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ABSTRACT Pleistocene glaciations have been suggested
as major events influencing speciation rates in vertebrates.
Avian paleontological studies suggest that most extant species
evolved in the Pleistocene Epoch and that species’ durations
decreased through the Pleistocene because of heightened
speciation rates. Molecular systematic studies provide an-
other data base for testing these predictions. In particular,
rates of diversification can be determined from molecular
phylogenetic trees. For example, an increasing rate of specia-
tion (but constant extinction) requires shorter intervals be-
tween successive speciation events on a phylogenetic tree.
Examination of the cumulative distribution of reconstructed
speciation events in mtDNA phylogenies of 11 avian genera,
however, reveals longer intervals between successive specia-
tion events as the present time is approached, suggesting a
decrease in net diversification rate through the Pleistocene
Epoch. Thus, molecular systematic studies do not indicate a
pulse of Pleistocene diversification in passerine birds but
suggest, instead, that diversification rates were lower in the
Pleistocene than for the preceding period. Documented hab-
itat shifts likely led to the decreased rate of diversification,
although from molecular evidence we cannot discern whether
speciation rates decreased or extinction rates increased.

Temporal changes in rates of speciation and extinction result
in variation in the net rate of organismal diversification
through time (1). Documenting and explaining these rate
changes represent major challenges in evolutionary biology.
The Pleistocene Epoch presents such a challenge because of its
marked environmental fluctuations and its recency, which
permit detailed study of factors that influenced changes in
species diversity. Many evolutionary biologists hypothesize
accelerated vertebrate speciation in North America during the
Pleistocene Epoch (2-5), owing to glacial advances and re-
treats that provided geographic barriers necessary for specia-
tion (2, 3). Mayr (6) remarked, “Evolutionists agree on the
overwhelming importance of Pleistocene barriers in the spe-
ciation of temperate zone animals.” However, major Pleisto-
cene extinctions are also known for some groups, including
plants (7-9). The marked environmental effects of the Pleis-
tocene Epoch clearly influenced rates of diversification, al-
though the relative roles of speciation and extinction are
unclear.

The relatively high passerine bird diversity in modern fauna
is often attributed to a burst of Pleistocene speciation (2, 3).
Selander (2) also predicted that most extant bird species
originated in the Pleistocene Epoch. A correlate of accelerated
Pleistocene speciation concerns the average duration of bird
species in the fossil record. Brodkorb (10) proposed that
passerine bird species persisted for an average of three million
yr in the Pliocene Epoch but only 500,000-1,000,000 yr in the
Pleistocene Epoch. Thus, he predicted that species’ durations
decreased as the present time was approached. Although these
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predictions were historically difficult to test because of an
incomplete fossil record for birds (D. Steadman, personal
communication), tests are now possible based on evolutionary
trees derived from molecular systematics (11-15).

Environmental variability clearly increased during the last 1
million yr (Fig. 14), although previous models (3) were overly
simplistic in envisioning only four discrete Pleistocene glacial
cycles (4, 16). If this increased variability influenced speciation
and extinction rates, specific predictions emerge concerning
the net rate of diversification (Fig. 1B), which can be examined
in a phylogenetic context (Fig. 1C; refs. 11-15). Evolutionary
trees of different lineages based on the same molecule, such as
mtDNA, can reveal the relative (and perhaps absolute) timings
of speciation events (17) if all or most extant species in a
lineage are sampled. Use of the same molecular region for all
species mitigates the effects of rate differences among genes.
To illustrate the approach, consider an evolutionary tree (Fig.
2) of extant species. At any time between its origin and the
present, one could imagine a line drawn through the phylog-
eny, which gives an estimate of the number of species extant at
that time. This estimate is termed the “reconstructed number”
(RN; ref. 15), which will often be an underestimate of the
actual number of species (AN) extant at that moment because
extinct lineages will be “invisible.” Nonetheless, the dynamics
of the RN of species from phylogenies of extant taxa provide
an estimate of combined speciation and extinction rates (i.e.,
diversification rate) over time (11-15), especially when
summed over independent lineages that are each examined on
the same molecular genetic scale.

