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p l l B  (1 3 ) .  Spin polarl:atlon o t  the fuel 
n-ould ( 13) Increase Q tor the p- l lB I-eactor 
to 4.3, and a further increase may result 
from the nuclear q~~adrupo le  moillent (1 9 )  
of "R. T h e  d e s ~ g n  o t  a 10LI-L,1\9! (electric) 

mpact of Lower Atmospheric 
reactor- (13)  has bee11 considereid o n  the  
hasis of Q = 4.3 hx- arsuming a converter 

Carbon Dioxide on Tropica 
efficiency o t  17.9 for ct particlei, 0.4 for 
racliation, a i d  17.7 tol. accelerators. T h e  coils 

Mountain Ecosystems 
are assumed to 13e iuperconducting and to 
;ustaill lllaglIetlc fielil; ot al,,,,,t kG. F. Alayne Street-Perrott," Yongsong Huang,? R. Alan Perrott, 
T h e  dimensions of Fie. 3 are based o n  theie Geoffrey Eglintsn, Philip Barker, Leila Ben Khelifa, 
C ~ ~ C L I I ~ I ~ I O I ~ ~ .  ~6ug las  El. Harkness, Daniel 0 .  Olagoz 

T h e  maul emylia;is of f ~ ~ s i o n  re;earch to 
date has been o n  the D-T Toliarilak be- 
cause o t  the  laree value o t  Q. Such a value 
makes tile design of such a reactor 111~~ili 
eaiier and  much leis der?endent o n  exotic 
technologies. From t l ~ s  research has come 
mo;t of the  collsiderahle body o t  kno~v l -  
edge reci~ured tor t~uslon reactors, ~ n c l u J ~ n g  
the  1-eha\-lc-ir of I~eams.  \\-hlch forms the  
I-aiis o t  our preseiit researcli. T h e  purpose 
of this arcicle ha; been to indicate ailother 
or3tlon tor tu;lon reactor c l e~~e lo r~ment .  
based o n  the  l ~ - " B  reaction. In the  liglit ot 
recent d~scoveries a l ~ o u t  the  clas>ical 1.e- 
ha\-ior of h lg I~-energ~-  particles (4), tlie 
p-"6 reactor seems lws;~hle and has many 
ei~gineerlng advantages concer~ l ine  size, 
radioactivitr, a n 3  maintenance. 
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Carbon-isotope values of bulk organic matter from high-altitude lakes on Mount Kenya 
and Mount Elgon, East Africa, were 10 to 14 per mil higher during glacial times than they 
are today. Compound-specific isotope analyses of leaf waxes and algal biomarkers show 
that organisms possessing C0,-concentrating mechanisms, including C, grasses and 
freshwater algae, were primarily responsible for this large increase. Carbon limitation due 
to lower ambient CO, partial pressures had a significant impact on the distribution of 
forest on the tropical mountains, in addition to climate. Hence, tree line elevation should 
not be used to infer palaeotemperatures. 

--* .-a ~. .n 

M o s t  ertuiiates o t  the c o o l ~ ~ l g  ot  troy~cal 
land areas at the last glacial masunurn 
(LGLI) arc incomyat~l-le (1 )  x i t h  the much 
smaller decrease ill sea-surtace temperature? 
( 5 2 ' C )  estimated from nlicroii,;~il assem- 
blages 111 deep-sea cores b ~ -  CLILIAP (2) .  For 
example, p a l a e ~ ~ e ~ o l o ~ i c a l  evidence for a 
general descent of the upper tree line by 
1200 to 1722 111 o n  the tropical high inoun- 
tams at the LGb1 has 1~ee11 ~ ~ s e d  to inks  a 
cooli~lg of 5" to l?"C, on the ass~~mytions 
that tem~erature  mas the liiam coiltrol 011 

the forest lililit and that env~ronmental lapse 
rate. have remained coilstant t h m ~ ~ g h  tillie 
(3).  O n e  possil-.le problem with this ~ n t e l ~ r e -  
tation, hco~vever, 1s that glac1~11 c ~ r ~ c l ~ t y  (4) ,  
u l t r ,~~iole t -B raciiatloli (j), and aml:~ent 
coilceiltratlons of CO: (6. 7 )  may also have 
infuenceci altituLlinal zonation. Here we 

i1101~ that change; in the l ~ a r t ~ a l  pressure of 
atmosyheric CO, (pCOz) had a ~ i ~ ~ ~ i f ~ c a ~ ~ t  
i~npact  on tropical mo~ui ta in  ecosyitems. 

