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similar discrepancies in other values such as O; are not
improved*®. Rather, the importance of this test is to show that
the correlation and slope are robust features at high latitudes.
The ATMOS data shown in Fig. 2¢ further suggest that large-
scale, advective transport of air parcels containing >80 p.p.b.v.
N,O from mid-latitudes to the polar regions in the complete
absence of horizontal mixing would still produce a linear corre-
lation. These data are in fair agreement with the model, which
clearly shows a linear correlation over a similar range of NO,
and N,O values in Fig. 2c. '

Evidence for the importance of photochemistry at low lati-
tudes and poleward transport in creating the model ECE field
is provided in Fig. 3¢, d. In Fig. 3¢, the net photochemical
production rates of NO, at noon are shown as an example of
the spatial distribution of the conversion process. The rate
maximizes in the tropics near 35 km and decreases to zero in
polar night. The destruction rate for N,O shows a similar pat-
tern®’. The latitude and altitude dependence of the rate depends
primarily on the distribution of solar ultraviolet. Model contours
of the resulting NO, mixing ratio show a similar symmetric
distribution with a maximum near 23 p.p.b.v. between 35 and
40 km in the tropics. At the maximum NO, production rate in
the tropics, 20 p.p.b.v. of NO,, is formed in ~150 days, indicating
that the timescale for transport into and out of this region must
be of the same order.

By comparing the rates of net production of NO, and destruc-
tion of N,O, a local instantaneous conversion efficiency of N,O
to NO, can be calculated at each model grid point. Between 28
and 41 km, the contours are nearly horizontal over a broad
latitude range, with values <15% (Fig. 3d). Values in the region
of maximum NO, production are 10+ 2%, comparable to the
7% value observed at high latitudes. The largest instantaneous
efficiencies are found at high latitudes where the maximum value
of 116% corresponds to twice the branching ratio to NO in
reaction (1). Observed ECE values are near ~7% and minimum
net production rates indicate that high latitudes cannot be the
region of N,O conversion.

The link between model ECE values in Fig. 3a and the
steady-state fields in Fig. 3¢, d is transport and mixing. The
general features of the zonally averaged transport are (see Fig.
3d): air rises in the tropics, moves poleward throughout the low
and middle stratosphere, and descends at high latitudes®'%*°.
Horizontal and vertical eddy mixing are superimposed on this
mean circulation. Horizontal mixing typically dominates vertical
mixing in the lower stratosphere. Thus, transport of air occurs
from the region of maximum photochemical production into
the region of observation. Differences must exist between the
instantaneous conversion efficiency and the observed ECE
values, in part because of the residence time of air in the NO,
production region and mixing of air from the production region
with air that has experienced greater NO,, loss at higher altitudes
orless N,O loss at lower altitudes. The linearity of the correlation
over a wide range of N,O values suggests that mixing must be
effective. The long photochemical lifetimes of both species in
the lower stratosphere imply, however, that mixing timescales
need only exceed the timescale for descent from the NO, loss
region (N,O values <50 p.p.b.v.) for a linear correlation to be
maintained. Thus, the understanding of the model ECE field
provided by Fig. 3 provides a high level of confidence in a linear
correlation as a reference state for NO,, and N,O. ]
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DIMETHYL sulphide (DMS) is an important sulphur-containing
trace gas in the atmosphere. It is present in oceanic surface waters
at concentrations sufficient to sustain a considerable net flux of
DMS from the oceans to the atmosphere, estimated to comprise
nearly half of the global biogenic input of sulphur to the atmos-
phere!. DMS emitted from the oceans may be a precursor of
tropospheric aerosols and of cloud condensation nuclei in the
remote marine atmosphere, thereby affecting the Earth’s radiative
balance and thus its climate®™. Relatively little is known, however,
about the biogeochemical and physical processes that control the
concentration of DMS in sea water. Here we present data from
incubation experiments, carried out at sea, which show that DMS
is removed by microbial activity. In the eastern, tropical Pacific
Ocean, DMS turnover is dominated by biological processes, with
turnover times for biological DMS removal generally more than
ten (3—430) times faster than turnover by ventilation to the atmos-
phere. Thus biological consumption of DMS seems to be a more
important factor than atmospheric exchange in controlling DMS
concentrations in the ocean, and hence its flux to the atmosphere.
These results have significant implications for climate feedback
models involving DMS emissions’, and highlight the importance
of the microbial food web in oceanic DMS cycling.