To test predictions concerning Pleistocene diversification
rates, we analyzed 11 passerine bird lineages in which evolu-
tionary trees among extant species were inferred from mtDNA
restriction site surveys (Table 1). These trees were selected
because they are the most taxonomically complete surveys that
use a common molecular technique, permitting comparison of
relative rates of diversification across lineages. These lineages
represent a diversity of avian passerine groups with varied
habitat affiliations. We superimposed the 11 trees on a com-
mon mtDNA genetic distance scale and tabulated the distri-
bution of the RNs of speciation events, which allowed a general
test of the tempo of diversification and Selander’s suggestion
that most extant species originated in the Pleistocene Epoch.

The predicted increased speciation rates and shorter species’
durations (2, 10) can be different aspects of the same phe-
nomenon (Fig. 1C). If speciation rates were elevated in the
Pleistocene Epoch, phylogenetic trees should reveal that Pleis-
tocene species persisted for shorter intervals before subse-
quent speciation events than older species (assuming that each
phylogenetic branch point results in one extinction and the
origin of two new species). Alternatively, if extinction rates
decrease toward the present time, with speciation rate remain-
ing constant, a similar pattern can result (Fig. 2). Although in
evolutionary trees of extant species one cannot distinguish
increased speciation or decreased extinction as causes of net
changes in diversification rate, the net rate for birds should

Abbreviation: RN, reconstructed number.
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Fic. 1. (A) Oxygen isotope curve for the last 3.5 million yr (16),
showing an increase in environmental variability as the present time
is approached. Note that there is not evidence of four discrete
glaciations. (B) Plot showing hypothetical changes in species diversity
over time. The linear curve (II) represents a doubling of species at each
time interval, with a constant probability of extinction. Most evolu-
tionary predictions including that tested here involve rate increases
that would result in an exponentially increasing curve (curve I) during
the Pleistocene Epoch. Curve III depicts a decrease in diversification
rate as the present time is approached. (C) Graphical depiction of
Brodkorb’s hypothesis that the duration of species (internodes be-
tween successive speciation events) decreased toward the present time.
Note that the decrease is concomitant with an increase in speciation
rate. We assume, as do systematists who deal with extant species, that
the ancestral species becomes extinct at, or shortly after, speciation.

peak or be steadily increasing in the Pleistocene Epoch if previous
evolutionary and paleontological predictions are correct.

We evaluated the data in two ways. (/) We examined the
behavior through time of the RN of species on each phylogeny.
Harvey et al (14) demonstrated that the expected RN of
species on phylogenies of contemporaneous species generated
by constant probabilities of speciation and extinction follows
an exponential increase. We logarithmically transformed the
number of reconstructed species present at intervals of 0.5%
sequence divergence (beginning at the origin of each lineage)
and plotted the transformed values against percentage of
sequence divergence. The null hypothesis—that the phylog-
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FiG.2. (Upper) Hypothetical evolutionary tree with increased rate
of speciation toward the present. (Lower) This tree exhibits a decreas-
ing extinction rate toward the present time. Dashed vertical lines drawn
through the tree are used to estimate the RN and actual number (AN)
of speciation events. Because extinctions are invisible on trees of extant
taxa, the two trees would have the same reconstructed number of
species, and both would indicate an increase in speciation toward the
present time.

enies could have been generated by the constant parameter
model—predicts that a plot of In(RN) at each time interval in
a phylogenetic tree will be linear (ref. 15; Fig. 1B, curve II).
The Brodkorb (10) hypothesis predicts that the plot of the
distribution of speciation events should be an increasing
exponential function as intervals between successive specia-
tion events become shorter (Fig. 1B, curve I).

