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through the column, given that both of these nuclides could only be
present in the seaborgium fraction due to the a-decay of 265Sg.
Isotopes of the elements 104 and 102 formed directly or from decay
of seaborgium before chemical separation were chemically sepa-
rated. With a 90% probability, the parent nuclei had already decayed
into the daughter nucleus 261Rf in the time between the end of
chemical separation and the commencement of measurement about
28 seconds later. This is very likely in view of the short life-times
measured for the 265Sg decays with OLGA (Fig. 3).

The first liquid-chromatographic separation of element 106
shows that at least a substantial fraction of the formed seaborgium
behaves similarly to its lighter homologues molybdenum and
tungsten, that is, that its behaviour is typical of a hexavalent ion
belonging to group 6 of the periodic table. Presumably, seaborgium
forms SgO2−

4 or a neutral complex.
Both our isothermal gas chromatographic and liquid chromato-

graphic separations clearly indicate that seaborgium behaves simi-
larly to its lighter homologues molybdenum and tungsten, and its
behaviour is typical for a group 6 element of the period table. These
results support the assumption that the chemistry of elements 107
to 112 will be homologous to that of the group 7 to 12 elements
rhenium to mercury—if increasingly strong relativistic effects do
not alter the chemical properties to such an extent that they are no
longer predictable from such simple extrapolations, as seen for
elements 104 and 105. M
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13. Gäggeler, H. W. On-line gas chemistry experiments with transactinide elements. J. Radioanal. Nucl.

Chem. 183, 261–271 (1994).
14. Czerwinski, K. R. et al. Solution chemistry of element 104: Part I. Liquid–liquid extractions with

triisoctylamine. Radiochim. Acta 64, 23–28 (1994); Solution chemistry of element 104: Part II.
Liquid–liquid extractions with tributylphosphate. Radiochim. Acta 64, 29–35 (1994).

15. Türler, A. et al. On-line gas phase chromatography with chlorides of niobium and hahnium (element
105). Radiochim. Acta 73, 55–66 (1996).

16. Kadkhodayan, B. et al. On-line gas chromatographic studies of chlorides of rutherfordium and
homologs Zr and Hf. Radiochim. Acta 72, 169–178 (1996).

17. Türler, A. Gas phase chemistry experiments with transactinide elements. Radiochim. Acta 72, 7–17
(1996).
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Figure 3 The observed nuclear decay chains from the

seaborgium isotopes 265Sg and 266Sg, which allowed an

unambiguous identification of seaborgium after chemi-

cal separation with ARCA (automated rapid chemistry

apparatus) and OLGA (on-line gas chemistry apparatus).

The a-decay energies are given in MeV, and the

observed life-times in seconds.
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Vegetation records spanning the past 21 kyr in western North
America display spatial patterns of change that reflect the influ-
ence of variations in the large-scale controls of climate1. Among
these controls are millennial-scale variations in the seasonal cycle
of insolation and the size of the ice sheet, which affect regional
climates directly through changes in temperature and net radia-
tion, and indirectly by shifting atmospheric circulation. Longer
vegetation records provide an opportunity to examine the
regional response to different combinations of these large-scale
controls, and whether non-climatic controls are important. But
most of the longer North American records2,3 are of insufficient
quality to allow a robust test, and the long European records4–9 are
in regions where the vegetation response to climate is often
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difficult to separate from the response to ecological and
anthropogenic controls. Here we present a 125-kyr record of
vegetation and climate change for the forest/steppe border of
the eastern Cascade Range, northwest America. Pollen data dis-
close alternations of forest and steppe that are consistent with
variations in summer insolation and global ice-volume, and
vegetational transitions correlate well with the marine isotope-
stage boundaries. The close relationship between vegetation and
climate beyond the Last Glacial Maximum provides evidence that
climate variations are the primary cause of regional vegetation
change on millennial timescales, and that non-climatic controls
are secondary.