.At the LG41. pCO, was reduced to a 
level of 190 to 200 yatm,  compared with its 
pre-lndustrial level of 370 to 380 pa tm (3) .  
T h e  ecophy;iolqlcal eft'cct; of thl; large 
decrease in CO,/O. ratio max7 have been - - 
exacerbated by a ilnall increase in atrno- 
spherlc O1 content,  re;ulting fro111 a11 en- 
hanced burial rate of o r a l i i c  carbon in the 
qlaclal ocean (9 ) .  Plants n~hose firqt procluct 
of photosynthesis is a three-carbon acid, 
that is, the  C plants, incl~iiling almost all 
trees and most shi-111~s, 14-ould have heen 
dlsadx~antageil by lncreaxLl p h o t o x ~ p ~ r a -  
tion (1 2 )  and physiological iirought (1 1 ) :  
C, l~lants ,  llicludi~lp many troplcal savanna 
grasses ancl seiiges, possess a CO,-col~cen- 
tratillg mechani.;m, making them more et- 
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lvavs. Typically, C j  plants have 1~~1lli  6°C 
1-aluei ot -11 to - 3 3 per nu1 (average -1; 
per m ~ l )  (16) .  I11 contrast, C, Flallta exhibit 
6°C value\ of -9 to -16 per lnll (average 
-13 per m11). Crassulaccan acid 111etal:o- 
lis11l (CALI)  plants-which fix CO- in , L 

iiarkness by a process similar to that in C, 
plants-including man\- succulents, display 
lllterlileiiiatc "C contents and are also 
adapted to lon- CO, and n.ater streis. In  
aquatic en\-lronments, the 6°C values of 
algae ani{ submerged macroph\-tea, most of 
13-hich uae the C j  path~r-ay, provide an in- 
cies of the  a~a l l a l~ l l l tv  of diasolveii CO1 and 
H C O ,  to the pho to iyn t l~es~ : i~~g  cells ( 13. 
1;). A t  normal lake water temperatures, the  
6 '  'C values of HCO;- are 7 t o  11 'er 11111 

heavier (more poa~ t~r -e )  than the value; tor 
ilissolveii COI ( 18) .  

T h e  6°C i.alues of bulk orranic matter 
from East African lake and swamp iedi- 
lnents decreased from qlacial to ~ n t e r ~ l a c i a l  
t m e s  by 7 to 17 per n1il ( 4 ,  19, 22) .  T h e  
heavy carbon In seii~ment\  of glacial age has 
heen a t t r i b ~ ~ t e ~ i  to the  spread of C- grasses 
and iedgei as a result of drier climate (19)  
or 1013-er atmosL-heric j,CO: ( 6 ,  2d. 21 ). 
Hon-ewr,  the bulk isotope signal in lake 
.;ecliments reflects a cilverie arrai- d t  carhon 
source.;. It lnav also be iinnifica~ltlv ~11odi- 
fied hi- diagenesis (1 5) .  ComFoun;l-spec~fic 
isotope anal\-sli nolv perlillts the  measure- 
lllellt oi 6 l 3 C  valuea for iindlvidual hiomar- 
1 <el> .. lepresenting . rpecitlc terrestrial, aquat- 
ic, and bacterial sources, therc1:y minimi:- 
inq the  overprint of diaqenesis (22) .  Plant 
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materlal of C; and C4 origln call he rcaiill\- 
ditferentiatcd, \vhlch 1s an  impos>il~le t a ~ k  
fc~r pollen anall-sis alone. Here, n.e compare 
the molecular-isotopic stratigraphy of d l -  

mentarv lipids from two hlqh-altituiie Ken- 
\-an lakes with miiepel~dcnt palaeoecoloqi- 
cal ciata in order to reconstruct the  glacial- 
t o - i ~ l t e r ~ l a c ~ a l  challpes In carbon c \ - c l i n ~  
n-ithin the lakci and their catchments. 