(i) Our second analysis used a statistical analysis of trends
for testing whether a series of events, such as ordered specia-
tion events in a phylogeny, are randomly distributed through
time (27). This analysis is used because of uncertainty over the
calibration of mtDNA evolution (28), and it is designed to test
for departures from randomness in ordered series of events,
such as speciation events. For a phylogeny of n species with the
interior nodes (speciation events) ordered through time, we
denote the time of the kth speciation event as #;. The first
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Table 1. Lineages examined for diversification rates

Species
Lineage* Ref. no. n(P)
1 Sparrows (Zonotrichia) 18 6 0.22 (0.587)
2 Towhees (Pipilo) 19 4 —1.29 (0.099)
3 Thrashers
(Toxostoma) T 11 —2.41 (0.008)
4  Sparrows
(Ammodramus) 20 8 —0.73 (0.233)
5  Warblers (Dendroica) 4,21 10 —1.13 (0.136)
6  Sparrows (Melospiza) 21 3 —0.38 (0.352)
7  Grackles (Quiscalus) 22 4 —0.54 (0.295)
8  Sparrows (Spizella) 23 6 —1.71 (0.044)
9  Titmice (Parus) 24 4 —0.02 (0.492)
10  Chickadees (Parus) 25 7 —2.24 (0.013)
11 Sparrows (Passerella) 26 4 —1.73 (0.042)

A negative p value indicates a decrease in diversification as the
present time is approached. P, probability.
*Each lineage is hypothesized to be monophyletic, even though some
are parts of larger clades.
TR.M.Z., unpublished data.

speciation event (the root of the tree) is ¢; (which for conve-
nience was set to 0), the second is t5, . . . , and the lastis ¢, - 1;
the present is denoted ¢,. We used a stochastic birth process as
our null model, in which the mean duration between successive
speciation events when there are j lineages is 1/j A, where A,
the birth-rate parameter, is the mean number of speciation
events occurring in one unit of time along a single lineage.
Under this model, the statistic

1 "d 1
- _2k§2ktk ~ 3t

®= ( 1
"\ 12n - 24

follows a standard normal distribution. This statistic compares
the centroid of the observed # to the midpoint of the duration
of the phylogeny. Under the Brodkorb hypothesis and, we
argue, the collective judgment of evolutionary biologists, the
times between successive speciation events in phylogenetic
trees should become progressively shorter through the Pleis-
tocene Epoch as the birth (speciation) parameter increases
[Fig. 1 C, and B (curve I)]. In this case, p will be positive as the
centroid will be smaller than the midpoint. This is a conser-
vative test because, under the model (14), the times between
successive speciation events near the root will be longer than
the times between more recent speciation events because of
extinction effects. This hypothesis shifts the expected value of
the test statistic u into the positive range, favoring the Brod-
korb hypothesis. Lastly, we emphasize that this prediction is
independent of any external calibration of evolutionary rate in
mtDNA evolution.

To test the null hypothesis that the birth parameter has
remained constant, we calculated w for each of the 11 bird
phylogenies and then found the area under the standard
normal curve to the left of each value. The area is the
probability of observing a value u or less. These 11 indepen-
dent probabilities were then tested collectively using the
statistic —2 =7_; In(p;), where p; is the ith probability and m
is the number of independent probabilities. This statistic is
distributed as a x*> with 2m degrees of freedom (29).

If mtDNA evolves at a rate of 2% sequence divergence per
million yr (30), any interior nodes of 4% or less [p (31)] are
considered Pleistocene in origin, assuming 2 million yr for the
Pleistocene Epoch. A histogram (Fig. 3) of the distribution of
reconstructed speciation events for extant species confirms
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Fic. 3. Distribution of occurrence of speciation events for extant
bird species. Note that this plot does not include speciation events in
evolutionary trees that were followed by subsequent speciation events.
Duration of Pleistocene assumes a rate of sequence divergence of 2%
per million yr and a length of 2 million yr (some view the Pleistocene
Epoch as the last 1.6 million yr). Also, we assume that molecular
divergence is roughly constant through time and is independent of the
number of species present.

Selander’s (2) suggestion that extant species originated in the
Pleistocene Epoch (although perhaps not as recently as Se-
lander expected). However, this analysis excludes Pleistocene
speciation events that are not “terminal” and is, therefore, not
an adequate test of overall rates of diversification.

