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LETTERS TO NATURE

is farrly successful for'avariety af iiquids cver extended pressure,
compression and viscosity ranges, and vields phyvsically reason-
ahle predictions.

The empirical Vogel-Tammann-Fulcher - VTF) equatien,
log n— A+ B/(T~To), s an excellent rapresentation for the
temperature-dependent viscosity data of glycers! over 12 orders
of magnitude™, where T, is roughly the Kausnann tem.
perature™ (at which the liquid and ciystal are isentropic). A
modified form of the VTF equation. in which T, is assumad to
depend linearly on P, has been ysed 1o fit high-pressure conduc-
tivity*** and Brillouin scattering data®® but does not desaribe
out viscosity data. Following the assumption that the parainerers
A and B are constants™*, independent of both pressure and
temperature, theu the isothermal high-pressute viscosity data
can be used with the VTF fquation to calculate To(P). Applying
the amhient-pressure result™ that T,= Tyt 55K, we ubtain
T,(P) as shown in Fig. 4. This plot has several imporant
[eatures. First, the resuiting 7,0 P} are nanlnear with pressure
and agree witk estimates from high-pressure measurements of
heat capacity and di¢lectric constant®®. Such nonlineasity is not
widely recognized but was theoreijcally predicted® and has been
seen (or other liquids™’. We do, however, find a iinear relation-
ship between 75 und volume inset to Fig. 4).

Alternatively, one can assume that A and the ratio B! T, are
constant, as found for methanol over a limited pressusc range?.
This leaves unaltered the nonlinear behaviour of To( P}, but now
T,— Ty must increase with pressure 10 agree with expenmental
data. The nearly linear relationship beiween Te and volume i
preserved. The key diflerence between these two models is
whether the fregility parameter 8/ T, (ref. 20) is independent
of pressure. This parameter is retaied to. the rate of structural
breakdown in the liquid above T, and is used for the
classification of glass-forming liquids. But past studies have not
addressed its pressure dependence. Evaluation of this requires

—_—

vatiable-temperature. high-pressure data, and the SIRG 2 o,

Able viscoiity point for glycerol” suggests that By Ty is ey gc;

dent of pressure. This suggests that the combined edeq.
temperature and pressure on glycerol are cych thatan iz o, -
crossing of T, atany pressure, would vield a constant {oniy -
ational entropy change. Fumher data are clearly requires
clarify this issue.
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Recent change of Arctic tundra
ecosystems from a net carbon
dioxide sink to a source

Walter €, Oachel*t, Steven J. Hastings®,
Goorge Vouriltis®, Mitchell Jenkins®,
Goorge Rischersi & Nancy Grulke$

* Systems Ecolegy Acasarch Grony o Department of Bi0iogy.
Sen Diego State University, San Diego. California 92182 USA

¥ Statawide Alr Pollution Research Center. Lnmvargity of Califorma,
Riversloe, California 92521, USA

§ LSOA Forest Service. 3200 Southwes: Jefersan Way. Corvains,
Oregon §$7331. U84

ARCTIC tundra has beeo a net sink for carbon dioxide during
historic and recent geological times'**, and large amounts of
carbon are stored in the soils of northern ecusystems. Many regions
of the Arctic are warmer now thaa thes have been in the past®"?,
and this warming may cause the soll 10 chaage from & carbon
dioxlde sink to & souivs by lowertng the water (sble'""?, thereby
sccelerating the rate of solt decomposizion (CO, source)'*'* 5o
that this dominsres over photosyothesls (CO; siuk). lere we
present data lodicating that the tundra on the Norh Stope of
Alaska has iudeed become & source of carhan Aloxide to the
atmosphere. This change colncides with recent warming In the
Arctlc, whether this Isdue ro increases in greenhouse gascoacentra.
tions In the stmosphere or to some other cause. Oyr results sugyest
that tundra ecosystems may exerl u positive feedback on atmos-
pheric cuebon dioxide nnd greenhouse warning.

* 10 whom o7 18900naR"CE 37010 DO 33 e1564.