Regional vegetation history is generally regarded as a response to
climate variations operating on different spatial and temporal
scales10. One approach to understanding this hierarchy is the
comparison of model simulations and data syntheses (for example,
palaeoclimate model simulations of the past 21 kyr, produced by
general circulation models, are compared with palaeoenvironmen-
tal maps constructed from palaeoecological data11). In northwest
America, such comparisons reveal the influence of the Laurentide
ice sheet and the seasonal cycle of insolation on regional climate1.
Model simulations of full-glacial conditions12,13 suggest that the ice
sheet caused cooling of the northern mid-latitudes, steepened the
latitudinal temperature gradient, and shifted the jet stream south of
its present position. In addition, glacial anticyclonic circulation led
to weakened westerlies, prevailing easterlies, and enhanced cold dry
conditions along the southern ice margin. Simulations of the late-
glacial period (16–10 kyr ago) suggest that a smaller ice sheet caused
cool humid conditions as a result of a latitudinal temperature
depression and a northwards shift of the jet. In the early Holocene
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epoch, greater-than-present summer insolation increased summer
temperatures, decreased effective precipitation, and indirectly
strengthened the eastern Pacific subtropical high-pressure system,
which intensified drought.

Comparisons between model results and data for the past 21 kyr
encompass only a small subset of the large-scale variations that have
occurred in the Quaternary period. Records that preserve evidence
of the consequences of combinations of large-scale controls before
the Last Glacial Maximum offer an alternative way to examine the
hierarchy of controls of past climate variations. In such an
approach, the past 21 kyr offer hypotheses about the relative
influence of ice-sheet size and insolation variations that can be
tested with the record from earlier periods.

A pollen record from Carp Lake (latitude 458 559 N, longitude
1208 539 W, altitude 714 m above sea level), a crater lake in the
eastern Cascade Range, provides a vegetation history of the past
125 kyr. The site lies at the lower altitudinal limit of Pinus ponderosa
forest near Artemisia steppe, which is a sensitive ecotone for
recording past variations in temperature and effective precipitation.
Cores were collected in 198514, 1990 and 1993 to yield a 23.15-m-
long record, and pollen was analysed from 196 samples taken at
regular intervals. A preliminary age versus depth relationship was
established based on radiocarbon dates and the ages of tephra
layers15,16 in the cores (Table 1, equation (1)). The pollen percentage
record was divided into assemblage zones based on a constrained
cluster analysis17 (Fig. 1). Pollen zone boundaries were assigned
independently of the marine d18O stratigraphy18, yet their ages
matched the isotopic stage boundaries surprisingly well. The
original chronology was revised by incorporating in the regression
analysis the ages of marine isotope stage boundary 4/5a and the
height of stage 5e (Table 1, equation (2)).

Interpretations of past vegetation and climate rested on a com-
parison of the pollen stratigraphy with modern pollen spectra19,
vegetation20, and climate20 (Table 2). Ratios of Pseudotsuga þ
Quercus þ Cupressaceae=Picea provided information on forest
type, with high values indicating low-elevation forest and warm,
effectively dry conditions. These taxa were chosen because their
pollen distribution today is sharply delimited by elevation, unlike
Pinus, Artemisia, Alnus and Tsuga, which have widely dispersed
pollen. Arboreal/non-arboreal pollen ratios were an index of vege-

tation cover and were used to separate periods of forest from steppe
or tundra.