Sacred Lake, Mount Kenva. Sacred 
Lake (CCL73'N, 37'31'E) occupies an  ex- 
t ~ l l c t  crater a t  a n  elevation of 135P m ( 2 3 )  
In moist lilontane rain forest (24) .  Toclal- 
tlie tree line lies at 19G2 to 34X m. T h e  
lake 1s imall (2.71 1;111'), shallo'i'i. ( 5 5  m ) ,  
and oligotrophic. In 191"') it was acidic ( p H  
5.2 to 6.1) and poorly l~uffered, with a n  
estrelnely low .;alin~t.\- ( 9  to 11  ing of Ealts 
per liter). It \vai surroul~~ieii  by a floating 
mat of emergent n ~ a c r o ~ h y t e s .  K'c recov- 
ered two parallel piston cdres, SL1 and SL1, 
of 16.34 and 13.4 m lengtlh, respcct1vely. 
from a I\-ater depth of 7.52 111 (25) .  T h e  
cores c ~ ~ n s l s t  lilaillly of carbonate-free lake 
muiis and n-ater li ly Feats, interrupted I>\- 
T-olcanic ashes anti ciel~ris-flow ilialilicts 
(Fig. 1 ) .  Fos\~l  root lnats inciicate that the  
lake becanle shallon-, usually \\:ithout ;le.;ic- 
cation of the .leposlts. An array of 19  strati- 
?raphicall\- consistent 14C datea and 117 Li 
T h  dates (26)  suggests that the basal lalx 
secillllellta (15.13 m 111 SL1) are -115,L?i?L? 
\-ears old. Pollen data are available tor the 
last 33.C7PC7 I-C years (24) .  

T h e  total organic carbon (TOC) con- 
tent of the Sacred Lake .;eii~ments 1s hi$ 

( 5 5 8  96). T h e  diatom content varies from L? 
to I$-' valves per gram of seiiiment. Re- 
lllallls of the  p l a ~ l k t ~ ~ l ~ ~ c  green alga Rotryo- 
cocc~ts hlii~n~iz are al~unilant.  iiltllough C/N 
ratios of 1L? to 17  could be used to infer a 
mixture of aquatic anii terrestrial carbon 
sources ( l j ) ,  the\- should be interpreteil 
~ v i t h  caution hecause hydrocarbon s y ~ ~ t h e s ~ s  
hv B .  hrirzii~i~ rebults in a n  anomalously high 
bulk C i N  ratio (-36) in this alga (27) .  

T h e  bulk 6°C values in cores SL1 (Fig. 
1 )  and SL1 vary from -3 1.5 to - 14.1 per 
11111. T h e  t\vo curve.; are virtually identi- 
cal. A t  least five positivc excursions 
reached - 18 to - 14 per nlil i l ~ ~ r i n g  the  
early glacial. l~etore  34,C722 liC years before 
present (B.P.).  T h e  peaks are general- 
1>- associated nit11 alkaliphilous diatolils 
(FlLigilii~.iLi cf. coi~stlz~ei~s var. xmento., Cym- 
h~.lla i~~zc~ocephnl~r, C;omphollelnil g~(rcilz, Ej~i- 
thainia soles, and Sy12tEra actis) inL1lcative 
of p H  values 5 8 . 5 ,  although sonle 
circumneutral and acidophilour iliatomi 
are present i.Achntrnthi.s inicroci.phala and 
Bliizh>siia h~ebissoilz~). 

An ~ntcritadial 613C minimum (-14 to 
- 7 9  -- per mil) is Ja t e J  a t  -34,2C7C7 to  24,C722 

liC years B.P. It corresponcis to a nlinor 
peak of dry lllolltalle torest pollell (lllailllv 
Po,locai.j,us) (24) .  i ibundant  planktonic 
(Azilacosairir d ~ s t ~ r i ~ s  vars.) and aciii-tolerant 
( R ,  b~ebisson~~)  freshwater dlatomr sho\v 
that the  lake had expancied. 

T h e  last glacial (24.22C7 to 13,2?C7 I-C 
\-ears B.P.) 1s marked by a n  isotope maxi- 
mum (-18 to -14 per mil). .Abundant 
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Fig. 1. Sirai grap1-y alid ouk sed~i-ent prope,ies of co,.e SLd . Sacred Fig. 2. Molecula,.-'soiop c sirai~graphy of core SL l  Sacred Lake, Mount 
Lake Mo..nt Kenya. The ' C dates older that1 3S.000 years B F, are Kenya, shol!,!ing caroon-sotope ?slues of leaf-)!,!ax colrponents and algal 
prooaoy m n ,nulr ages. alkenes 
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pollen of grasses, including large grains typ- 
ical of C4 taxa (28), found in association 
with ericaceous shrubs and Artemisia, indi- 
cate an almost treeless, grassy heathland 
(24). Sedge pollen also increased slightly. If 
interpreted solely in terms of air tempera- 
ture, the maximum tree line lowering of 
1000 to 1100 m corresponds to a cooling of 
5" to 9°C (24). The lake was shallow and 
alkaline (pH 7 to 8.5), with an algal flora 
dominated by B. braunii and the diatom 
Fragilaria cf. consmuens var. venter, which is 
abundant in the modem lakes above tree 
line (29). The chironomid fauna also sug- 
gests waters that were alkaline and oligosa- 
line (51.5 to 2 glliter) (30). 