The current, reczniand future carbor Aux of terrestrial ¢cosyy
teme s controvers:at'®!” and ar present, 1he carvor bucger coe:
not balance, implying uncerainty as (o the current terres iz
carbon flux. It may be thar over :he pact 30-40 ycars, i
tefrestrial biosphiere has been a net sink for carpon'!-* arge
enough 10 account for the “missing cerbon’ injected inwo the
atmosphere and not accounted for in aceanic uptake or atmos.
pheric storage™™. Analvses by Tans er al'® concluded he
likelihood vfa netterresinal sink with high-latitude CO, sour.es
10 the atmosphets

Northern acosystems contain vp tw <43 Gt (petagrams} ol (
in the coil active laver and the upper levels of the permalrost.
of up to ~60% of the ~750 Gt C cuerently in the atmospiicis
a5 CO; (refs 1-4). Arctic tundra ccosystems alone contain maore
than 56 Gt C below ground as dead ofganic mairer In tne
historic and recent geological past, vates of carbon dccumulation
intundra worldwide have been ~0.1-0.3 Gt C peryear™ =<' ©
Tussock tundra is estimated 10 have accumulited caroon at the
fite of 23gCm " vr™" (002Gt € per vear worldwide), wer
tindea at the rate ¢ 273 C m~* 31711003 Gu C per year worly-
wide™) (0 40-120 g m™ vr™' yeefe 24, 3¢,

High-latitude ccosvstems ire experted o wndergo the grcatc.:
intreases in surface :emperaiure with a doubling of atmaspher.:
CO. Surface temperature increases of 4 °C in summer and 2:
TUCh as 17 °C 10 winter hate been predicted for high northern
atitudes*, providing the potential for iarge absolute #nd el
tve inereases in tcuiperdture (n arcuc regions. The imponance
of permafrost, ice and snow n controlling arctic ecos stz
orocessea‘ alsn mekes the Sreric Paiculaihy sensitive (o
warmng=*, .

Regional warmins of surface air temperarives’ ™ and perma-
frost temperatures”™ has been SXperiencad over arctic Alaskg

and Canada and;o* ceniral Siberia over the past ceqtuny. In
Alrabn  Aaldee e -
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Barrow™ regional summer SAMMITE Over i€ past 0 and o
wears at Barrow ang Prudhee Bay. respeciiveiy, seems to be
reilected in their 1emperaivre records Fig toing agraes witk
tie general trend in globat temperature decravion. 0 B
s'1ough the direciion of the Changeobiened or the nonh slape
o Alaska is that predicted by general circulation madels and
camate [evonsIrUClions, the 1emperatute rise cannol definitel:
ke 2icnibed (0 greenhouse warming’

Here we repom messurenicais of wholewzcosisiem CO, flys
measured over five seasons (198321955, 1957 1990 41 Toolik
Lakz and along a batitudinal irancect in 1999, frum the Arctic
Oican at Prudhoe Bay to Toolik Lake, Alaska Fig. ). The
win-l measurements (1983-1985. 19871 were mace st Toolik
wahc using 2 closed, CO, und long-rerm temperature.cantrolled.
rull-bafance greenhouse chamber {COLT chamber: system®
Duriag the summer of 1950, we mads diurnal and seasona)
meardrements of ecosystem CC. Ruy along a nonh-south
tranzast from the Arcuic Ogean a1 Prydtoe Bay 12 Toolik Lake,
M0k 10 the south. using a portanle €cosysileT cutette and gas
evchange svstem™

The repeated summer measurements of diurnsi CO. Aux at
Toolih Lake made between 1983 gnd 1943 indicated a loss of
¢G:trom the tussock tundra 07 072299 Cm™"d ™" (Table
lae wssume a nominai acrive season of 3¢ dsve, these annyal
res ol 00 efux varied trom $3 10 286 g Cmt v refiecting
e rearto-year vanability in environmental  conditions

Tabie 11 We may have slighily underesumarcd CO. loss by

missing some periods of cail and plant respirationan easly spriag
anc late autumn (S. A Zimov, personal communicitiony.

Diurnal and seasenal patterns of carban flux wers daminated
by periody of carbon losy 10 the almosphere. For exampie,
Happy Valley shows a seascna!l increuse ir the rate of lass of
carbon at ‘night” fiuin carly season (0 peak season. This increzte
is presumably duc to increasing <oil temperatures. soil geraijon
and depth of thuw over this peried. Peax net ecosssiem carbon
uptake also increases from early o mid-sedsan, by on ne diny
measured is the carbon balance pasitive. snd soil deccnipusition
and paant respiration alwavs excced photosyathetic uptake for
the diurnal period. By mid-season, despite increaces in midd:y
rutes of carbon uptake, carbon loss has increased mors 1%in
has phctosynthetic uptake, snd the pe loss of carbon hes
increased compaicd L0 eariy season rates The measuremer:
peniod was extended in 199! to cover almost the entize snow fr::
period. reducing the extrapolation aevessary (W.C.0, unp.-.
lished data), The resuns suppon thote presented here ar-
confirm the carbon loss fram Spring £now
frecze-up ulong the transec measured.