The pollen record is composed of taxa that grow today in the
Cascade Range and Columbia basin. The previous interglaciation
(CL-11) was characterized by open forests of Pinus, Quercus and
Juniperus and by steppe; climate during this time was warmer and
drier than most of the Holocene. Alternations of open Pinus and
Pinus-Picea forest and closed mixed-conifer forest occurred from 83
to 117 kyr ago (CL-8 to CL-10) during cooler-than-present condi-
tions. An open forest of Pseudotsuga or Larix, Tsuga, Abies (probably
A. grandis), Quercus and Cupressaceae was present between 73 and
83 kyr ago (CL-7). The presence of Quercus, Chenopodiineae, and
steppe herbs suggests that summers were warm, and the expansion
of Tsuga, Abies and Poaceae indicates increased summer moisture.
Cool conditions during the early and middle Wisconsin interval
(CL-6 to CL-4) supported mixed conifer forests of Pinus, Picea and
sometimes Pseudotsuga or Larix. The last glaciation (CL-3) featured
cold dry steppe, and an expansion of Picea in the late-glacial.
Temperate steppe was present in the early Holocene (CL-2), and
Carp Lake dried intermittently14. The middle Holocene (CL-1b) was
characterized by Pinus forest, and modern vegetation was estab-
lished in the past 3,900 yr (CL-1a).

The close agreement between the pollen zonation and the marine
d18O stratigraphy, which is a proxy for global ice volume, suggests
that vegetation changes were controlled by global variations in the
climate system. Most of the variability at Carp Lake relates to the
slowly changing insolation and ice-volume record, leaving little to
be accounted for by higher-frequency variations, such as Heinrich
events21. The synchroneity of the changes also suggests negligible
lags between large-scale climatic forcing and local vegetational
response. Apparently, species kept pace with millennial-scale cli-
mate changes by expanding their ranges short distances from
discontinuous refugia.

Shifts in forest types parallel variations in both the marine d18O
record22 and anomalies in July insolation23 for the past 125 kyr (Fig.
2). Periods of low ice volume and summer insolation maxima
featured xerothermic taxa. Periods of moderate ice volume and
summer insolation minima supported subalpine conifers. When the
combination of large-scale controls was unique, so too was the
vegetation. For example, anomalous conditions during the full-glacial

Table 1 Ages and tephra information used to establish age–depth relations at Carp Lake

Depth* (m) Uncalibrated 14C
age (yr BP)

Calibrated 14C
age (kyr)†

Lab no., tephra identification‡,
or d18O age equivalent

Core

...................................................................................................................................................................................................................................................................................................................................................................

1.3 0 0 Sediment surface 90
2.15–2.16 3;450 6 450 3.691 Mt St Helens, Ye 85
3.10–3.20 5;820 6 50 6.667 QL-1640 85
3.64–3.68 6;800 6 200 7.581 Mazama ash 85
3.70–3.77 8;760 6 40 9.754 WIS-1460 85
3.82–3.92 9;470 6 100 10.472 WIS-1468 85
4.46–4.56 9;730 6 400 10.961 QL-1641 85
5.61–5.71 16;050 6 400 18.925 QL-1642 85
6.15–6.25 19;790 6 190 23.45 Beta-57036 90
6.76–6.86 21;100 6 400 24.706 QL-1643 85
8.30–8.40 26;200 6 200 29.59 QL-1646 85
9.10–9.20 32;700 6 450 35 QL-1603 85
9.25–9.35 32;760 6 420 35 Beta-57037 90
19.11–19.50 ,100,000 100§ Mt St Helens, WA-5C 90
15.15 73.9 Stage 4/5a 93
23.15 125 Stage 5e 93
...................................................................................................................................................................................................................................................................................................................................................................
The following are regression equations:

Age ðkyrÞ ¼ 2 5:9284 þ 4:1052depth þ 0:0095depth2 þ 0:0032depth3 ð1Þ

Age ðkyrÞ ¼ 2 3:3742 þ 2:6245depth þ 0:2186depth2 2 0:0040depth3 ð2Þ

Equation (2) incorporates d18O ages for the pollen equivalents of stage 4/5a boundary and stage 5e (see ref.18).
* Radiocarbondates and tephra dateswereused fromcore 85 (ref.14) to a core depth of 9.8m (belowwater surface), core 90 to adepth of 20.19m,andcore 93 from20.19 to 23.15m.Correlation
among cores was based on lithology.
† Radiocarbon yr were converted to calendar yr (kyr) by use of the CALIB3 program for the past 20,000 14C-yr BP (ref. 27), the U-Th calibration for ages between 20,000 and 30,000 14C-yr BP