After 12,000 14C years B.P., the transi- 
tion to lower, interglacial 613C values was 
interrupted by a positive oscillation (to 
-23.6 per mil) culminating during the 
Younger Dryas stadial, just before 10,740 2 
80 14C years B.P. The following F13C min- 
imum, -31.5 per mil, is dated at -10,300 
14C years B.P. This abrupt decrease of -8 
per mil was associated with a rapid ascent of 
tree line (24). Moist montane forest became 
established at the site. After 3285 ? 60 14C 
years B.P., dry forest trees (Podocarpus and 
Olea) increased in abundance, and F13C 
values rose to a plateau of -27 to -24 per 
mil. Although B. braunii is abundant in the 
Holocene sediments, diatoms are scarce, 
partly because of dissolution. However, the 
dominance of acidophilous taxa (Eunotia 
implicata, Pinnularia cf. brevicostata var. 
Sumatra, and Cymbella aff. cesatii) suggests 
generally acidic, freshwater conditions sim- 
ilar to those today. 

The lipids we extracted from the sedi- 

ments of Sacred Lake are of two ~ r i n c i ~ a l  
types: leaf waxes from higher plants and 
algal alkenes (31). The former are repre- 
sented by C27 to C31 n-alkanes with an 
odd-over-even predominance, and by C2, 
to C,, n-alcohols and n-fatty acids with an 
even-over-odd predominance. Long chain 
(CZ7 to C31) n-alkanes are particularly re- 
sistant to biodegradation (32). In core SL1, 
they range in abundance from 90 to 900 pg 
per gram dry weight (gdw) (average 318 
pglgdw, n = 15), and the highest concen- 
trations occurred in the last 11,000 years. 
The abundance of the C16 and C18 n-fatty 
acids, commonly attributed to phytoplank- 
ton, is low com~ared with their loneer - 
chain homologs, probably as a result of early 
diagenetic degradation (33). However, algal 
biomarkers are represented by at least 15 
different botryococcenes: the highly dis- 
tinctive, branched, isoprenoid hydrocar- 
bons (alkenes) produced by B. braunii (34). 
These algal alkenes are present throughout 
the core except in the interstadial sedi- 
ments dated at -34.000 to 24.000 14C vears 
B.P., but increase to a maximum concen- 
tration of -15 mglgdw after 4000 14C years 
B.P. Bacterial hopanoids are only present in 
trace amounts. Their 613C values fall be- 
tween -23 (glacial) and -30 to -37 per 
mil (Holocene), in contrast to the highly 
13C-depleted hopanoids typically derived 
from methanotrophic bactetia (35). These 
values rule out the isotopically heavy coge- 
netic CO, produced during methanogenesis 
as the main source of the high bulk 613C 
values during glacial times. 

Molecular-level isoto~e data confirm 
that the large carbon-isotope variations in 

TOC reflect both terrestrial and aquatic 
signals. The F13C values of leaf wax com- 
ponents of higher plants display an average 
glacial-to-interglacial shift exceeding 15 per 
mil. Heavy values for n-alkyl lipids (weight- 
ed average: - 23 to - 17 per mil) are found 
in sediments dated >34,000 and 24,000 to 
13,000 14C years B.P., indicating that the 
lake received mainly C, plant detritus (36, 
37) during early- and full-glacial times. In 
the intervening interstadial, the contribu- 
tion of C, plant debris increased (average: 
-28 to -26 per mil). At  the end of the 
glacial, the 613C values of leaf waxes 
dropped sharply, except for a minor positive 
excursion during the Younger Dryas. The 
lowest mean value of -36 to -28 per mil 
was reached at the beginning of the inter- 
glacial, -10,300 14C years B.P. It reflects a 
dominantly C, plant source (37), compati- 
ble with the re-establishment of dense 
moist montane forest. An increase in the 
relative contribution of C4 material is evi- 
dent after 4000 years B.P. 

