
consistent with that observed28, and HadCM3, when it includes both anthropogenic and
natural forcings, simulates many features of observed twentieth-century temperature
change22, indicating some success in incorporating external forcings including those due
to solar changes and volcanic aerosol. Nevertheless, the current dependence on model-
based rather than observationally based estimates of natural variability needs to be tested
further against observational evidence. We do not include the effect of observational error
in our analysis. The effect of observational sampling error on detection and attribution
results has been shown to be small29, but we do not as yet have an estimate of the effects
of systematic instrumental errors, such as changes in measurement practices or
urbanization.
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Divergence times estimated from molecular data often consider-
ably predate the earliest known fossil representatives of the
groups studied. For the order Primates, molecular data calibrated
with various external fossil dates uniformly suggest a mid-
Cretaceous divergence from other placental mammals, some 90
million years (Myr) ago1–9, whereas the oldest known fossil
primates are from the basal Eocene epoch (54–55 Myr ago). The
common ancestor of primates should be earlier than the oldest
known fossils10,11, but adequate quantification is needed to
interpret possible discrepancies between molecular and palaeon-
tological estimates. Here we present a new statistical method,
based on an estimate of species preservation derived from a
model of the diversification pattern, that suggests a Cretaceous
last common ancestor of primates, approximately 81.5 Myr ago,
close to the initial divergence time inferred from molecular data.
It also suggests that no more than 7% of all primate species that
have ever existed are known from fossils. The approach unites all
the available palaeontological methods of timing evolutionary
events: the fossil record, extant species and clade diversification
models.

Although several molecular studies indicate that the lineage
leading to primates diverged from other eutherian mammals
about 90 Myr ago, diagnostic morphological features of primates
possibly emerged later, potentially explaining why recognizable

Table 1 Relative sampling intensities for the primate fossil record

Epoch k Tk Observed number
of species, Dk

Relative sampling
intensity, pk

Scheme 1 Scheme 2
.............................................................................................................................................................................

Late Pleistocene 1 0.15 19 1.0 1.0
Middle Pleistocene 2 0.9 28 1.0 1.0
Early Pleistocene 3 1.8 22 1.0 1.0
Late Pliocene 4 3.6 47 1.0 1.0
Early Pliocene 5 5.3 11 1.0 0.5
Late Miocene 6 11.2 38 1.0 0.5
Middle Miocene 7 16.4 46 1.0 1.0
Early Miocene 8 23.8 36 1.0 0.5
Late Oligocene 9 28.5 4 1.0 0.1
Early Oligocene 10 33.7 20 1.0 0.5
Late Eocene 11 37.0 32 1.0 1.0
Middle Eocene 12 49.0 103 1.0 1.0
Early Eocene 13 54.8 68 1.0 1.0
Pre-Eocene 14 0 0.1 0.1
.............................................................................................................................................................................

Data are shown for a total of 235 modern species. References for the data can be found in the
Supplementary Information.
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primates appear late in the known fossil record. However, diver-
gence between strepsirrhines (lemurs and lorises) and haplorhines
(tarsiers and anthropoids), postdating development of defining
morphological features of primates, probably occurred soon after
primates diverged from other mammals5,10. We estimate the diver-
gence time of strepsirrhines and haplorhines—that is, the time of the
last common ancestor (LCA) of living primates—using data from
the fossil record.

Existing statistical methods designed to account for incomplete-
ness of the fossil record typically use the size and distribution of gaps
within observed stratigraphic ranges of lineages to estimate the size
of the temporal gap between the oldest fossil and the LCA of the
lineages12. Although these methods are useful for species already
known from the fossil record, they are inappropriate for estimating
the time of the LCA of higher taxonomic groups because they
cannot account for species not preserved at all10,12. Our method for
estimating the temporal gap uses an estimate of the proportion of
species from the group actually preserved in the fossil record and the
shape of its diversification curve. The speciation model we use is the
non-homogeneous Markov branching process13,14 (Fig. 1).

We have developed a computational approach for estimating the
length of the temporal gap between the oldest known fossils and the
LCA of a taxonomic group, as well as an estimated confidence
interval (see Methods). We use as input the number of extant
species, the mean species lifetime, the ages of the bases of the
relevant stratigraphic intervals, the numbers of fossil species found
in those intervals and the relative sizes of the sampling intensities in
each interval. Estimates of the absolute values of the sampling
intensities may also be found (see Methods, equation (6)). This
gives an estimate of the proportion of species that existed in an
interval that were found as fossils.

