

The Residual Diversity Estimate

Eight different implementations of the residual
diversity estimate are tested, taking into account
three variables: the method used to calculate resid-

uals, the sampling proxy used and the inclusivity of
the sampling proxy.
Method. Two implementations of the residual
diversity estimate have been suggested. The first,
that of Smith and McGowan (2007), hereafter
called the Smith and McGowan method, calculates
a model diversity estimate assuming a linear rela-
tionship between sampling and observed diversity.
It is also assumed that deviations from this
observed linear relationship represent genuine
diversity changes in history. Lloyd (2012) sug-
gested that one should not assume a linear rela-
tionship. Instead, non-linear models are tested and
the best fitting model is calculated using the Akaike
Information Criterion (hereafter this method is
referred to as the Lloyd method).

FIGURE 1. An illustration of the taphonomic filter in the simulation, shown applied to a single taxon in a single time
bin. The taxon is originally present in every locality in each region it occupies, but the taphonomic filter removes it
from randomly selected localities
5
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Sampling proxy. The model outputs two sampling
proxies. The first represents the number of forma-
tions through time and the second the number of
localities through time. While the model obviously
cannot perfectly represent the vagaries of human
sampling, testing the output of both proxies by the
simulation provides a comparison between the
broader (formations) and the narrower (localities)
proxy.
Inclusivity of the proxies. A potential problem
has been raised concerning the use of the residual

diversity estimate: redundancy (Benton et al.,
2011; Benton, 2012; 2015; Dunhill et al., 2014). It
has been argued that the sampling proxies used
are not independent of the data they seek to cor-
rect. If, for example, dinosaur diversity did actually
decrease, one would expect there to be fewer dino-
saur-bearing formations (Benton et al., 2011).
Moreover, in using dinosaur-bearing formations as
a proxy to correct for biases in dinosaur diversity,
the researcher does not take into account occa-
sions when workers have looked at rocks of a par-

FIGURE 2. An illustration of how sampling proxies are generated in this simulation. This schematic illustrates which
formations and localities in a single time bin contain fossils of at least one species of the simulated clade after applica-
tion of the taphonomic filter. Formations and localities are removed at random, representing a lack of sampling. Note
that the number of clade-bearing formations and localities does not necessarily equal the number of formations and
localities sampled, allowing the generation of four sampling proxies.
6
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ticular age but have not found dinosaurs. To
resolve this problem, some workers have sug-
gested more inclusive proxies should be used
(Upchurch and Barrett, 2005; Brocklehurst et al.,
2012, 2013). For example, Brocklehurst et al.
(2013) used amniote-bearing collections as a proxy
when calculating the residual diversity estimate of
synapsids, thus including occasions where workers
had examined rocks containing fossils of taxa
closely related to synapsids, but not found any syn-
apsids. The effectiveness of this method is exam-
ined here; residual diversity estimates are first
calculated from proxies including only those forma-
tions and localities in which fossils of the simulated
clade remain, and secondly using all formations
and localities which were not subjected to random
deletion, even if the taphonomic filter had removed
all the fossils in some of these (See Figure 2 for the
distinction between these proxies.).

When all possible combinations of these three
parameters are applied, there are eight possible
versions of the residual diversity estimate. All
tested in this study.

Parameter Variations

A list of the parameter variations tested in this
study is presented in Table 1. For each set of
parameters, 100 simulations were carried out.
Each simulation produced all 10 diversity curves.
Each of these 10 curves was compared to the true
diversity using the Spearman’s rank correlation
coefficient. Therefore, for each of the 10 methods
of inferring diversity, 100 rho values were produced
for each set of parameters. The mean of these rho
values provided a measure of the performance of
each of these methods under the parameters
tested. The mean and standard deviation Spear-
man’s rho values for each diversity estimate in
each set of parameters, is presented in Appendix.

RESULTS AND DISCUSSION

Methods of Implementing the Residual 
Diversity Estimate

The relative performance of the eight different
methods of carrying out the residual diversity esti-
mate showed a number of consistent patterns. One
clear result is a rejection of the Lloyd method of
calculating residuals, incorporating polynomial
relationships between observed diversity and the
sampling proxy. In most sampling regimes tested,
and no matter what sampling proxy is used, the
Lloyd method performs worse than the Smith and
McGowan method (Figure 3.1-2). In fact, when

sampling is low, some simulations resulted in a
negative relationship between the true diversity
and the residual diversity estimates calculated
using the Lloyd method. At most levels of sam-
pling, the Smith and McGowan method provides a
much closer correlation with the true diversity, with
mean Spearman’s rho values sometimes almost
double those obtained when the Lloyd method is
used. At low levels of sampling, however, the differ-
ence in performance is greatly reduced, and the
rho values obtained using each method are more
similar, or in some cases the Lloyd method pro-
duces a slightly higher mean rho value. 