Net seasonal carboq lass to the aimospaere was found ar o
sites measured. Carbon loss to the atmosphere dunng the |9y
season generally increused {rom north 10 south (Fig. *, snd o=
the drier aicay within a site thig- 2, Table 1. The site closes: 1o
the coast, Prudhoe Bay Wet, wys the wertest site measures
(Tuhle 11, The southern tussock wundra sites, loolik Lake an¢
Happy Valiey, were better drained, und had greater thaw depth:

mel woaugny:

" Meat Lot LAl yuinmes Wune througt: Ayg.s:
ToELes Som 1921 (o 199G 3t Barrow
T3 ano ir 1970 1o 1990 at Pruonoe Bay
fariRelestmied gre 3.y sliding mear vaies

iather Service for Barrgw. Algs«a

e wep

R
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AL 1 Creractengics of "PRRACN nUr G ene Thauyured Wy lyxes
Average
sumMmer S.mmer
ssane Emnaton lempergture* LR atia- Y
Site “dnNvie (o gioe - B T mara ype Muisrg Year {"C) {mm)
Prudioe g8y wet 70020 14848 25 3 el segge wet 1990 . 8.5¢ 49§
Prahoe Bay moist 10 22 1487 a8 25 3 wet segee Moig: 1290 - Bl
APL.139 control 63784 149ty 54 (9] AeUmeist gecpe Maigt 1990 1004 [£H
APL-133 ooomg 66°50°  1e5tee Ee 8c Netma st seqpe Wet 1960 1003 69t
ARL-133 ~rgires B 50 12843 v 8 “elmest secge Moist Lo 10.0¢ 631
“300y Valiey 69°08 148 30 Y] 366 TUBSODK Moist 1990 1311 o :
Toolk .ahe 88" 38 1457 35 20 732 Tussok Maist 1850 9.3¢ 160 I
Tocik, Lake 1203 83= AD -3:
Toolk Lake 1984 Npe= 64t -1
Tootk (ake 1985 75t Akw 2.3 -
ipolk Lake 1987 €2 2465 -

Positive vaises of fiux indicate €0, 1085 0 the & ~rsongre. Oavy CO,
averaged o provide an average 08y Yl for the paceye of DHIOgCo ot livily

* Sumuer montng rom June - Augus!

* This stuay, Ihissing 22 days of aats

+ To0iA Rivwr, M8 147 (). K€ peranna commniceas -

tins g

Tooltk River, MS.117 (R § MeClure. perps-a. COT™_ e 8lon)

“ Naugna! Cimatic Data Canter Aghoviip “C V0,80 T the Tean

= T0Qlk Rivar MG.117 (R M Haugen perssny COMT % canon),

"' ND. Not Determingg

and lower water tables. The average rate of annua! CO, loss far
the tuscack tundra sites in 1990 wag 1368 Cm 7 vr™ whereas
carben loss for the wet cedstal tundra sites ( Prudhoe Bay and
APL 133.3) was ~34 gCm 7y (Table 11, The results for (te
10ssock tundrs ccosystems dunng the 1999 sampling season

north <lope of Alaska,

We fcel that the change frem carbon accumulation to carbon
loss in these ecosystems is not caused ditectly by the incregse
In tetmperature by indirecily, by enhanced drzinage and soi]
deration, and a decrease in the water table'""%, Decomposition
of the 50il organic layer in norhem peatlands is controlled
much more by drainage, and consequently soil aeration, than
by emperature™ ¥ waprmer periods in the pag( thay resulied
in peat accumulation in the Canadian sub-aruic and Alaskan
ardtic”?, where there is no evidence o} cutrent carbon accumyls-

tion®, are thought to reflect the combination of warmer and
wetter ¢onditions.