The F13C values of algal alkenes vary 
broadly in parallel with those of leaf wax 
compounds (correlation coefficient r2 = 
0.63 to 0.88) (Fig. 2). However, the ampli- 
tude of variation is larger (>25 versus 15 
per mil) and the measured values are 5 to 15 
per mil heavier than those of leaf wax com- 
ponents. High values are found in algal 
alkenes extracted from lake muds of early- 
and full-glacial age. The highest value 
(-5.1 per mil) is dated at -18,200 14C 
years B.P., corresponding to the LGM. In 
contrast, a minimum value of -30.3 per mil 
was reached -10,300 14C years B.P., imme- 
diately after a brief positive excursion mark- 
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Fig. 3. Stratigraphy, bulk sediment properties, and pollen data for cores Fig. 4. Molecular-isotopic stratigraphy of cores A and B, Lake Kimilili, Mount 
A and B, Lake Kimilili, Mount Elgon. Grass and sedge pollen are ex- Elgon, showing carbon-isotope values of leaf wax components and the 
pressed as percentages of the total pollen. Triangles indicate 8l3C values C,, n-acid. The C,, n-acid could not be measured because of co-elution 
of 14C-dated samples. problems. 
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ing the Younger Dryas. 
Lake Kimilili, Mount Elgon. Lake Ki- 

lnilili (1°06'N, 34'34'E) lies at an eleva- 
tion of 4150 m in a glacial cirque, surround- 
ed by sparse Afroalpine vegetation (4) .  
When  samoled, it covered an area of - 100 
rn by 50 rn and was shallow. N o  water- 
chernistrv data are available. A 4.10-m-lone 
Hiller coie was raised from the exposed lake 
floor (point A ) .  The base of the sequence 
(4.05 to 6.55 m )  was recorded at point B, 
where the sediments were considerably 
thicker. The cores consisted of extremel\- 
diatomaceous, carbonate-free lake muds 
containing 3 to 15% TOC and 1.8 x 10' to 
8.0 X 10' diatom valves per gram (Fig. 3 ) .  
The C/N ratios of 9 to 16 suggest that most 
of the TOC was derived from algal detritus 
(15). Deposition began at -11,000 14C 
years B.P. The lake shallowed after -3500 
14C years B.P., as indicated by an increase 
in clay and the presence of rootlets (4) .  

Heavy bulk carbon-isotope values (-8.8 
to -7.0 per mil) were found at the base of 
both cores (11,000 to 10,000 14C years 
B.P.) (Fig. 3) .  The 813C values decrease 
abruptly in two steps, at -10,000 and at 
-7000 "C years B.P. They then remain 
steady around a mean value of about - 19.5 
per mil. The highest 813C values corre- 
spond to a slight maximum in the pollen of 
grasses and sedges (Fig. 3 ) .  The diatom flora 
in these late-glacial levels is dominated by 
Fragilnria spp., notably F .  pseudoconstruens, 
F. pinnata, and F. cf. oldenbttrgiana. These 
taxa typically live on  minerogenic muds in 
shallow, neutral to mildly alkaline water 
bodies. In Arctic Canada, F .  pseudocon- 
strttens is found in dilute, tundra lakes with 
low summer water temoeratures and a short 
ice-free growing season (38). However, this 
flora is quite different from that of the 
perennially frozen, freshwater Lake Hoare 
in Antarctica (39) ,  suggesting that ice cov- 
er was seasonal rather than perennial. After 
10,000 "C years B.P., pollen of shrubby C, 
Afroalpine plants such as Alchemilla and 

Helichrysum increased (4) .  Since 8600 I4C 
years B.P., the lake has been dominated by 
F .  construens var. venter and F. exigua. The 
presence of F. exigua suggests that water 
temperatures (38) and phosphorus avail- 
ability (40) had increased. Diatom concen- 
trations also rose, implying that primary 
productivity was higher, possibly linked to a 
longer ice-free growing season and in- 
creased nutrients. 

The concentrations of terrestrial leaf 
waxes in cores A and B are as much as an 
order of magnitude lower than those in " 

Sacred Lake, reflecting the much more 
sparsely vegetated catchment. They also 
show less temporal variability. Another 
marked difference is the dominance of C16 
and CIS n-fatty acids, attributable primarily 
to algae, in contrast to Cz6 and C,, in 
Sacred Lake. Bacterial hopanoids are too 
low in concentration in Lake Kimilili sedi- 
ments to be measured. 