The Smith and McGowan method assumes a
linear relationship between sampling and observed
diversity, whereas the Lloyd method makes no
such assumption. Instead the Lloyd method tests
for both linear and polynomial relationships. One
might argue that the simple model of sampling pre-
sented here does not represent true sampling het-
erogeneity, and that the Lloyd method might
perform better in the “real world”. The sampling of
localities and formations in the simulation is ran-
dom, whilst in reality there are areas, formations
and continents which receive considerably more
attention than others (Benton et al., 2011; Brockle-
hurst et al., 2012; Dunhill et al., 2013). On the other
hand, if the Lloyd method cannot perform under
this simplest of sampling regimes, one cannot
really trust its performance in more complicated sit-
uations. If the simulated sampling regime was
causing a linear relationship between the proxy
and observed diversity, the Lloyd method should
have detected this and produced the same result
as the Smith and McGowan method. Instead, we
must infer that the simulation is producing proxies
and taxic diversity estimates with a polynomial
relationship, but the polynomial relationship does
not relate to sampling; if it did, the Lloyd method
should outperform the Smith and McGowan
method. Lloyd (2012) did note that the modelled
relationship might incorporate some genuine bio-
logical signal as well as sampling signal. It is also
possible that the polynomial relationships are a
result of the varying signals of provinciality and dis-
tribution in each time bin; in other words they rep-
resent a genuine biological signal. Therefore,
correcting for a polynomial relationship is removing
an aspect of the true signal, leading to a worse per-
formance. This may explain the improved perfor-
mance of the Lloyd method relative to the Smith
and McGowan method at lower sampling levels;
when sampling is very poor one is less likely to find
multiple specimens of the same species from multi-
7
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ple regions (although it should be noted that both
show reduced rho values at low sampling levels).
Supporting this inference is the fact that, as the
rate of dispersal relative to the rate of local extinc-
tion increases (that is, the faunas become more
homogenous), the gap in performance between the
Smith and McGowan method and the Lloyd
method increases (Figure 4).

The second issue to consider is the choice of
proxy. At almost all sampling levels and using both
the Smith and McGowan and Lloyd methods, the
simulated formations are found to be a better proxy
than the simulated localities (Figure 3). The only
sampling regime where localities were found to
perform better as a proxy than formations is when
locality sampling was forced to be the dominant
influence on sampling (PFORM and PTAPH were
set to 0.9, and PLOC was set considerably lower;
Figure 5.1). Even under these conditions, it was

only at low sampling levels that localities were
found to outperform formations as a proxy. 

One must be careful about interpreting this
result; this cannot be taken as a simple endorse-
ment of formations as a proxy over localities. This
simulation, while including considerably more
parameters than previous examinations of sam-
pling correction methods, can obviously not recre-
ate perfectly the vagaries of human sampling, or
the inconsistencies surrounding the human defini-
tions of “formations”, “basins” and “members”. For-
mation counts have been criticised as being
extremely arbitrarily defined, with formations vary-
ing by up to eight orders of magnitude in volume
(Peters, 2006; Peters and Heim, 2010; Benton et
al., 2011; Dunhill, 2012). Crampton et al. (2003)
demonstrated that the number of formations poorly
represents sedimentary outcrop area. In fact, rock
outcrop area measured from geological maps only

FIGURE 3. The performance of different implementations of the residual diversity estimate (RDE) under different
sampling regimes. (3.1) Mean Spearman’s rho values of four implementations of the RDE using Formations as a
proxy, with values of PFORM, PLOC and PTAPH variable but equal. (3.2) Mean Spearman’s rho values of four imple-
mentations of the RDE using Localities as a proxy. (3.3) Mean Spearman’s rho values of four implementations of the
RDE, all using the Smith and McGowan method. (3.4) Mean Spearman’s rho values of the taxic and phylogenetic
diversity estimate compared to those of the optimum implementation of the RDE. The dashed red line indicates the
critical value at p=0.05. Abbreviations as in Table 1.
8
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approaches the area of rock that is exposed and
available for study under certain conditions e.g.,
low soil coverage (Dunhill, 2012). Benton et al.
(2013) provided a detailed comparison of a variety
of proxies for the quality of the rock record, includ-
ing formation counts from various sources, rock
outcrop area and counts of rock units from the
Macrostrat database, where units representing hia-
tus bound sedimentary rock packages (Peters and
Heim, 2010). These different proxies, supposedly
assessing similar biases, showed great variation in
the strength of their correlation to each other and to
tetrapod diversity.

