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Fig. 7. Air photo of the Yucca Mountain area of
southern Nevada and small-scale interaction be-
tween normal faulting and magmatic activity. The
scarps of active normal faults strike toward the
basaltic cones in the lower right corner, where the
faults die out. Increased local magmatic input to
the crust is absorbing the extension that otherwise
would be accommodated by these faults.

gous regions that have holes, or low-seismic
zones in the pattern of seismicity are scattered
around the Basin and Range Province. The
Yucca Mountain area of southern Nevada (Fig.
7), the Mono Craters of eastern California (28),
and the Valles Caldera of New Mexico (29) all
show a relation between young magmatism
and low seismicity. Vertical intrusions are ob-
served to be accommodating extensional strain
in the Coso Mountains of California (30, 31).

When assessing volcanic and earthquake
hazards it is important to recognize that these
phenomena often occur as coupled processes
and that magmatism plays an important role in
relieving tectonic stresses, particularly in ex-
tending regimes. Geophysical remote sensing
methods capable of detecting horizontal mag-
matic intrusions, as well as in situ stress mea-
surements, offer a means of confirmation where
An understanding of dike and sheet emplace-
ment may also be important for controlling
massive artificial hydrofracturing, which is of-
ten used to enhance the yield of oil from
Teservoirs.
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Soil Carbon Isotope Evidence for Holocene Habitat
Change in the Kenya Rift Valley

STANLEY H. AMBROSE AND NANCY E. SIKES

In eastern Africa the altitude of the boundary between montane forest and lowland
savanna grassland changed substantially in response to climate change during the
later Holocene, but this is not clearly reflected in regional pollen records. The
carbon-13 to carbon-12 ratios of tropical grasses are higher than those of most other
plants, and this difference is preserved in soil organic carbon stable isotope ratios.
Soil organic matter 3C/*2C ratios in profiles along an altitude transect in the central
Rift Valley of Kenya suggest that the forest-savanna boundary advanced more than
300 meters in altitude. This could have implications for understanding the effects of
climate change on the configuration of floral zones, prehistoric hunter-gatherer
land-use patterns, and the timing of the advent of Neolithic food production.

HANGES IN FLORAL ZONES IN

East Africa during the late Quater-

nary have been shown by analyses
of pollen from cores in swamps and lakes
(1). Pollen provides taxonomic identifica-
tions of the composition of plant commu-
nities, but the precise location of the
boundaries between major floral zones can-
not be determined because of the size and
altitudinal range of pollen site catchment

artment of Anthropology, University of Illinois,
U IL 61801.

areas. Direct identification of the past po-
sition of the boundary (ecotone) between
forest and savanna in the central Rift Val-
ley of Kenya would permit a test of argu-
ments that the boundary was at higher
altitudes during a middle Holocene arid
phase; it would allow us to test a model of
prehistoric human forager ecotonal settle-
ment preferences (2, 3). The stable carbon
isotope ratios of soil and paleosol organic
matter are lower in forests than in tropical
grasslands. Past changes in the position of
the forest-savanna ecotone can thus be doc-
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umented by isotopic analysis of soils (4, 5).

Plants with the C; photosynthetic path-
way (trees, shrubs, and high-latitude and
high-altitude grasses) have 3'3C values (6)
between —22 and —35 per mil, with a mean
of —26.5 per mil (7). C, plants (most
tropical grasses and some pioneering weeds)
have 8'*C values between —8 and —16 per
mil, with a mean of —12.5 per mil (7). C,
plants thrive at high temperatures in strong
sunlight, but are replaced by C; plants in
:ool, moist, and shaded areas such as forests,
vinter rainfall zones, high latitudes, and
1igh altitudes (8, 9). At the equator the
C4/C; grass flora transition zone occurs
setween 2000 and 3100 m (9). Forest plant
>iomass is almost entirely Cj, and savanna
srassland biomass is mainly C,.