(ref. 28), and the geomagnetic record for the period from 30,000 to 50,000 14C-yr BP (ref. 29). Tephra ages are reported in refs 15,16.
‡ Tephra identifications provided by A. Sarna-Wojcicki, US Geol. Survey.
§ Based onunpublisheddata (A. Sarna-Wojcicki) and extrapolation from a series of thermoluminescence (TL) dates in a nearby loess section (ref.16). The age assignment is preliminaryuntil
further dating is conducted.
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led to no-analogue steppe (CL-3). During the last half of the
previous interglaciation, summer insolation exceeded that of the
early Holocene and global ice volume was at its lowest; these
conditions fostered a warm, dry climate and an expansion of
xerophytic forest (CL-11). The interglacial period had greater
forest cover than the early Holocene, and the record does not
show the strong climate variability during stage 5e noted in the
Greenland ice-core record24 and some European pollen records25.
Stage 5a featured an unusual combination of high summer insola-
tion, modest global ice volumes, and cooler-than-present sea sur-
face temperatures in the north Pacific Ocean26. High summer
insolation probably increased growing-season temperature, but a
cool ocean and a steepened temperature gradient may have lessened
drought and allowed the eastward shift of mesophytic taxa at the
expense of Pinus and Artemisia (CL-7).

Differences in vegetational succession among interglacial and
interstadial periods have received considerable attention, particu-
larly in Europe where several long pollen sequences have been
described4–9. The differences are often attributed to singular cir-
cumstances during particular periods, including non-climatic fac-
tors such as refugial location, dispersal-rate differences among taxa,
and biotic interactions. Like European records, Carp Lake shows the

individualistic response of vegetation during the Late Quaternary,
but the close correspondence of the vegetational variations and the
large-scale controls of climate indicates that non-climatic variables
were of little or no importance on millennial timescales. Carp Lake
offers compelling evidence that interglacial and interstadial
vegetation assemblages owe their distinctiveness primarily to the
effects of global variations in climate. M
Received 23 December 1996; accepted 13 May 1997.
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Table 2 Carp Lake vegetation and climate history

Pollen zone
age and depth

Oxygen isotope
stage and age

(ref.18)

Vegetation Inferred climate

...................................................................................................................................................................................................................................................................................................................................................................

CL-1a
0–3.9 kyr
(1.30–2.35m)

1
0–14.1 kyr

Development of the modern forest in the Late Holocene. Pinus ponderosa and Pseudotsuga
menziesii became the dominant trees, with Alnus, Corylus and other shrubs. Mesic locations
supported Abies grandis, Pinus monticola and Tsuga heterophylla. Quercus woodland was
established at lower treeline. Poaceae pollen indicates the establishment of grassland at lower
elevations and in forest openings.

Modern

...................................................................................................................................................................................................................................................................................................................................................................

CL-1b
3.9–9.1 kyr
(2.35–3.70m)

Middle Holocene forest of Pinus ponderosa and Quercus woodland. Warmer drier
than present

...................................................................................................................................................................................................................................................................................................................................................................

CL-2
9.1–13.2 kyr
(3.70–4.65m)

Early Holocene steppe vegetation with Poaceae and Chenopodiineae. Alnus was present in
riparian settings.

Warmer drier
than present

...................................................................................................................................................................................................................................................................................................................................................................

CL-3
13.2–30.9 kyr
(4.65–8.25m)

2
14.1–27.6 kyr

Cold steppe with Artemisia, Poaceae and herbs during the full-glacial period. Temperate
aquatic taxa (for example, Nuphar, Sparganium-type, Myriophyllum, Polygonum amphibium-
type and Typha) are absent. Polygonum bistortoides-type pollen (not shown) indicates
subalpine or alpine conditions. Populations of Picea engelmannii near the site, especially in
late-glacial period.