Extant species should have evolved relatively recently be-
cause the probability of extinction increases with time before
the present, the feature our next analyses take into account.
Considering all data, plots of the numbers of lineages against
time indicate a decrease in diversification rate in the Pleisto-
cene Epoch (Fig. 4). Only 10 evolutionary trees were examined
using curvilinear regression. In nine cases the quadratic coef-
ficient was negative (P < 0.02, two-tailed sign test), consistent
with a decrease in diversification rate toward the present time.
In the second analysis (Table 1), 10 of 11 phylogenies resulted
in negative p values (combined x? = 49.42, P < 0.001, df = 22),
strongly implying a reduction in the diversification rate. Thus,
the lengths of times between successive speciation events have
not been independent of geological time but, rather, have
increased through the Pleistocene Epoch, contrary to previous
predictions (2, 3, 10).

Our conclusions about the absolute timing of speciation
events (Fig. 3) depend on a constant rate of molecular evo-
lution among lineages and a particular calibration of mtDNA
diversification (30). If mtDNA evolves at a higher or lower
rate, which some have suggested (28, 32), the distribution of
speciation events would be shifted earlier or later. Several
studies have supported the 2% per million yr rate, in general
(33), and for birds, in particular (30, 34). Using this calibration,
Bermingham et al (4) also suggested pre-Pleistocene diversi-
fication for many other avian species. Our statistical analysis of
trends suggests a consistent decline in net diversification rate
as the present time is approached, irrespective of the rate
calibration. This decline was evident in multiple lineages of
birds, suggesting that the phenomenon is a general one. A
logical question is what caused the decline—reduced specia-
tion or heightened extinction?



Evolution: Zink and Slowinski

3
—{3— Toxostoma
—~A— Spizella
—O— Parus
s 27
c
7
Qo
o
a
7]
g
14
0 T M T v T T M T T
12 10 8 6 4 2 0

Sequence divergence, %

FiG. 4. Percentage sequence divergence in mtDNA versus the
natural logarithm of the RN of species for the three passerine bird
clades with the highest p values. Logarithm-linear plots of the RN of
species should be generally linear for clades that developed through
stochastic speciation and extinction. The clades graphed here show a
slowing of the diversification rate through the Pleistocene Epoch.
Duration of the Pleistocene is based on the assumption that mtDNA
sequence divergence occurs at 2% per million yr; thus any event <4%
sequence divergence is considered Pleistocene in origin.

Paleoecological reconstructions of Pleistocene habitats sug-
gest severe reductions in size and marked geographic displace-
ments of many widespread habitats, such as deciduous forest
(9, 35, 36). Such habitat alterations could have accelerated
extinction rate in the birds we studied, as it did for many large
mammals and birds (7, 8). Alternatively, reduced and displaced
habitats might have decreased speciation rates. Simulations
(M. Foote, personal communication) suggest that the pattern
we observed in the RN of species is most likely due to
decreased speciation rate rather than heightened extinction
rate. Furthermore, <10% of passerine bird species known
from the Pleistocene Epoch are extinct (D. Steadman, per-
sonal communication). Although it is premature to make
definitive conclusions about the mechanism(s) causing the
decline in net diversification, it seems possible that the habitat
alterations of the Pleistocene reduced rather than accelerated
speciation rates in passerine birds.

Although some avian species almost certainly evolved as a
result of Pleistocene glaciations (2, 3, 37), the pervasive notion
of increased avian speciation rates might have been based on
too few taxa [such as those taxa with current east-west
divisions (37)] or undue attention to extant species only (e.g.,
Fig. 3). Our results mirror those of Nee ef al (12), who studied
patterns of diversification represented in the relatively com-
prehensive, although controversial (38, 39), DNA-DNA hy-
bridization-based phylogeny of birds derived by Sibley and
Ahlquist (40). Nee et al (12) found that the phylogeny sup-
ported a continuous diminution in the rate of cladogenesis of
birds, although the effect seemed lacking for passerine birds.
However, they did not analyze species-level taxa (only higher-
level or more inclusive taxonomic groups), which in our
analysis show a decreasing pattern of diversification as the
present time is approached. Perhaps the rate of cladogenesis
is diversity-dependent, explaining the patterns found both on
a recent time scale within avian genera (this paper) and
throughout much of avian diversification (12). Further molec-
ular studies will prove fruitful with birds because of the
diversity of lineages of different sizes (40).
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