Soil organic carbon is derived mainly
tom plants and thus has a 8'3C value that
slosely reflects that of the standing plant
>iomass (4, 5). There may be enrichment of
+1 to +3 per mil in soil 3'3C values relative
o those of plants (10), but this cannot mask
he 14 per mil mean difference between C,
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Fig. 1. The Naivasha Basin, showing elevation
contours at 500-m intervals, permanent streams
and lakes, soil and plant sampling sites, and
rock-shelter site Enkapune Ya Muto (Gt]il2).
Arrows point to forest sites that show substantial
changes in soil organic carbon $'3C values below
the surface. Sites whose 3'3C values are shown in
Fig.-3 are indicated. The altitudinal positions of
the sites relative to floral zones along an east-west
transect between points a-a’ are shown below the
map. The major floral zones are Acacia xanthoph-
loea woodland and forest in the lake margin zone
(1890 to 1900 m), open to wooded Acacia spp.
and Tarchonanthus camphoratus savanna grasslands
(1900 to 2000 m), Tarchonanthus, Acacia, and
Olea africana bush (2000 to 2300 m), dry mon-
tane Juniperus procera and Podocarpus spp. forest
(2300 to 2700 m), and open grassy moorlands
with Hagenia abyssinica trees and patches of forest
and bamboo (2700 to 3100 m).
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and C, floras. Therefore the proportions of
C; versus C, plant biomass can be accurately
determined from the 3'3C value of soil
organic carbon (4, 5).

In the Kenya Rift Valley five floral zones
occur between the shore of Lake Naivasha
and the crest of the Mau Escarpment (Fig.
1). The altitudinal boundaries of these zones
vary depending on slope, aspect, distur-
bance, and edaphic conditions (11). The
forest-savanna ecotone occurs between
2300 and 2500 m. Within the forest there
are several small isolated patches (<1 km?)
and two larger valley floors with open
grassland.

Thirteen 55-cm-deep pits were excavated
along an altitude transect from 1890 to

.2990 m (Fig. 2). The pits were located away

from termite mounds, archeological sites,
and recent human disturbance. All soils were
weakly developed, with only slight color
changes, no obvious zones of eluviation or
illuviation, and little observable structure.
Earthworms, termite nests, rodent burrows,
and pedogenic carbonate nodules were not
observed. The mean 3'3C value of leaves of
102 C; plants collected in the immediate
vicinity of the soil sites is —26.8 + 1.9 per
mil (1 SD) and that of 14 C, plants (grasses)
is —11.6 + 0.9 per mil. These mean values
provide local end points for estimating the
proportions of C; and C, plant biomass
from soil carbon isotope ratios.

Humic acids (12) from the 0- to 5-cm
level at four sites in montane forest have
3!3C values of —24 to —26 per mil, and that
of an open grassland site at 2600 m is —11.9
per mil (Fig. 2), representing 1 to 10% and

approximately 95% C, plant biomass, re-*

spectively. A forest site with a grassy under-
story (GsJiS3, at 2160 m) has a 3'*C value
of —21 per mil, indicating ~30% C, plant
biomass. Seven sites in bush or wooded
grassland have §'3C values that indicate
between 45 and 80% C, plant biomass.
Profiles in bush and open grasslands main-
tain high (less negative) 3'3C values, and
one in forest at 2990 m maintains low values
below the surface. The plant communities at
these sites have thus been relatively stable
through the time span represented by 55 cm
of soil formation. Four sites that are now in
forest have high 8'3C values at the 35- to
55-cm levels, indicating they previously
supported approximately 50 to 75% C,
plants.

Figure 3 shows the 3'3C values of whole
soils and humic acids for adjacent sites in
open grassland and montane forest (13).
The pronounced shift to less negative soil
3!3C values below the surface in four forest
sites cannot be explained by downward
transport of *3C-rich organic matter because
the current source of organic carbon is a C3
flora. Some downward and upward trans-
port of soil organic matter undoubtedly
occurred. Therefore the surface and subsur-’
face soil 8'3C values in the forested sites
with substantial isotopic shifts should be
considered minimum estimates of the past
abundance, and maximum estimates of the
present abundance of C, plants. High soil
3'3C values at 35 to 55 cm in four forest
sites demonstrate that the savanna-forest
ecotone was located somewhere between
2630 and 2990 m during the recent past,
probably during a period of drier climate.
The four sites are separated from each other
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Fig. 2. Humic acid 3'3C values for 13 soil profiles sampled at four or more levels below the surface (0
to 5, 10 to 15, 30 to 35, 40 to 45, and 50 to 55 cm). The upper horizontal scale indicates the equivalent
percentage of C, flora, assuming a +1 per mil enrichment in soil relative to plant 3'C values (10). The
end point 3'3C values are set at —26 per mil for 100% C; (forest) and —11 per mil for 100% C,