FIG. 2 Site locations on the north inpe of Alagka. Iron: 1ortr 1o soutny
Srionce Bay, ARL.133. Maopy Valley. Toolk Lake ‘upper panel) Seasonal
caron dioxide fux (ag carton) 3long 2 latituoinal graovent from Prixthe Bay
10 Tonilk Lo, Atsaka in 1990 ( + ). 814 tor fowr aaditioral yodrs of maasyre.
ment at Toolik Lake (1983-1985. 1987 x), The iline represents an INterpoia-
or o valyes for 1990. Mean i for 1683-85 aw 13e7 5 175 =

l.*0ra 1o the atmosphere respedtively For thg innigl MEBSUEIIRNIS (198 3.
85.19871 there were three repticate control chambers running ynger
ambient conditions. Measurements were Maoe eveny 3 minules. ana
3v€13ger ahd rocorded dvery 8 minutes throughout the 3y 8nd the saason.
For 1390, measurements weIe made from shottly after snow meit 1o shortly
be‘ore =oil freeze.up in e AulumA at asch st on agen of BIX Iepicate
LS rougrly onge every 1 5h Hroughout the 24.n measurement periga.
Seazonal fyx »as extrapolated to zerp g ire ime o snow mell in 1he
SONTR ang of §2il freezz-up in twe 4uilmn e net seasomal flyx for each
1€ was determined as the iNt@gral unger the <_rye of ire seasonal patiern
0! 03y fluxes. There wag little variaodity in galy CO, Fiur rates onivng trig
revhcatey gl gach site pn Bty day Because these TEAsyements were
ade Ny Quring the snow.free Sumimar periog. e, -~oeresimate the
$@as0na! carhon inss to the atmosprery LY 1hg Ores.magly smal amount

of 80t ang piant respiratien that oceyrs unger $70w guning the unMeasuren
winter perioC.

822

———
TRAsyreTeN S are CaCUINER from Auirag MeICwCMmecty aw e egratec easery Iy

Mi2™Mm a%g meas maumym recongRa iemper atuies

Civen the genural Fattern oi warming for the north Sope
Alaska and the Canadian arcic® '™ the pytierns 0bse .
2idng this transect in Alaska May be widespread and the ¢z .-
dte
yr™'is typical for cireumpolar (uysock tupary -
loss of carbon 1o the atmosphere in 1990 fram (he 0.90x |y~
of tussock tundra worldwide® would he 0,14 Gt C pe: vai:
Siaularly, if the 34g C m™F yr=t of €O, evalution from -
tundra is applied to the 100X 10° km? of we( coastal tunc-
&nother 0.0 G1 C s 195t annuelly to the atmosphere. Adc.-,
.02 Gt C for eMux from arctic tundra lakes and rivers® ra;. -
'n 2 total estimated annual foss of 0,1y Gt C from these
circumpolar arctic surface types. This combined effux can =
compared (0 the 6.2-0.7G1 C caiculated 10 be lost to the aim:s
phere from high-latiude ecosystems'" Given (he large belcs
ground stores of carbon in arctic, bareal forert ang high-latiis
togs, these hign-latitude €cosystems could provide a con.igs.
able positive feedback on increasing atmospheric CO; a=:
global warming,

There are many uncertainties in predicting che long-teem e e
of global change on arciic ¢cusysiems. Ihe injlia} response o
warming and drying may be a foss of carbon from the sysis—.

e Pridnge Bay

E0= G Buinw oL

Mean lemperatuee
Juty-Qugusi "C)

AAT i~ ce-

| Y]
[ FERRAS
CoTpes
kaing
Bt
e ~al
pr“.~-l“
b~ orat
g 2ines
‘l ;..‘Ik\
of .4rb
feIncor;
ecuda
fems t\‘
are ae
erl e
Tae s
Vil

terr
to a
T.M.§

Deparime
Cranaite

Mooet
deives b
will leac
negative
the gtma
$0il tvpe
(such as
chaeges
{such as
traasien!
SYStem ¢
we g b
respoasc
CO. w
8 sigoifi.
climgte
by wp (v
Se.er
the <2rr
classifvi
eshimale
centiatu
Calegon



il isENT |w VAWML

whereas at longer intervals, invasion by shrub znd tree ¢pecics
may result in increased ubove-pround carbun storage, Other
compensatorny provessey tlude cooling of the soli suiface (foi-
lewing increased insulation from drying of the soil surfaze an¢
litter or bigmass seccunmutation from eley ated (). and. ot other
chimatic effectsi. Currenily there is no evidence that thete com.
Pensaiory processes are acting o will et cuick!s. Field anc
laboratory cxperimenus indicate little or ne stimulation of phato-
svathesis in the Arctic by elevated atiucsphecic CO. (ref 36
Iuiy likely that global warming wiil (cad to significant outgassing
of carbon from wet and moist tundra befois other procesces
reincurporute this carbon inte arcuc aieds. Global warming
could accelerate the rate of carban loss in arctic tundra ecosys-
terns by increasing the daprh nf thaw, increasing soil drainsge
and acration, and increasirg rates of soil decompositicn and
plant respiration mare than gross primary productiviny,