Coldest driest
period

...................................................................................................................................................................................................................................................................................................................................................................

CL-4
30.9–43.1 kyr
(8.25–10.4m)

3
27.6–58.9 kyr

Open forest with mixture of low- and high-elevation species. Picea and Abies present in mesic
settings, and lower or drier forests supported Pinus contorta or P. ponderosa, Pseudotsuga or
Larix occidentalis, and Abies grandis. Picea and Artemisia pollen are more abundant at the
bottom of the zone.

Cooler drier
than present

...................................................................................................................................................................................................................................................................................................................................................................

CL-5
43.1–58.0 kyr
(10.4–12.85m)

Open forest or forest-steppe vegetation, dominatedby Pinus ponderosa and/or P. contorta with
lesser amounts of Picea and Abies. Pollen of Poaceae, Artemisia and other herbs suggests
forest openings or nearby steppe.

Cooler than
present,

relatively humid
...................................................................................................................................................................................................................................................................................................................................................................

CL-6
58.0–72.7 kyr
(12.85–15.15m)

4
58.9–73.9 kyr

Closed Pinus forest with some Picea and Abies. Artemisia percentages indicate dry forest
openings.

Cooler drier
than present

...................................................................................................................................................................................................................................................................................................................................................................

CL-7
72.7–82.8 kyr
(15.15–16.70m)

5a
73.9–85.1 kyr

Open forest of Pseudotsuga/Larix, Tsuga heterophylla, Abies, Quercus and Cupressaceae; the
first four taxa are typical of low elevations in the western Cascade Range. Cupressaceaepollen
may have come from Thuja plicata or Chamaecyparis nootkatensis, both mesophytes, or
Juniperus occidentalis, a xerophyte. Chenopodiineae, Poaceae, Pteridium, Umbelliferae and
Eriogonum were present.

Warmer wetter
summers than

present

...................................................................................................................................................................................................................................................................................................................................................................

CL-8
82.8–96.8 kyr
(16.70–18.83m)

5b
85.1–93.6 kyr

Open forest of Picea engelmannii, Pinus contorta and possibly P. ponderosa. Alnus sinuata
grew in areas of seepage. Artemisia percentages imply nearby steppe or forest openings.

Cooler than
present, dry

...................................................................................................................................................................................................................................................................................................................................................................

CL-9
96.8–109.5 kyr
(18.83–20.75m)

5c
93.6–107 kyr

Closed forest with Pinus, Pseudotsuga/Larix, Abies and Picea, similar to montane forests in the
Cascades and northeastern Oregon. Pinus pollen was probably from P. contorta, P. ponderosa,
and P. monticola or P. albicaulis.

Warmer
summers than
present, cool
humid winters

...................................................................................................................................................................................................................................................................................................................................................................

CL-10
109.5–117.3 kyr
(20.75–21.95m)

5d
107–116.7 kyr

Open Pinus forest with Picea, Abies, Artemisia and Poaceae. Cooler than
present, humid

...................................................................................................................................................................................................................................................................................................................................................................

CL-11
117.3–124.9 kyr
(21.95–23.15m)

5e
116.7–133kyr

Open forest during previous interglaciation. Pinus is from P. ponderosa or P. contorta. Quercus
suggests dry woodland at lower elevations. Cupressaceae is ascribed to Juniperus.
Chenopodiineae, Eriogonum, Artemisia and Poaceae values imply steppe element. Brasenia
schreberi (not shown) occurs in this zone and the Holocene only.