(grassland).
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by almost 30 km (Fig. 1), demonstrating
that this is a regional phenomenon.
Radiocarbon dating provides a minimum
estimate of the age of the period of reduced
forest cover. Humic acids from the 40- to
45-cm level of one forest profile (GsJiS1)
date to 1210 + 100 years before present
(BP) (ISGS-1922), and humin dates to
1180 = 90 BP (ISGS-1923). Despite the
carbon isotopic evidence for relatively little
soil mixing, these dates must be considered
minimum estimates of the age of this level
because bioturbation, organic carbon la-
beled with bomb C, rootlet contamina-
tion, and oxidation of older carbon will
significantly decrease the apparent age (14).
Limnological and palynological evidence for

the timing of climatic changes suggests that -

the grassland expansion dates to a period of
drier climate between 5600 or 4000-and
3000 BP (15, 16). Central Rift lakes dried
up completely between 3400 and 3000 BP
(17). With the exception of sites in south-
west Uganda (18, 19), East African pollen
records indicate a climate as dry as, or only
slightly drier than at present, after 3800 BP

(1). Soil carbon isotope ratios reported here
thus provide the most direct evidence for the
mid-Holocene rise in the altitude of the
savanna-forest ecotone in the central Rift
Valley.

The mid-Holocene dry phase had a sig-
nificant impact on prehistoric human popu-
lations (2, 3). A pronounced gap in the
archeological sequence between 6000 and
3300 BP in the Kenya and northern Tanza-
nia highlands spans the transition from for-
aging to food production (2). Modern
Okiek hunter-gatherers in this region pre-
ferred to settle on the forest-savanna ecotone
(20). If pre-Neolithic foragers also preferred
this ecotone then the gap could reflect a shift
to poorly investigated higher altitudes (2,
3). Eburran Industry sites dating to the early
Holocene wet phase are all located below
2000 m and contain forest and savanna
faunas (21, 22). At rock-shelter site En-
kapune Ya Muto (Fig. 1), fauna, site-use
patterns (21, 23), and herbivore tooth car-
bon and nitrogen isotope ratios (24), indi-
cate that the ecotone was below this site
before 5400 BP, in the site’s vicinity be-
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Fig. 3. Humic acid and whole soil 3!3C values for two pairs of open grassland and closed montane

forest sites (12, 14). The paired sites are located at the same altitudes, about 100 m apart, (A) on steep

slopes on the Mau Escarpment (sites GtJiS2 and S$3) and (B) on nearly.level ground near the summit

of Mt. Eburu (GsJiS1 and S2).
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tween 5400 and 4400 BP (during the peri-
od of highest occupation intensity), and
above the site between 4400 and 2600 BP.
These data suggest that the forest-savanna
ecotone was the preferred zone of Eburran
hunter-gatherer occupation, and that it rose
from below 2000 m to over 2400 m be-
tween the early and middle Holocene.

The mid-Holocene dry phase is only doc-
umented clearly in swamps in southwest
Uganda, which show an increase in grass
pollen, sediment 3'3C values, and charcoal
after 3800 BP (18). An alternative interpre-
tation for this change is forest clearance and
disturbance by Neolithic agriculturalists
(19). There is, however, no archeological
evidence for Neolithic occupation of south-
west Uganda. In the Kenya and Tanzania
highlands mid-Holocene sites are extremely
rare and contain scant evidence for food
production (2, 23). Neolithic sites are abun-
dant after 3000 BP, when soil carbon iso-
tope evidence suggests reforestation. The
archeological evidence is inconsistent with
an anthropogenic cause for mid-Holocene
deforestation in the Rift Valley and casts
doubt upon this explanation in southwest
Uganda.

Soil organic carbon isotopic evidence for
the effects of climate change on the position
of the savanna-montane forest ecofone in
the Kenya Rift Valley clarifies our under-
standing of environmental influences on
changes in hunter-gatherer settlement loca-
tions and the timing of the advent of food
production. This method can be used for
mapping of the past distribution and
changes in proportions of C; and C, micro-
habitats in response to climate change (5,
25) and habitat variation along isochronous
horizons of paleolandscapes (26).
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Atomic Force Microscopy and Dissection of

Gap Junctions

JAN H. HoH, RATNESHWAR LAL,* ScOTT A. JOHN, JEAN-PAUL REVEL,

MorTON E. ARNSDORF

An atomic force microscope (AFM) was used to study the structure of isolated hepatic
gap junctions in phosphate-buffered saline (PBS). The thickness of these gap junctions
appears to be 14.4 nanometers, close to the dimensions reported by electron micros-
copy (EM). When an increasing force is applied to the microscope tip, the top
membrane of the gap junction can be “dissected” away, leaving the extracellular
domains of the bottom membrane exposed. When such “force dissection” is performed
on samples both trypsinized and fixed with glutaraldehyde, the hexagonal array of gap
junction hemichannels is revealed, with a center-to-center spacing of 9.1 nanometers.