We carried out experiments aboard the NOAA Discoverer as
it sailed from 20°N to 23°S between 105°W and 110°W in
February 1989. In freshly collected surface seawater samples,
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TABLE 1 Biological consumption and sea-air exchange of dimethylsulphide

Biological
Incubation Dissolved consumption

Sample Depth temperature™ DMST rate

location (m) °C) (nM) (M d™)
20.5°N,107.2°W 5 22 37 51
14.8°N,105.0°W 5 27 15 1.4
10.5°N,105.6°W 5 28 2.8 1.7
4.7°N,108.5° W 5 26 10.3 18.0
1.1°S,110°W 5 26 4.4 37
7.4°S,108.3°W 5 26 24 11
15.3°S,105° W 5 25 6.0 1.3
22.3°S,105°W 408 24 0.8 11

DMS Air-sea
column exchange
burden rate Tatmos
Too (E  (wmolm™)  (umolm™2d™) 7,06 (A Towo

0.7 ND — — —
11 ND — — —
16 219 9.4 23 15
0.6 266 240 11 12
1.2 259 0.5 520 430
22 306 6.0 51 23
4.6 503 36.0 14 3
0.7 141 53 27 38

Biological turnover rates were determined by measuring the rate of DMS accumulation in the presence of chloroform and subtracting the rate of DMS
accumulation in untreated samples. Duplicate bottles of each treatment were used. At least four time points over a 12-h period were used to calculate
rates. Biological turnover times were calculated by dividing the measured DMS concentration in sample bottles by the DMS consumption rate in those
samples. Turnover rates due to atmospheric exchange were calculated by dividing the column burden of DMS in the mixed layer, determined from depth

profiles, by the estimated flux of DMS to the atmosphere®. ND, no data.
* Incubation temperatures were within 1 °C of the in situ temperature.

+ DMS concentrations measured in first reading of untreated samples; up to 2 h after collection.
¥ 1,0 IS the biological turnover time and 7, iS the atmospheric turnover time.

§ Collected by hydrocast using Niskin bottle.

incubated with and without DMS additions, DMS concentra-
tions increased for a time and then decreased (Fig. 1). The initial
increases in DMS were probably due to the decomposition of
endogenous dimethylsulphoniopropionate (DMSP), which is
believed to be the principal biogenic precursor of DMS in the
ocean®"’. Both chloroform (an inhibitor of C, metabolism and
possible general biocide) and a mixture of the broad-spectrum
antibiotics—chloramphenicol and tetracycline (CAP-TET)—
prevented the loss of DMS. These results indicate that DMS is
biologically consumed by microbial metabolism in sea water.

Several possibilities exist for the aerobic metabolism of DMS,
including use by methylotrophs and chemolithotrophs®'°. DMS
could be also oxidized to dimethylsulphoxide (DMSO) by
organisms as yet uncharacterized'""'”. Unfortunately, little or no
information exists as to which of these processes are responsible
for DMS removal in the sea.

Chloroform (CHCL,) is a known inhibitor of C, metabolism!?,
therefore it is not surprising that it inhibited the consumption
of DMS in sea water. In samples to which we added CHCl;,
DMS always accumulated at a higher rate than in untreated
samples (Fig. 2) because DMS consumption is inhibited by
chloroform, whereas its production from dissolved and particu-
late DMSP is not affected by the inhibitor (R.P.K., manuscript
in preparation). The increased rate of DMS accumulation in

°
30 / ‘\
/ N
“‘./.—l
b )
.