Different diversification models can be explored with our
approach, but we present only results for a logistic diversification
model. Logistic growth is the most biologically realistic model15,
matching the general expectation of an equilibrium diversity level.
In our case, equilibrium diversity is achieved not through an
increase in per-species extinction rate coupled with a decrease in
per-species origination rate16,17, but solely through a decrease in
origination rate; our extinction rate is independent of standing
diversity18,19. We parametrize logistic growth by the time at which
diversity reached 90% of its present-day value. In the absence of any
simple means of assessing relative sizes of sampling intensities for
the stratigraphic intervals (although see refs 20 and 21), we fitted
our model to two schemes (see Table 1 for details). In both schemes,
the sampling intensity in the interval preceding the first to yield
fossil primates was one-tenth of that in the first such interval. This
option reflects the possibility that the first members of the clade

were unusually small22, perhaps had very low population sizes and/
or had a limited geographical distribution and may thus be harder
to find in the fossil record. It has been demonstrated that preser-
vation rates for mammals were lower in the Cretaceous period than
during the Cenozoic era20.

Various parametrizations of the logistic diversification model
were investigated, but the great diversity of holarctic primates
during the Eocene suggests that 90% of modern diversity had
already been reached by the Middle Eocene, 49 Myr ago. All analyses
were run with the mean species duration set to 2.5 Myr (ref. 23), but
the results change by only 1% if mean longevity is increased to 3 Myr
or decreased to 2 Myr, so the method appears to be relatively
insensitive to assigned species longevity.

To address how well our model describes the data, we used the
fitted values of the X 2 statistic defined in equation (5) (see
Methods). Scheme 1 gave a value of X2¼ 116.8, considerably larger
than expected. Because of this lack of fit, this scheme is not discussed
further. Scheme 2 gave a value of X 2¼ 28.5, consistent with
expectations; this scheme provides an adequate fit to the data.
The estimated time of the LCA for Scheme 2 is 81.5 Myr ago with a
95% confidence interval of (72.0, 89.6) Myr ago. Estimates of the
time of the LCA of primates based on 90% of modern diversity
being reached by the base of the Miocene epoch are also consider-
ably older than the oldest known fossil, lying even further in the
past. The sampling probabilities up to the base of the Eocene have
an average value of 0.057, with an upper 95% confidence limit of
0.074.

While our results agree broadly with a molecular estimate of the
time of the strepsirrhine and haplorhine divergence5, they contra-
dict widely accepted palaeontological estimates. Gingerich and
Uhen24 argued that, at a 95% confidence level, primates originated
55–63 Myr ago. However, their model gives the same results
regardless of the number of modern primate species and regardless
of species preservation rate. In fact, application of that model to a
6 Myr gap in the primate fossil record between the Early and the
Late Oligocene epoch yields an extremely low probability for the
existence of primates during that gap. Foote et al. 20 argue that,
if molecular clock estimates of Cretaceous origins of living mam-
malian orders are correct, the preservation potential per lineage per
million years (r) must be at least an order of magnitude smaller than
they had estimated: between 0.25 and 0.37 (refs 20 and 25) for
Cenozoic mammals and 0.03 for Cretaceous mammals. Our
sampling intensities (a j) divided by average species longevity are
equivalent to r of ref. 20 and may be estimated from equation (6)
(see Methods). The average values for preservation potential
obtained using our approach—0.023 per lineage per Myr, and
0.003 per lineage per Myr for the last interval—are, indeed, an

Figure 1 An illustration of the stochastic model of fossil finds. Bases of five stratigraphic

intervals at T 1, . . ., T 5Myr ago are shown along the x axis. The temporal gap between the

base of the final interval and the point at which the two founding species originate is

denoted by t. Thick lines indicate species found in the fossil record. Time 0 is the present

day.
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order of magnitude smaller. Preservation rates proposed20 for
modern eutherian mammals are based either entirely (Cenozoic)
or predominantly (Cretaceous) on North American faunas. North
America is the best-sampled region in the world, and estimates
based on that region will necessarily overestimate preservation rates
of groups with a wider distribution.