Although the Lake Kimilili sequence 
does not extend back to the LGh4, heavy 
S1'C values averaging -20 to -17 per mil 
are found in leaf wax compounds extracted 
from sediments of Younger Dryas age 
(1  1,000 to 10,000 years B.P.) in both cores 
(Fig. 4),  indicating that the contribution of 
C4 plant detritus was greater than that 
found today (36, 37). During the Holocene, 
the weighted-mean S13C values of leaf wax 
components decreased to a modern value of 
-27 to -24 per mil, in line with the ob- 
served expansion of C3 sl~rubs. 

As in Sacred Lake, algal lipids exhibit 
even larger changes in isotopic composition 
than compounds derived from higher 
plants. For example, the C16 n-fatty acid 
that is abundant in  Fragilaria (41) attained 
values of - 13 to - 10 per mil during the 
Younger Dryas, compared with -24 per mil 
in the surface mud (Fig. 4).  Sealed-tube 
pyrolysis was performed on two samples dat- 
ed >10,000 years B.P. in order to probe the 
origin of the highly 13C-enriched organic 
matter (42). These samples yielded a series 

Fig. 5. Variations in 813C Vostok Vostok Sacred Lake Lake Kimilili 
values in TOG from Sacred temperatures cot 6 I3C 6 I3C 
Lake and Lake Kimilili, Ke- ( " c )  ( P P ~ V )  (per mil) (per mil) 
nya, compared w~th paaeo- 
temperature anomalies and 
atmospherc CO, varatons - 
during the last 22,000 calen- 4.000 

dar years as recorded by the 
Vostok Ice core Antarctica 

8,000 
(8). Note that the isotope 1 
scales are reversed. 

of hydrocarbons of probable algal origin 
with very heavy isotope values, including 
an abundant, highly branched isopre- 
noid alkene monoene attributable to dia- 
toms (43) (-4.2 per mil), several other 
branched or cyclic compounds ( - 8.4 to 
-4.2 per  nil), and the CzO to Cz2  n-alkanes 
(-11 to - 7  per mil). 

Carbon cycling in terrestrial and aquat- 
ic ecosystems. During the last glacial stage, 
both study sites showed an increase in the 
proportion of organic detritus derived from 
plants using the C4  pathway (36). Today, 
populations of C,, tussock grasses are found 
on  dry sites LIP to at least 3370 rn on  Mount 
Kenya (44) and 3700 m on Mount Elgon 
(45) ,  and C4 sedges occur up to at least 
3525 111 on Mount Kenya (46) and 3380 m 
on  Mount Elgon (45). Euphorbia and other 
succulents are common on the dry north 
flank of Mount Kenya at altitudes of 1800 
to 2100 111, so that a contribution from 
CAM taxa cannot be ruled out. Expansion 
of C4  and CAM taxa, which possess C 0 2 -  
concentrating mechanisms at the expense 
of trees and C3 grasses, ~vould have been 
favored by both lower p C 0 2  and aridity. 
However, the significant delay (300 to 600 
years) bet~veen the 813C lnaxima and the 
lake-level minima recorded by root mats in 
core SL1 (Fig. 1 )  suggests that lower pCOz 
played a dominant role. 

A t  both study sites, the isotopic varia- 
tions in algal biomarkers are even larger 
than those observed in higher plant leaf 
waxes. Algal compounds exhibit exception- 
ally heavy S1'C values during the last gla- 
cial stage (-5 to -4 per mil in isoprenoid 
alkenes, and - 13 to - 7 per mil in straight- 
chain lipids). This isotopic signal appears to 
emanate mainly from green algae (B. brau- 
nii) in Sacred Lake and from diatoms (Fragi- 
laria spp.) in Lake Kimilili. Because the 
813C value of glacial atmospheric C O z  was 
about -7 per mil ( 4 3 ,  and because lipids 
are isotopically even more depleted than 
whole cells with respect to the source car- 
bon (16) ,  Botryococcus and Fragilaria tllust 
have been using H C O ,  as a carbon source, 
that is, they both possessed a COz-concen- 
trating nlechanisnl inducible at low con- 
centratlons of dissolved C 0 2  (48). This in- 
ference is supported by modern studies of 
pH drift (49). 