Nevertheless, the fact that the simulated for-
mations consistently outperform simulated locali-
ties when used to calculate the residual diversity
estimate may still be an important result when con-
sidering proxy choice. The key issue is that the
“formations” are the broader proxy, representing
entire areas of simulated space with distinct fau-
nas. While the simulation allows movement of spe-
cies between these areas, range size is limited by
the potential for local extinction, which occurs with
an equal probability to dispersal in the simulations
shown in Figure 3. Thus, simulated species tend to
have restricted ranges, a result which mirrors the
real world (Preston, 1962; Raup, 1972). Therefore,
when an entire formation is removed in the simula-
tion, or not sampled in the real world, one is poten-
tially removing an entire set of species endemic to
that region. On the other hand, if a locality within a
formation is not sampled, this does not preclude
the possibility of sampling the endemic species;
there is still potential at other localities. It is inter-

esting to note that, when the rate of dispersal is
increased relative to the rate of local extinction, the
gap between the performance of formations and
localities as a proxy decreases, albeit only slightly
(Figure 4). Dunhill et al. (2014) have already
argued that formations are less redundant with the
true diversity than the localities and collections.
While one must remember the simulated nature of
the results here, both the simulation and consider-
ation of real data would imply the need to consider
sampling proxies which cover broader areas rather
than single quarries or localities. This does not,

FIGURE 4. The performance of different implementa-
tions of the residual diversity estimate examining faunas
with varying degrees of homogeneity. PFORM, PLOC
and PTAPH are set at 0.25. The rate of dispersal is
increased relative to the rate of local extinction to
increase the homogeneity of the faunas. The dashed
red line indicates the critical value at p=0.05. Abbrevia-
tions as in Table 1.

FIGURE 5. The performance of different implementa-
tions of the residual diversity estimate when a specific
bias is forced to be the dominant influence. (5.1) Mean
Spearman’s rho values of four implementations of the
RDE using the Smith and McGowan method. PFORM
and PTAPH are set at 0.9 to minimise their influence,
PLOC is variable. PMIST set at 0.1. (5.2) Mean Spear-
man’s rho values of four implementations of the RDE
using the Smith and McGowan method. LOC and
PTAPH are set at 0.9 to minimise their influence,
PFORM is variable. PMIST set at 0.1. The dashed red
line indicates the critical value at p=0.05. Abbreviations
as in Table 1.
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however, mitigate the concerns surrounding the
arbitrary nature of formation definitions.

The final consistent pattern discussed here is
the breadth of the sampling proxy. As discussed
above, a number of workers have attempted to cor-
rect for the issue of redundancy by using broader
sampling proxies e.g., using dinosaur-bearing col-
lections as a proxy when calculating a residual
diversity estimate of Mesozoic birds (Brocklehurst
et al., 2012). The idea behind such a method is
that, if one only includes formations or localities in
which fossils of the clade of interest have been
found, one is not representing the full extent of the
sampling that has been undertaken. Many areas
will have been examined that have produced no
fossils of the clade in question, but still represent
sampling effort. Broadening sampling proxies to
areas that have produced fossils of a broader
clade, one containing the clade of interest, allows
the inclusion of formations which both have pre-
served and also have the potential to preserve fos-
sils of the chosen clade, a more accurate
representation of sampling.

The use of such broader proxies is supported
here. Under all sampling regimes, both the Lloyd
and Smith and McGowan methods and using
either formations or localities as a proxy, a better
correlation with the true diversity is obtained when
the sampling proxy includes all localities/forma-
tions which were not subjected to random deletion
(Figure 3), whether or not a simulated fossil was
“found” in it. The difference is substantial; in fact,
including only those formations/localities which
have produced fossils consistently gives a lower
mean score than the taxic diversity estimate, indi-
cating that using the more restricted sampling
proxy produces a residual diversity estimate further
from the true diversity than an uncorrected diver-
sity curve. It appears that merely counting the num-
ber of formations and localities which preserve
fossils of your clade of interest is not only a poor
representation of sampling, but it is producing
highly spurious results which are a worse repre-
sentation of history than the raw data.