The preservation rates of ref. 20 are likely to be overestimates for
several reasons. Methods for assessing completeness based exclu-
sively on the fossil record can only account for gaps within known
lineages. Foote25 demonstrated that the method used in ref. 20 will
overestimate preservation potential where chronological gaps
occur. The primate fossil record as a whole has several large gaps,
most notably a general absence of fossils between the Early and Late
Oligocene (at least 6 Myr) and the absence of a fossil record for the
Malagasy lemurs, a diverse group with at least 46 living and subfossil
species. Geographical gaps are equally substantial. Living primates
are essentially confined to tropical and subtropical habitats26.
Primates populated substantial parts of the northern continents
only when these areas supported subtropical habitats, during the
Eocene and the Miocene. Yet 47% of known fossil primate species
come from North America and Europe and, for the first half of
palaeontologically documented primate evolution, sites yielding
fossil primates are largely restricted to these two regions (Fig. 2).

Direct reading of the known fossil record suggests that primates
originated during the Palaeocene in the northern continents and
subsequently migrated southwards. An alternative interpretation is
that primates originated earlier in the poorly documented southern
continents and expanded northwards when climatic conditions
permitted. A

Methods
A model for speciation
The speciation model we use is the non-homogeneous Markov branching process13,14.
To model evolution after the LCA, we start with two species at time 0. Species have
exponential lifetimes with mean 1/l, time being measured in millions of years. A species
that goes extinct at time u is replaced by an average of m(u) new species. Write Zt for
the number of species alive at time t, and define B[s,t) to be the number of species that
are born in the time interval [s,t). The expected number of species extant at time t is
given13 by

EZt ¼ 2 exp l

ðt

0

ðmðuÞ ÿ 1Þdu

� ��
ð1Þ

and

EB½s; tÞ ¼ l

ðt

s

mðuÞEZudu; s , t ð2Þ

To model the mean diversification, we use the logistic function for which EZt ¼]2/{gþ
(1 - g)e -rt}:

A model for fossil finds
We divide time into k stratigraphic intervals, beginning from the present and proceeding
into the past (see Table 1 and Fig. 1). The base of the first (youngest) stratigraphic interval
is at T 1 Myr ago and the base of the kth is at T k Myr ago. The earliest fossil is found in this
interval. The founding species originate at time T ¼ T1 þ t Myr ago, and we define a
(kþ 1)th stratigraphic interval that has its based at Tkþ1 :¼ T Myr ago and ends Tk Myr
ago. No fossils have been found in this interval. We estimate the parameter t, the temporal
gap, using as data the number of different species found in the fossil record in the first,
second, . . ., kth intervals.

To do this, we model the number of species alive u Myr ago by the value Z T-u of the
Markov branching process. The number N jof distinct species living in the jth stratigraphic
interval having base T jMyr ago is the sum of those that were extant at the beginning of the
interval, Z T-T j

, plus those that originated in the interval B[T 2 T j , T 2 T j21). It follows
from equations (1) and (2) that the expected number of distinct species that can be
sampled in the jth stratigraphic interval is

ENj ¼ EZT2Tj21
þ l

ðT2Tj21

T2Tj

EZudu; j ¼ 1; . . .; kþ 1 ð3Þ

We assume that, conditional on the number of distinct species N j in the jth
stratigraphic interval (j ¼ 1; 2; . . .; kþ 1), the number of species Dj actually found in
the fossil record in this interval is a binomial random variable with parameters Nj and a j,
j ¼ 1; 2; . . .; k. Furthermore, the D jare assumed to be conditionally independent given the
N j. The parameter a j gives the probability of sampling a species in the jth stratigraphic
interval. Under this sampling model, the expected number of species found in the jth
interval is

EDj ¼ ajENj; j ¼ 1; . . .; kþ 1 ð4Þ

Statistical approach
Our method estimates t by minimizing a weighted sum of squares of differences between
the observed numbers of species found in the jth stratigraphic interval and the expected
numbers given by equation (4). We assume that the number of species N 0 alive now is
equal to the expected number under the diversification model; thus N0 ¼ EZT , which
serves to determine one parameter of the diversification model.

Assuming that a j is small, it can be shown that the variance of Dj is approximately
a jEN j. Our statistic therefore takes the form

X2 ¼
Xkþ1

j¼1

ðDj 2 ajENjÞ
2=ajENj ð5Þ

where Dkþ1 ¼ 0 because no species are found from the earliest stratigraphic interval.
We also model the form of the sampling probabilities, a j. One parsimonious choice is

to set

aj ¼ apj; j ¼ 1; 2; . . .; kþ 1 ð6Þ

where the p j are known relative sampling intensities and the scale parameter a is to be
estimated. Our estimates of t and a are given by the values that minimize the quantity X2

defined in equation (5). Estimates of the absolute sampling fractions can be obtained from
equation (6) using the estimate of a. We can also estimate the average species longevity,
but for simplicity we assume it is known here.