The extremely heavy glacial-age isotope 
values in algal biomarkers also imply that 
isotopic discrimination was very limited 
with respect to the source carbon. Minimal 
fractionation is typical of algae affected by 
severe carbon limitation. This situation 
may result from low p C 0 2 ;  high ternpera- 
ture, pH, or salinity; physical barriers to 
diffusion such as ice cover or oil films pro- 
duced by B, braunii; or high algal produc- 
tivity (50). For example, 8I iC values heavi- 
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er than -10 per nlil have been found in  /bid P 379, ( trmethysy~-tr~fuoroacetam~de, respectvey Sam- 

algae from hot  springs, .. heliothermal . . . brines, 2 ~ ~ ~ ~ e I p ~ ~ ~ 9 ~ m ' , r ~ ;  ~ ~ ' c ~ ~ c , , " , ~ e  y!: auantficaton ples were analyzed and bv by GC-mass gas chromatography s~ec t rome tn~  (GC) (MS) for 
seasonally or perellllially frozen lakes, and 212 (1995): C Charles ibid 385, 681 11997) for dentif~cation Compound-suecif~c 6'"C analvses 
fast-gromi~lg u~ l tu res  (50,  51) .  High pro- 3. J. R. Feney, Prog. Phys. Geogr. 3 488 (1979). were peformed using GC-isotope rato mass spec- 

ductivity is ulllikely to have heell lnain 4. A. C.  Hamton Environmental History of East Africa trometn~ (GC-RMS). The 6'" values for ndvdual  
(Academc Press London 1982) compounds are the means of duplicate or tripcate 

cause of reduced discrimination during gla- 5 J R,  FI,,~,~, oust, sci, R ~ ~ ,  15, 549 (1996) runs (U = i 0  1 to 0.4 per m11) expressed versus 
cia1 times. because the  concentrations of 6 F. A. Street-Perrott. Ambio 23, 37 (1991). PDB. For fatty acids and alcohols the 6'" values 

algal relnains are higher in  Holocene sedi- 
ments. Any  explanation for the  isotopic 
variations in algal hiolnarkers must also ac- 
count for the  marked parallelism exhibited 
by terrestrial and algal compounds in both 
lakes (Figs. 2 and 4) .  

W e  co~lclude that the  glacial-to-inter- 
glacial isotopic shift o h s e r ~ ~ e d  in lacustrine 
algae mas driven by natural variations in 
dissolved C02. During the  last glacial stage, 
the  primary control o n  the  concentration of 
dissolved CO, was lower atmospheric pCO, 
(Fig. i), amplified by local climate-related 
factors. In  Sacred Lake, increased p H  and, 
to  a lesser extent, salinity associated with 
glacial aridity would have intensified car- 
bon limitation. T h e  elilnination of forest 
and floating swamp would have reduced the  
input of isotopically light, hiogenic C02 
and organic detritus from the  vegetation 
canopy and soils (52),  suppressing the  ten- 
de~ lcy  toward COz supersaturation that is 
seen in  some lnodern African lakes (53).  
Recycling of C4 plant detritus would also 
have shifted the  dissolved carbon pool to- 
ward heavier isotope values. Whereas there 
is as yet little evidence for past variations in  
its p H  and salinity, Lake Kinlilili lies not far 
below the  modern freeiine level i-479C m) " 

(54) ;  during glacial times, seasonal ice cov- 
er may have exacerbated the  impact of low- 
er pC02 o n  this lake. Both lakes also ex- 
hibited variations in productivity during 
the  Holocene, driven by changes in nutri- 
ent  supply. Together, these local factors 
may account for the  differences in  the  form 
of the  hulk 613C curves from the  two sites 
(Fig. 5). 

I n  agree~uent  with recent model results 
(7) and bulk 6I3C data from the  equatorial 
lowlands (55) ,  our isotopic data suggest that 
glacial-to-interglacial variations in  atmo- 
spheric pC02 had a significant impact o n  
the  distribution of tropical rain forests, thus 
contributing to the  decrease in terrestrial 
biomass a t  the  LGM (56).  They also reveal 
the  existence of severe carbon limitation in 
high-altitude lakes during glacial times. 
Hence, there is a need to  reassess palaeo- 
ecological and palaeotemperature recon- 
structions for the LGM, especially those 
derived from tree-line altitude o n  the  trop- 
ical high mountains. 
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