Comparing the Residual Diversity Estimate to 
Other Methods

The results described above provide informa-
tion on how one might best implement the residual
diversity estimate. Under the majority of sampling
regimes, the highest mean Spearman’s rho of the
eight residual diversity implementations was found
when formations were used as a sampling proxy,
when the Smith and McGowan method was used,

and when all formations not subjected to random
removal were incorporated rather than just those
containing a fossil. But how does this implementa-
tion of the residual diversity estimate compare to
other diversity estimates?

This optimum implementation of the residual
diversity estimate consistently outperforms the raw,
taxic diversity estimate (Figure 3), although the
correlation of both with the true diversity estimate
decreases as the sampling probabilities decrease,
and the decrease occurs at a similar rate. This
method is indeed an appropriate method to correct
for sampling and can provide a better representa-
tion of the true history of a clade than the raw data.
It should be noted that the performance of the taxic
diversity estimate does not lag far behind this opti-
mum implementation of the residual diversity esti-
mate and outperforms many of the other possible
implementations (Figure 3).

The phylogenetic diversity estimate, however,
consistently outperforms both of the other methods
(Figure 3.4). Under most sampling regimes, the
phylogenetic diversity estimate shows a better cor-
relation with the true data than either the residual
or the taxic diversity estimate. This is despite the
fact that the phylogeny used in its estimation is not
the true representation of the relationships;
instead, ancestors are found to be the sister to or in
a polytomy with their descendants, as would occur
in phylogenetic analyses using current methods
(Bapst, 2013). Even when formations are forced to
be the dominant influence on sampling (PLOC and
PTAPH are set to 0.9, while PFORM is set consid-
erably lower), the residual diversity estimate using
formations does not correlate better with the true
data than the phylogenetic diversity estimate (Fig-
ure 5.2). Moreover, although the correlation of the
phylogenetic diversity estimate with the true data
does decrease with worse sampling, the rate of
decrease is less than that of the taxic or residual
diversity estimates. It appears the phylogenetic
diversity estimate is more robust to poor sampling
than either of these alternative methods.

 Additionally, the phylogenetic diversity esti-
mate appears to be remarkably resistant to errors
in the phylogeny (Figure 6). Although its correlation
with the true data did decrease as more errors
were incorporated, the decrease is not at all sub-
stantial. Even with the error rate rising to 50%, the
phylogenetic diversity estimate still showed a bet-
ter correlation with the true data than either the
taxic or residual diversity estimate.

While this simulation does appear to be
clearly endorsing the phylogenetic diversity esti-
10
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mate over the residual diversity estimate, there are
other issues which need to be acknowledged.
Although the phylogenetic diversity estimate does
correlate better with the true diversity estimate and,
therefore, provides a better representation overall,
there are issues with the phylogenetic diversity
estimate which cannot be detected with a simple
correlation test. First it has been shown that the
phylogenetic diversity estimate is more heavily
influenced than other estimates by the Signor
Lipps effect, where rapid extinction events appear
gradual due to the last fossil occurrence of species
not representing the true last occurrence (Lane et
al., 2005). The correction for sampling biases is
one-directional; ghost lineages are inferred to
extend the ranges of taxa back in time, but one
cannot extend the last appearance of a fossil
towards the present using such a method. There-
fore, phylogenetic diversity estimates are biased
towards higher diversity earlier in time, and the
Signor Lipps effect will be exaggerated (Lane et al.,
2005; see also Figure 7). Moreover, the Spear-
man’s rank correlation test, based on the rank
orders of the values, does not allow one to test
whether the magnitude of the diversity changes are
reflected accurately. Lane et al. (2005) suggested
that the phylogenetic diversity estimate overesti-
mated the magnitude of changes in diversity due to
the fact that the relationships of ancestors cannot
be fully resolved with their descendants using cur-
rent phylogenetic methods. Therefore, if both an

ancestor and a descendant are sampled, the
ancestor will be found to be the sister to its descen-
dant and an incorrect ghost lineage will be inferred,
raising the phylogenetic diversity estimate. In sev-
eral simulations, the phylogenetic diversity esti-
mate was found to be higher than the true diversity
in some time bins, even after a sampling filter was
applied (Figure 7).

The residual diversity estimate may also be
afflicted by problems not identified by the Spear-
man’s Rank correlation coefficient, such as the
Lagerstätten effect. A formation with exceptional
preservation will not only raise the diversity esti-
mate of a particular time bin (Raup, 1972), but will
also violate the linear relationship between the
sampling proxy and inferred diversity; a single for-
mation will produce a lot more species than the
others. Thus, Largestätten raise both the taxic and
residual diversity estimates. This is observed in
Mesozoic birds; despite using the residual diversity
estimate to correct for sampling bias, Brocklehurst
et al. (2012) still observed peaks in diversity coin-
ciding with Jurassic and Cretaceous areas of
exceptional preservation.