The recent climate patterns may be pant of the normal climare
variation or an early indication of greenhouse warming In either
case, it is ¢lear thut they have aftected the current carbon flus
from the arctic ecosystem, and that arctic and horeal forest
ecoaystems could provide s stung pusitive fesdback on atmos.
plrenic carbon dioxide concentration. C
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The transient response of
terrestrial carbon storage
to a porturbed climate
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Depariment of Environmenial Sciences. University of Virginia,
Charlottesville. Vrginia 22903, USA

MoDEL simulations suggest that ut equitibrium, global warming
driven by higher atmospheric coucentrations of greenhouse gases
will fead to increased terrastrial carboo storage'?, implylag o
aegative feedback between the global vegeiation/soil system aad
the atmospheric CO, concentration. But changes in vegetation and
soil type that result in a wet release of CQ, to the armosphere
(such as those caused by wildfires) could be more rapid thsn
chenges that result in a net increase In verrestrial carbon storage
{such a5 species immigration and scil formaticn), so that o its
traasient respowse tu climate chaoge, the terrestrial vegetation/soit
system could be a net source of carbon to the atmosphere, Here
we use two general clrculation models™ to catimate the traasieat
tespouse of the terrestrial surface to a step doubliag of atmospheric
CO,. We find that segetation and soll chunges ranld prove to be
4 sigaificant source of CO, ip the first $0~100 years following a
climate warming, increasing the atmospheric CO, coacentration
by up to @ third ot the present level.

Several estimates have been made {or the carbon reserves of
the terrestrial surfece’®, These estinmaies are obuained by
classifying the vegetation and soils, and then multiplying arca
estimates for each cluscificarion rategory by the cirbon con-
centration of 50il and vegetation in research sites tvp:cai of that
caiegory. Vegetation and soil classifications have alco been
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related to climate variables and used in assessments of possible
giobal responses 1o climate changes' 7, for example to estimate
changes in potential terresirial carbon storage. Such calculations
presumsbly estimale s long-term equilibrium respanse 1o =
climate cliange. In the case 0f a ‘greenhouse gas’ chimate warms-
g, e long-ierm cesponse of the terresttial surtace is 10 store
more carbon'~, i
Here we extend the methodology used by Smith er al’ ¢
cstirnate the (ransient terrestrial surface response 10 a siep
change in climate. {n bricf, the method of determining presen
and future carben reserves was this. (1) Expected current global
distributions of vegetation were mapped ata 0.5°x 0.57 (latitude
and longitude) resolution using the Holdrdge life-zonc
clamificativn' 8nd 2 climate database of monthiy precipitation
and temperature’. (2) Estimates of carbon storage per unit area
for each Holdridge life zone” were derived for abuve-ground
biomuss using dats from Qlsor el al® and (or soil carbon from
Post er al'*. These estimates ware applizd to the map produced
mstep 1 to obtain global terrestinal-surface carbon pools®. (3
Simulations of current (1x CO,) and 2 x CO, climates frora the
general circulation modeis developed by the Goddard Instiwte
fer Space Studies’ and the Geophysical Fluid Dvnamics Labora-
o1 ¥ were used 1o consituct climate change schemes. 14) The
ciimate database was gltered according to the change: implied
by the climate change schemces, and steps 1 and 2 1abuve: weie
repeated to obtain estimates of carbon starage { presumably afier
aiong period of equilibration) for the alterad climate condition..
To obtain an estimate of the change in source-sink relations
between the rterresirial surface und the gtmosphate, we
developed a simple companment model of terresirial carbon
reserves (above-ground biomass and soils) and appiied this
madel to the globally mapped vegetatlon changes in response
to the two climate-change schemes. The compantment mode!
used in thic arzlveis parallels the approach used i1 cuiien:
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