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Mammals are among the fastest-radiating groups, being charac-
terized by a mean species lifespan of the order of 2.5 million years
(Myr)"2. The basis for this characteristic timescale of origination,
extinction and turnover is not well understood. Various studies
have invoked climate change to explain mammalian species
turnover>?, but other studies have either challenged or only
partly confirmed the climate—turnover hypothesis’’. Here we
use an exceptionally long (24.5-2.5 Myr ago), dense, and well-
dated terrestrial record of rodent lineages from central Spain,
and show the existence of turnover cycles with periods of
24-2.5 and 1.0Myr. We link these cycles to low-frequency
modulations of Milankovitch oscillations®, and show that
pulses of turnover occur at minima of the 2.37-Myr eccentricity
cycle and nodes of the 1.2-Myr obliquity cycle. Because obli-
quity nodes and eccentricity minima are associated with ice
sheet expansion and cooling and affect regional precipitation, we
infer that long-period astronomical climate forcing is a major
determinant of species turnover in small mammals and probably
other groups as well.

Changes in erganisms eccur en a variety of temperal scales. Feur
basic temperal scales (tiers) have been recegnized: the ecelegical
timescale; the Milankevitch timescale of precession (the webbling ef
the Earth’s axis, ~21 kyr periedicity), ebliquity (tilt ef the Earth’s
axis, 41 kyr periedicity) and eccentricity (the erbit areund the Sun,
~100 and ~400kyr periedicity); the millien-year timescale of
species extinctiens and eriginatiens; and the ultra-leng timescale
of mass extinctiens and majer taxenemic replacements’. Altheugh
the main precesses centrelling the first tier (climate change and
cempetitien), the secend tier (climate-ferced distributienal vari-
atien)>'® and the feurth tier (catastrephic perturbatiens ef the
Earth’s biesphere) are reasenably well defined, the mechanisms
underlying third-tier precesses are net well understeed. Mammals
have featured impertantly in discussiens en the precesses pertaining
te this tier””’. Because their mean species duratien is estimated at
2.3-2.6 Myr (refs 1, 2), primary (20—-400kyr) Milankevitch vari-
atiens cannet be held respensible fer mammal speciatien and
extinctien*>'°. It has been suggested that amplitude changes ef
climatic escillatiens ceuld have played a part in explaining turn-
ever”'?, but until new ne efferts have been made systematically te
cempare such amplitude variatiens with turnever in leng and well-
dated recerds.

We cempiled a data set of mere than 200 redent assemblages frem
Central Spain (see Supplementary Netes and Supplementary Table 1)
and analysed it in terms of turnever. The recerd is exceptienally leng

(22 Myr), largely centinueus, dense and well dated. We fecused en
redents, because screen sieving allews the cellection eflarge ameunts
of easily identifiable dental elements. The studied fessils eriginate
frem fluvie-lacustrine sectiens in the Madrid, Calatayud -Bareca and
Teruel basins, and ameunt te ever 80, 000 iselated melars, which were
identified at the species and lineage level (132 lineages, pseude-
extinctiens ignered). All studied lecalities are pesitiened in strati-
graphic sectiens, a large number of which have been tied te the
geemagnetic pelarity timescale by first-erder cerrelatiens. The
cemplete temperal sequence was calibrated te the new astrenemi-
cally tuned timescale for the Neegene'' (Supplementary Fig. 1). The
use of this new timescale is of crucial impertance because it allews a
direct cemparisen with time series of the Earth’s erbital parameters
eutlined abeve.

Randemizatien precedures were used te capture uncertainties in
the ages eflecalities (by the generation of a series of equally prebable
age medels) and ef first and last redent appearances, resulting in
1,000 equally prebable time series. Sample size effects en the presence
or absence ef redents were ebserved te be fairly small and were
further reduced by inferring lineage presence en a range-threugh
basis and by excluding the rarest eccurrences (see Metheds, Supple-
mentary Netes and Supplementary Figs 4 and 5). We chese 0.1 Myr as
eur basic time unit and calculated a mean time series of standing
diversity, and mean time series of tetal and per-taxen rates ef
eriginatien, extinctien and their aggregate (turnever; Figs 1 and
3b; Supplementary Figs 2 and 3). Re-entry by migratien was assumed
fer lineages with an estimated absence ef mere than 1.0 Myr,
resulting in 22 te 33 additienal lineage segments, depending en the
age medel (see Metheds and Supplementary Netes fer details en
age uncertainties and turnever calculatiens). It is net pessible te
make an accurate estimatien ef either the relative centributiens ef
migratien and speciatien te the eriginatien recerd er ef lecal and
true extinctien te the extinctien recerd, because ef preblems ef
peer dating and lew reselutien ef time-equivalent recerds eutside
the study area. Hewever, at the scale of Mammal Neegene (MN)
Eurepean zenes (mean duratien ef 1.3 Myr) we estimated that
~20% eof beth the entries and exits in the study regien represent
immigratien er lecal extinctien, respectively (excluding migratien
by re-entry). Almest 40% ef the lineages are endemic te Spain.
Their first- and last-eccurrence ages and these ef the remaining
40% can be censidered te lie relatively clese te the ages of speciation
and true extinctien.