AP JUNCTIONS CONSIST OF TWO

apposed plasma membranes that

contain an array of cell to cell chan-
nels (1). These channels form aqueous pores
that allow the free passage of small mole-
cules (<1 kD) in vertebrates and provide a
low-resistance electrical pathway between
cells (2). Proposed biological functions for
gap junctions include regulation of growth,
transmission of developmental signals, coor-
dination of smooth muscle contraction, syn-
chronization of myocardial contractions,

J. H. Hoh, S. A. John, J.-P. Revel, Division of Biology,
California Institute of Technology, Pasadena, CA 91125,
R. Lal and M. F. Arnsdorf, Section of Cardiology,
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and maintenance of metabolic homeostasis
3).

The structure of the gap junction has been
studied extensively by physical and bio-
chemical methods. It was first described by
EM as a close membrane apposition (4) with
a quasi-crystalline array of particles (5), and
subsequently a gap between the membranes
was defined (). Models of the gap junction
have been constructed with data from x-ray
diffraction, EM, and Fourier-based three-
dimensional reconstruction techniques (6,
7). In the current model, the gap junction is
composed of two apposed membranes with
a 2- to 3-nm gap between them and a closely
packed array of cell-cell channels. The most
regular samples show hexagonal packing
with a lattice constant of 8 to 10 nm, but the
degree of order varies depending on the

preparation. Each channel is composed of
two connexons, one from each membrane,
aligned head-to-head across the gap. The
connexon is shaped roughly as a cylinder 7.5
nm in height and 7 nm in diameter, with a
1.5- to 2.0-nm pore through the center.
Each connexon exhibits sixfold symmetry
and is thought to consist of six identical or
homologous protein subunits.

The AFM has been used to image a
number of biological specimens (8-10). De-
tails of the operation of AFMs have been
presented (8, 11, 12). We have used an AFM
equipped with a fluid cell to probe the
structure and organization of isolated gap
junctions adsorbed to glass in PBS (13), and
we have also used the AFM to manipulate
these membranes.

Gap junctions from rat liver were isolated
as membrane pairs, often referred to as
plaques, with densely packed cell to cell
channels (14). Thesé plaques, imaged under.
PBS by atomic force microscopy, appear to
be similar in general shape and distribution

" to ones seen by EM (Fig. 1, A and B). They

are flat structures, 0.5 to 1 pwm in size, with
irregular edges and are 14.4 nm thick (Fig.
1C). Occasionally a step of 6 to 7 nm is seen
at'the edge of a plaque that either represents
a single membrane from a gap junctional
plaque or a piece of nonjunctional mem-
brane attached to the gap junction. The
surface of the gap junction has height vari-
ations of ~1 nm, but sometimes bumps 50
to 100 nm in width and several nanometers
in height are seen. At high magnification,
the surface has no discernible regular fea-

‘tures and is smoothly undulating. High-

magnification images of the glass itself are
remarkably smooth, with z variation of only
1 to 2 nm and no detectable regular pattern
(Fig. 1D).

Glutaraldehyde fixation of hepatic. gap
junctions does not result in any discernible
changes in morphology. Interestingly, all of
the samples that were glutaraldehyde-fixed
were more easily scraped off the glass sub-
strate. This result may be attributable to the
reaction of glutaraldehyde with amino
groups of molecules such as phospholipids
and proteins. Reaction of thgse. molecules
with glutaraldehyde would reduce the total
positive charge of the gap junction mem-
brane and thereby reduce the strength of the
electrostatic interactions between the gap
junction and the negatively charged glass.
The adsorption of purple membranes to
mica requires positively charged membranes
(10).

We examined the effect of force on the
structure and appearance of the gap junc-
tion. Samples were imaged in PBS in an
increasing force series from less than 1
nanonewton (nN) to ~15 nN. After a gap
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