Warmer drier
than Holocene

...................................................................................................................................................................................................................................................................................................................................................................
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The order Insectivora, including living taxa (lipotyphlans) and
archaic fossil forms, is central to the question of higher-level
relationships among placental mammals1. Beginning with
Huxley2, it has been argued that insectivores retain many primi-
tive features and are closer to the ancestral stock of mammals than
are other living groups3. Nevertheless, cladistic analysis suggests
that living insectivores, at least, are united by derived anatomical
features4. Here we analyse DNA sequences from three mito-
chondrial genes and two nuclear genes to examine relationships
of insectivores to other mammals. The representative insectivores
are not monophyletic in any of our analyses. Rather, golden moles
are included in a clade that contains hyraxes, manatees, elephants,
elephant shrews and aardvarks. Members of this group are of
presumed African origin5,6. This implies that there was an exten-
sive African radiation from a single common ancestor that gave
rise to ecologically divergent adaptive types. 12S ribosomal RNA
transversions suggest that the base of this radiation occurred
during Africa’s window of isolation in the Cretaceous period

before land connections were developed with Europe in the
early Cenozoic era.

Relationships among orders of placental mammals have proved
difficult to resolve1. To extend the available mitochondrial (mt)
sequences, a 2.6-kilobase (kb) segment containing the 12S rRNA,
valine transfer RNA, and 16S rRNA genes was sequenced for nine
taxa to generate a data set that is representative of 12 of the 18
placental orders and all three insectivore suborders4. Phylogenetic
analyses provide strong support for well-established mammalian
clades such as carnivores, hominoids, and Cetacea plus Artiodactyla
(Fig. 1a). In agreement with other molecular studies7–10 that
included an assortment of taxa, most interordinal associations are
not resolved at bootstrap values .75%. However, the mtDNA data
do provide strong support for the association of the two paen-
ungulates (hyrax, manatee) together, and of these with elephant
shrews, aardvarks and golden moles (Fig. 1a and Table 1). The
association of hyraxes with proboscideans and sirenians was sug-
gested by Cope11. A competing hypothesis is an association of
hyraxes with perissodactyls12. Our results agree with earlier
protein13,14 and DNA studies7–10 supporting Cope’s paenungulate
hypothesis. In addition to bootstrap support, T-PTP15 and Kishino–
Hasegawa16 tests also support paenungulate monophyly (Table 2).
Anatomical data provide some evidence that aardvarks and/or
elephant shrews may be related to paenungulates17,18 but suggest
other hypotheses as well: for example, six osteological features are
putative synapomorphies uniting elephant shrews with lagomorphs
and rodents19. All the available sequence data, including amino-acid
sequences13,14, DNA sequences for three nuclear genes8–10, and the
present mitochondrial genes, support an association of aardvarks
and elephant shrews with paenungulates. What is most unexpected
is that golden moles, a family of insectivores, are also part of this
clade. 12S rRNA sequences earlier suggested an association of
golden moles with paenungulates, but did not provide convincing
bootstrap support for this hypothesis7. Our expanded data set
demonstrates that insectivores are not monophyletic (Table 2)

Table 1 Bootstrap support for select clades based on different methods

Clade

Paenungulata Paenungulata þ aardvark
þelephant shrew

þgolden mole

Mitochondrial DNA
Parsimony 99 95
Transversion parsimony 64 90
Minimum evolution

Tamura–Nei I 100 92
Tamura–Nei II 100 78
Logdet 99 90

Maximum likelihood 100 100

vWF
Parsimony

All positions 49 99
1st and 2nd positions 24 65
3rd positions 51 93

Transversion parsimony 30 95
Minimum evolution

Tamura–Nei I 37 99
Tamura–Nei II 30 99
Logdet 43 97

Maximum likelihood 78 100

A2AB
Parsimony

All sites 71 88
1st and 2nd positions 49 81
3rd positions 31 67

Transversion parsimony 71 54
Minimum evolution

Tamura–Nei I 83 84
Tamura–Nei II 28 25
Logdet 79 78

Maximum likelihood 81 89
.............................................................................................................................................................................
Only two of the three paenungulate orders were represented among the mitochondrial and
A2AB sequences. Tamura–Nei27 I and II distances were calculated by using an equal-rates
assumption and a gamma-distribution of rates, respectively.