The eriginatien, extinctien and turnever time series are charac-
terized by distinct peaks spaced by ~1-2Myr (Figs 1 and 3b;



Supplementary Figs 2 and 3). The reunded shape ef the Early
Miecene epech turnever maxima can be attributed te the relatively
large age uncertainties in this interval. Mestly, but net always,
eriginatien and extinctien peaks ceincide or have almest the same
age. Using a beetstrap appreach (see Metheds and Supplementary
Netes), we feund that 11 entry, exit er turnever peaks were significant
at the 99% level. At the 95%, 90% and 80% level, the tetal number of
such significant events was 21, 29 and 33, respectively (Supplementary
Table 2). We perfermed spectral analysis en the turnever rate series te
test for millien-year scale periedicities and feund significant frequen-
cies cerrespending te perieds ef2.4 er 2.5 Myr and 1.0 Myr (Fig. 2a, b).
The individual extinctien and eriginatien spectra shew a similar
distributien ef pewer (Supplementary Fig. 6). Mest tumever maxima
are asseciated with an increase in the prepertien ef shert-lived species
as indicated by the simultaneeus eccurrence of peaks in diversity and
treughs in mean lifespan per 0.1 Myr (Fig. 1). The everall mean
residence time is 2.0 Myr.

Frem astrenemical calculatiens it is knewn that the amplitudes of
the ~100 and 405kyr eccentricity cycles eccur superpesed en leng-
peried cycles with perieds ef2.37 and 0.97 Myr (ref. 8; Figs 2a and 3e).
In cembinatien, these lenger cycles preduce prelenged intervals of
lew eccentricity that are either ~2.0 er ~2.8 Myr apart (Fig. 3¢, blue
stripes). The almest identical perieds ebserved in the spectra ef
eccentricity and redent turnever (Fig. 2a), as well as the recent
decumentatien ef the expressien ef the 2.37-Myr eccentricity cycle in
centinental and marine lithelegical sequences, and marine micre-
fessil abundances'*™"4, suggests that leng-peried eccentricity medu-
latien had a significant influence en the redent recerd. This netien is
cenfirmed by cress-spectral analysis ef the eccentricity envelepe and
per-taxen turnever series, which preduces maximum and significant
ceherences at perieds f2.38 and 0.97 Myr, respectively (Fig. 2¢). The
phase spectrum, hewever, reveals that turnever is in anti-phase with
the 2.37-Myr eccentricity cycle (0.05 £ 0.12Myr, 20) and in phase
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Figure 1| Lineage turnover, diversity and mean lifespan per 0.1Myr. The
mean number of events and mean standing diversity are inferred from 1,000
equally probable series. The mean lifespan is based on an age model
resulting in an average number of re-entering lineages, and calculated as the
average lifespan of all lineages present. Origination ages before 24.4 Myr ago
are based on the Oligocene rodent record from Central Spain and extinction
ages after 2.5 Myrago are based on the Pliocene—Pleistocene record of
Southern Spain. a, Number of originations per 0.1 Myr. b, Number of
extinctions per 8.1 Myr. ¢, Number of originations plus number of
extinctions (turnover) per 0.1 Myr. d, Standing diversity (number of
lineages) and mean lifespan (Myr).