In short, all diversity estimates have potential
pitfalls. Although the phylogenetic diversity esti-
mate performs best under simulation, there are
occasions where its performance is reduced, such
as during mass extinctions. The residual diversity
estimate does, in certain implementations, perform
better than the raw data, and so its use should not
be discouraged. Rather, when one is attempting to
infer palaeodiversity estimates, one should use
multiple methods and compare the results, as has
been suggested in recent studies (e.g., Brockle-
hurst et al., 2013; Fröbisch, 2013; Walther and
Fröbisch, 2013; Dunhill et al., 2014). Where dis-
agreement occurs, the strengths and weaknesses
of each method may be examined, allowing work-
ers to converge on a true evolutionary history.

Model Limitations and Potential for Further 
Analyses

This simulation obviously represents an
extreme simplification of the sampling biases
affecting the fossil record, and is, therefore, only an
approximation of the true processes underlying
these issues. A model can never fully realise the
complexity of the biases that palaeontologists have
inflicted on the fossil record. Nevertheless this
should not be taken to indicate that this study has
no bearing on the real world. Rather it should be
taken to represent the minimum set of conditions
under which a method should be able to perform. If

FIGURE 6. The performance of the phylogenetic diver-
sity estimate when errors are introduced to the phylog-
eny. Mean Spearman’s rho values of the PDE, TDE and
the best performing implementation of the RDE. PLOC,
PFORM and PTAPH set at 0.25. PMIST variable. The
dashed red line indicates the critical value at p=0.05.
Abbreviations as in Table 1.
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a method cannot perform under these conditions,
then it is unlikely to work well under the more com-
plicated conditions found in the real world. Further
simulations can provide more parameters to more
closely represent evolution and sampling heteroge-
neity.

The most obvious limitation is the random
nature of sampling. While this model represents
the most detailed attempt to simulate sampling,
sampling is still treated as a random process; each
formation and each locality has the same probabil-
ity of being sampled as all others in all time bins.
As such, sampling variation will be a random walk.
In the real world, sampling is strongly heteroge-
neous; certain countries, continents and formations
are sampled considerably more thoroughly than
others, either due to historical factors, ease of
access or interest of researchers (Benton et al.,
2011; Dunhill et al., 2013). It would be interesting to
observe the results when different areas are
assigned different sampling probabilities; it is pos-
sible that the Smith and McGowan method, which
assumes a linear relationship between sampling
and observed diversity, would perform less well
when sampling is heterogeneous. One could also
incorporate Largerstätten (areas of exceptional
preservation) as single formations where the
taphonomic filter is less severe. 

Of course this does not fully represent the
vagaries surrounding heterogeneity of worker
effort. One factor that is probably impossible to rep-
resent in a simulation is the definition of formations;
there are far too many complicating factors. For-
mation definitions may incorporate different sedi-
mentation environments and rates, global location,
age and the uncertainty that surrounds dating. As
has been discussed, they can be hugely arbitrary
and variable in their size, and it would be difficult to
model effectively all the factors used in their defini-
tion.

Finally, one must consider the parameters of
the birth-death-dispersal model. In this simulation
dispersal is entirely free; any taxon can disperse
from any region to any other. Since faunal provinci-
ality has been shown to be a potentially important
factor affecting the residual diversity estimate, a
more accurate representation of dispersal would
be of relevance to the performance of these meth-
ods.

No sampling model is a perfect representation
of the biases affecting the fossil record. Neverthe-
less such models are important in identifying the
limitations and assumptions of methods. This study
has identified a number of considerations that need

to be taken into account when performing analyses
of palaeodiversity and has potential to act as a
starting point for more detailed analyses.
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APPENDIX

Mean and standard deviations of the rho values of all 23 simulations (available online as a PDF -
palaeo-electronica.org/content/2015/1357-residual-diversity-simulation).
15


	A simulation-based examination of residual diversity estimates as a method of correcting for sampling bias
	Neil Brocklehurst
	INTRODUCTION
	MATERIALS AND METHODS
	The Taxic Diversity Estimate
	The Phylogenetic Diversity Estimate
	The Residual Diversity Estimate
	Parameter Variations

	RESULTS AND DISCUSSION
	Methods of Implementing the Residual Diversity Estimate
	Comparing the Residual Diversity Estimate to Other Methods
	Model Limitations and Potential for Further Analyses

	ACKNOWLEDGEMENTS
	REFERENCES



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