Bias and approximate confidence intervals
We can obtain approximate confidence intervals for t and a using a parametric bootstrap
approach; compare with Ch. 5 of ref. 27. We simulate b realizations of a birth–death

Figure 2 Mid-range of geographical distribution for individual modern and fossil primate

species. a, Modern and sub-fossil primates (170 species obtained from Wolfheim’s

review of the distribution of modern primates28). b, Fossil species for the Late Pleistocene

to the Late Oligocene (167 species). c, Fossil species from the Early Oligocene to the Early

Eocene (196 species). (The database of fossil primates was compiled from a large number

of published sources. A full list of references can be found at http://www.unizh.ch/anthro/

Main/Who/Soligo/supinfo2.html).
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process Zt starting from Z0 ¼ 2, using the values t0 and a0 of t and a estimated from
the data as the parameters in each run. Paths in which either branch dies out before
time T are excluded from the analysis. For each accepted run, i, we re-estimate t and a,
getting values ti;ai; i ¼ 1; . . .; b. Run i also produces a value X 2

i of the statistic in
equation (5). Assuming27 that the values of t i 2 t0 mimic the distribution of t0 2 t, we
obtain a bias-corrected estimate of t of 2t0 2 t̄, where t̄ is the sample average of the
replicates t1,. . .,t b. An approximate 100(1 2 2u)% equal-tailed confidence interval for t

is then given by (2t0 2 t (b(12u)), 2t0 2 t (bu)), where t (j) is the jth largest of t1,. . .,t b. We
used b ¼ 2; 500. A similar method is used to find an upper 95% confidence interval for
a and the a j. The empirical distribution of X2 can be found from the values of X2

1, . . .,
X 2

b.
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Historical catch records suggest that climatic variability has had
basin-wide effects on the northern Pacific and its fish popu-
lations, such as salmon, sardines and anchovies1–7. However,
these records are too short to define the nature and frequency
of patterns. We reconstructed ,2,200-year records of sockeye
salmon abundance from sediment cores obtained from salmon
nursery lakes on Kodiak island, Alaska. Large shifts in abun-
dance, which far exceed the decadal-scale variability recorded
during the past 300 years1–8, occurred over the past two millen-
nia. A marked, multi-centennial decline in Alaskan sockeye
salmon was apparent from ,100 BC to AD 800, but salmon were
consistently more abundant from AD 1200 to 1900. Over the past
two millennia, the abundances of Pacific sardine and Northern
anchovy off the California coast, and of Alaskan salmon, show
several synchronous patterns of variability. But sardines and
anchovies vary out of phase with Alaskan salmon over low
frequency, which differs from the pattern detected in historical
records5,6. The coherent patterns observed across large regions
demonstrate the strong role of climatic forcing in regulating
northeastern Pacific fish stocks.

Salmon are important ecological, economical and cultural
resources in the northern Pacific region, and their response to
future climatic change is very uncertain9. Long-term relationships
between sockeye salmon populations and climatic change can be
evaluated by analysing sediment cores from their nursery lakes8.
After one to four years of feeding in the northern Pacific, sockeye
salmon (Oncorhyncus nerka) return to their natal lake/stream
system to spawn and die10. The nutrients derived from spawned
carcasses can be significant relative to other sources, and may be
reconstructed from palaeolimnological records of d15N and algal
bioindicators, such as diatoms8. Periods of greater input of salmon-
derived nutrients (SDN), and hence greater sockeye salmon abun-
dance, corresponded to higher sedimentary d15N and more
eutrophic diatom taxa. Here we show reconstructions of salmon
abundance over the past two millennia from lakes on Kodiak island,
Alaska (Fig. 1), where our proxies have been successfully calibrated
with monitoring data8. This region is one of the most important
salmon-producing areas of the northern Pacific, and historical
records suggest that its salmon abundances are representative of
population trends in Alaska4.

In Karluk lake (578 25 0 N, 1548 05 0 W), our sedimentary indi-
cators of SDN—d15N and diatoms—show striking changes and a
strong degree of coherence (r2 ¼ 0:79, n ¼ 100, P , 0:001) over
the past ,2,200 years (Fig. 2). In the oldest sediments, around
200 BC, we infer from the high d15N values and the strong presence of
mesotrophic to eutrophic diatom taxa (for example, Stephanodiscus
minutulus/parvus) that the return of sockeye salmon to Karluk lake
was high, and similar to levels (,3 million yr21) present when
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