(0.06 = 0.03 Myr) with the 0.97-Myr cycle (Figs 2c and 3¢, e),
excluding the pessibility ef a cemmen fercing mechanism. On the
ether hand, eccentricity maxima eccurring every 0.97-Myr that
cerrelate te significant turnever events at 15.9-15.8, 14.8-14.7,
13.8-13.7, 9.0-8.7, 7.8-7.7, 4.3-4.1 and 3.3-3.1 Myr age alse
ceincide with distinct nedes (peints of minimum variatien) ef the
1.2-Myr medulatien cycle of ebliquity® (Fig. 3c, e, f; green stripes).
The ebliquity nedes are spaced 1.0 er 1.4Myr apart in alternating
fashien ewing te a 2.4-Myr peried (Figs 2b and 3f) preduced by
resenance with the equally leng eccentricity cycle®. The appearance of
the 0.98-Myr peried in the turnever spectra can therefere alse be
explained by the 1.0-Myr spacing between ebliquity nedes. Pairs of
1.0-Myr spaced cembinatiens ef eccentricity maxima and ebliquity
nedes eccur ence every 4Myr en average at 20.6 and 19.6, 16.0 and
15.1,13.7 and 12.7,9.0 and 7.9, and 4.2 and 3.2 Myr age (Fig. 3e, f).
The cress spectrum ef ebliquity and turnever is censistent with
ebliquity influence, shewing maximum and significant ceherence at
a frequency cerrespending te a peried ef 1.17 Myr witheut any
phase difference (0.01 * 0.06 Myr; Fig. 2d). A faunal respense te the
1.2-Myr ebliquity cycle is te be expected because this cycle, in
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Figure 2 | Individual and cross spectra of turnover, eccentricity and
obliquity. Methods used were Blackman-Tukey (solid lines), and CLEAN’*
(dashed lines). Numbers refer to significant periods (Myr). BW, bandwidth
(for Blackman-Tukey). a, Red lines, per-taxon turnover. Blue line,
eccentricity envelope (~100kyr maxima). b, Red lines as in a. Blue line,
obliquity envelope (41 kyr minima). ¢, Red line, coherence between
per-taxon turnover and eccentricity maxima with 95% significance level for
non-zero coherence. Blue line, phase difference; error bars (95% confidence
level) are indicated for the relevant frequencies. d, Red line, coherence
between per-taxon turnover and obliquity minima with 95% significance
level for non-zero coherence. Blue line, phase difference; error bars (95%
confidence level) are indicated for the relevant frequencies.



centrast te the 0.97-Myr eccentricity cycle, is well decumented in
marine sedimentary sequences'>"™*%.

Hew can reduced erbital variatien at ebliquity nedes and leng-
term eccentricity minima trigger bielegical turnever? The geelegical
recerd suggests an impertant rele fer climatic change. Owing te the
censtructien ef high-reselutien, astrenemically tuned deep-sea
recerds, many Cenezeic events of increasing 3'*0 values (Oligecene
isetepe, Miecene isetepe and related events) have been cerrelated te
ebliquity nedes with a mean spacing of 1.2 Myr'“** (Fig. 3f, s;
Supplementary Table 2). These millien-year-scale events represent
shert (at mest enc te twe hundred theusand years) episedes of

ice-sheet expansien and ceeling superpesed en the main Cenezeic-
era ceeling trend'? (Fig. 3h). The eccurrence of these events is alse
related te eccentricity, because mest ef them seem te ceincide with
minima ef the 405-kyr eccentricity cycle®*. The develepment ef ice
sheets can be explained by assuming a sustained reductien ef ice
melting during relatively ceel high-latitude summers'**. It seems
that almest all glacial events that are linked te the strengest
cembinatiens ef an ebliquity nede and a 405-kyr eccentricity
minimum (Fig. 3d) are asseciated with statistically significant turn-
ever events in the well-dated part (after 17Myr age) of the redent
recerd (Supplementary Table 2).
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Figure 3 | Rodent turnover, astronomical parameters and climate. Blue
stripes, eccentricity minima (mean spacing of 2.37 Myr), Green stripes,
obliquity nodes (mean spacing of 1.2 Myr). a, Estimated ages of rodent
localities. Black bars, from a single preferred correlation; orange bars, means
after randomization (see Supplementary Notes and Supplementary Table 1).
b, Per-taxon turnover rate (per 8.1 Myr). ¢, Filtered per-taxon turnover
record. Blue, 99% significance filter, CLEAN method*; green, filtered
0.97-Myr component, centred at 1.63 = 6.15Myr ! d, Predicted times of
turnover. Blue bars, mean eccentricity <0.12 during preceding 108kyr;
green bars, mean 41-kyr obliquity minimum >0.396 rad during preceding
400 kyr combined with mean eccentricity <0.38 during preceding 100 kyr.
e, Eccentricity-modulated precession and filters, CLEAN method™. Upper

curve, eccentricity-modulated precession®; lower thin blue line, 99%
significance filter of eccentricity maxima (reversed); lower thick blue line,
95% significance filter of eccentricity maxima (reversed). f, Obliquity and
filters. Upper curve, obliquity® lower thick green line, 98% significance filter
of obliquity minima; lower thin green line, filtered 2.4-Myr component,
centred at 0.43 = 0.1 Myr g Major deep-sea 5'%0 events. Mi, Miocene
isotope; Tor., Tortonian; Mes., Messinian; TG, Thvera-Gauss; Si, Sidufjall;
Gi, Gilbert; M, Mammoth; MG, Mammoth-Gauss; G, Gauss. h, Ice-sheet
history". Upper blue line, Arctic ice sheet; lower blue line, Antarctic ice
sheet; continuous line, full-scale or permanent ice; dashed line, partial or
ephemeral ice.



Pesitive feedback effects en the glebal climate of ice sheet expan-
sien during ebliquity nedes are expected te lead te increased
centinental ceeling and aridificatien, which weuld then cause
perturbatiens in terrestrial bieta threugh reduced feed availability.
These deterierating cenditiens, in turn, ceuld lead te habitat frag-
mentatien and extinctien en the ene hand, and te migratien and
lineage splitting en the ether hand. The lew prepertiens ef humid-
ity-indicating redents and insectiveres during Miecene ebliquity
nedes that are cevered by rich and well-dated lecalities (16.1-15.8,
15.2-14.95, 13.85-13.6, 9.2-8.75, 8.15-7.7 Myr age) cenfirm the
presence ef temperarily drier cenditiens (Supplementary Fig. 7).
The lithelegical equivalents ef these intervals are deminated by (er
centain the transitien te) red bed units, which represent the drier
phases in the red bed —limestene alternatiens that are characteristic
for the study area®*. In centrast, Pliecene ebliquity nedes cerre-
late with limestene-rich intervals®, and are net asseciated with
distinct pesitive or negative peaks in the prepertien ef humidity-
adapted small mammals (5.3-2.5 Myr age; Supplementary Fig. 7).
Unfertunately, there are few high-reselutien, well-dated Miecene—
Pliecene humidity prexy recerds straddling ebliquity nedes with
which te make a cemparisen. Pliecene pellen assemblages frem
nerthwestern Africa asseciated with exygenisetepestages130and 134
(Mammeth-Gauss 2 event; Fig. 3g) at 3.3 Myr age™ peint te drier
cenditiens fer this regien during the asseciated ebliquity nede. High
carbenate levels in the Mediterranean sea” during the Miecene-
isetepe-56'*0 event at 11.6-11.4 Myr age ™ alse seem te cenfirm the
eccurrence of drier regienal cenditiens during Miecene nedes of
ebliquity.

The secend deminant type of turnever eccurs during eccentricity
minima with a mean spacing ef 2.37Myr befere 6 Myr age, and alse
seems te be asseciated with climate-induced changes. Cleser inspec-
tien ef the feur best-dated turnevers between 17 and 7 Myr age
(Fig. 3b) indicates that these tend te be cencentrated at the fringes
of these minima, where they cerrespend te streng 405-kyr eccen-
tricity minima (Fig. 3d, ¢). A number of majer 5'°0 events are
asseciated with this type of erbital cenfiguratien, fer example, the
Miecene-isetepe-3a event at 14.2 Myr age, peaks asseciated with the
Miecene-isetepe-7 event between 9.6-8.8 Myrage, and twe streng
Tertenian-Messinian glaciatiens at 7.3-7.2 and 7.0-6.9 Myrage
(Fig. 3g; Supplementary Table 2). Alse the events ef Miecene-
isetepe-la at 21.1 Myrage, Miecene-isetepe-laa at 19.4 Myrage,
Sidufjall 4/6 at 4.85Myrage, and the glacial interval asseciated
with isetepe stages 98/100 at 2.4 Myr age are asseciated with this
cenfiguratien, indicating that lew-amplitude eccentricity cenditiens
faveur glebal ceeling and ice build-up even in the absence of low-
amplitude ebliquity changes. But in centrast te ebliquity nedes, the
prepertiens ef humidity-adapted redents and insectiveres are high
during eccentricity minima (Supplementary Figs 2, 3 and 7). The
highest prepertiens eccur at 16.7, 14.4-14.3, 12.1, 9.7-9.6 and
7.3Myrage (Supplementary Fig. 7), when 405-kyr minima are
cembined with high-amplitude ebliquity. This ebservatien is in
accerdance with eur interpretatien ef mere arid cenditiens during
lew-amplitude ebliquity. Mest ef the wet-adapted small mammals
that enter the recerd at these mements are immigrants with Central
Eurepean seurce areas. Their seuthward expansiens during perieds
of lew eccentricity (mean spacing ef 2.37Myr) can be interpreted
as a direct, regienal respense te changes in the Mediterranean
precipitatien regime®?’.

The presence of majer carbenate units indicative of lake expansien
at stratigraphical pesitiens cerrespending te 2.37-Myr eccentricity
minima®?* is censistent with the higher humidity levels at these
intervals as inferred frem the small mammals. Mereever, detailed
cyclestratigraphical analysis shews the expected weakening in the
expressien ef predeminantly precessien-centrelled sedimentary
cycles during 405-kyr eccentricity minima that ceincide er clesely
ceincide with the 2.37-Myr minima'***. Recent climate medelling
experiments shew that western Mediterranean summers are warmer

and drier during a circular Earth erbit (zere eccentricity and ne
precessienal effects) than during a precessien maximum (at maxi-
mum eccentricity), but ceeler and mere humid than during a
precessien minimum (at maximum eccentricity; E. Tuenter, per-
senal cemmunicatien and ref. 28). These results suggest that the
prelenged absence ef extreme summer cenditiens—characterized
by streng evaperatien—that nermally eccur during streng preces-
sien minima faveurs lake extensien and leads te an increase of beth
wet-adapted small-mammal lineages and tetal diversity during
minimum eccentricity (Fig. 1d). It can be argued that regienal
biegeegraphical and genetic precesses raise turnever rates even
further, because generalism and vagility (the ability te disperse),
preperties that weuld nermally centribute te spatial and genetic re-
mixing during successive climate swings, are temperarily less selected
fer during prelenged intervals witheut extreme climates. At the same
time, specializatien trends are expected te centinue for a lenger time
during such intervals and te have a higher prebability ef leading te
successful speciation'®”. These arguments are censistent with the
ebservatien that Pleistecene turnever rates are relatively lew despite
the eccurrence of frequent and streng climatic events®°.

The apparent cerrelatien between erbital cenfiguratiens, climatic
events and redent turnever strengly suggests that the latter is
centrelled by astrenemically ferced climate change. Mest intervals
of ne cerrelatien either cerrespend te Miecene intervals during
which amplitudes and duratiens ef the erbital parameters de net
reach specific thresheld values (Fig. 3d; Supplementary Table 2), or te
the Pliecene, for which additienal relatienships between leng-term
astrenemical cycles and climate have been prepesed, including a
fercing ef bipelar ice-sheet grewth by maximum ebliquity variatien'?
(Fig. 31, g).

The pestulated astrenemical hypethesis fer species turnever
prevides a crucial missing piece in the puzzle of mammal species-
and genus-level evelutien, and prevides a prebable mechanism te
explain third-tier precesses. The new hypethesis is censistent with
the Turnever Pulse hypethesis® in the sense thatlineage events tend te
cluster and that the clusters cerrelate te abietic events. In additien,
the astrenemical hypethesis fer turnever effers a plausible expla-
natien fer the characteristic duratien ef ~2.5Myr ef the mean
species lifespan in mammals, and may explain similar duratiens in
ether bielegical greups as well.

METHODS

Age uncertainties surrounding poorly constrained localities and first- and last-
appearance datums were addressed by generating 1,000 equally probable, equally
spaced (0.1 Myr) time series (‘age models’) for origination, extinction and
turnover (sum of origination and extinction) for the entire study interval. The
final target series used consisted of the means of all 1,000 series. The 1,000 time
series were produced by combining 58 locality age models with 28 sets of random
draws from the uncertainty intervals preceding first appearances or succeeding
last appearances. These intervals were calculated on the basis of sample size by
calculating the probability of finding a taxon in preceding (or succeeding)
localities given the proportion in the locality where it was first (or last) recorded,
and using a cut-off value of 80% (ref. 7). The same procedures were applied to
range gaps. These were defined as true gaps if the midpoints of the uncertainty
intervals differed by 1.0 Myr or more, in which case the lineage was split for the
subsequent analyses. In the cases of gaps less than 1.0 Myr, the taxon was
considered tohave remained present (range-through approach; see Supplementary
Notes for more details).

Clustering of events was tested by running a separate bootstrap analysis for
each of the 1,000 sets of origination, extinction and turnover. The analyses
involved the comparison of observed numbers of events per moving 0.3-Myr
interval (the chosen bootstrap test statistic) with the corresponding numbers of
events from 1,000 rounds of randomly reshuffling 8.1-Myr level first- and last-
appearance ages of all lineages across the presence intervals of their families. The
final significance levels were calculated as the average levels over the 1,000 time
series. Each individual level was calculated as the midpoint of that part of the
cumulative relative frequency distribution (of the number of events resulting
from the 1,000 rounds of reshuffling) that corresponded to the observed number
of events. Significant intervals are included in Supplementary Table 2.
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