20+

DMS (nM)

A——n <
a

10R 0o ®
A/

P

12 24 36 48
Time (h)

NATURE - VOL 345 - 21 JUNE 1990

the presence of chloroform therefore represents an estimate of
its natural removal rate.

We have estimated DMS removal rates and biological turn-
over times for surface water samples collected in the eastern
Pacific Ocean (Table 1). DMS consumption rates during incuba-
tions in the dark ranged from 1.1 nM d ™" to 18.0 nM d ' yielding
turnover times 7, ranging from 0.6 to 4.6 d. The high DMS
concentration and consumption rate at 4.7° N were probably a
result of increased productivity caused by nearby equatorial
upwelling. DMS consumption rates were more strongly corre-
lated with DMS concentrations (r2=0.741; n=8) than with
particulate DMSP concentrations (r>=0.337; n=7).

Sea-air exchange of DMS, calculated from DMS column
burdens, wind speed and sea surface temperature', ranged from
0.5 to 36 umol m 2d™! for these sites, yielding turnover times
Tamos Tanging from 11.3 to 518 d for DMS in the mixed layer.
The ratios of T, mes t0 Ty (surface samples only) ranged from
a low of 3 at 15°S to a high of 430 near the Equator at 1°S.
The exceptionally small contribution of atmospheric exchange
to DMS cycling at 1°S was due to calm winds which resulted
in very little surface ventilation.

Removal of DMS from sea water by mechanisms other
than sea-air exchange has been suggested by several
investigators>'*"'7, but no direct evidence has previously been

FIG. 1 DMS concentrations as a function of time in water samples incubated
with or without spikes of DMS. Inhibitors were added to prevent microbial
metabolism. Symbols: (O) no addition; (A) chloroform (500 uMy); (O) antibio-
tics, chloramphenicol and tetracycline (125 mg 1™ and 75 mg 1™*); (@) DMS;
(A) DMS +chloroform; (ll) DMS +antibiotics. Data represent the means of
duplicate bottles for each treatment and exhibited a range of ~10%. Water
was collected while underway, from a pumping system located ~5 m under
the bow of the ship. The station location was 20.5°N 107.2° W. Water
samples (130 ml) were incubated in 140-ml silanized glass, acid-rinsed
serum bottles sealed with teflon-faced septa and held in the dark at in situ
temperature (22 °C). Subsamples for DMS analysis were taken periodically
by removing the seal and taking up 5mi with a teflon tube attached to a
glass syringe. The water sample was then gently passed through a glass-
fiore filter (Whatman GF/F) and introduced into a sparging system where
the DMS was stripped from solution, and concentrated on a trap immersed
in liquid argon. The cold-trap was replaced by hot water and the sulphur
gases introduced into a gas chromatograph equipped with a Carbopack BHT
100 (2 mlong, 1/8" diameter teflon) column and flame-photometric detector.
DMS standards were prepared in ethylene glycol and a ship-board inter-
calibration with the NOAA/PMEL system? yielded agreement within 10%.
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presented for biological consumption of DMS in natural ocean
water. Our data indicate that, in most cases, biological removal
of DMS in the surface ocean is much more important than DMS
removal by ventilation. Even if our estimates of biological con-
sumption are too large by a factor of 10, this process would still
dominate over atmospheric exchange in all but one case (15 °S).

Other potential sinks for DMS in surface sea water (Fig. 3)
include photochemical oxidation'® and particle adsorption with
subsequent vertical transport to the deep sea'’. Both of these
processes are poorly understood. The only estimates that exist
for these processes'®'” indicate that they are less significant on
a global scale than atmospheric exchange of DMS, and therefore
would yield longer turnover times than biological reactions.
Because our data set is small, and covers only tropical and
subtropical waters, further research is needed to compare the
relative importance of biological consumption to other DMS
sinks.

The fact that DMS is cycled quickly in sea water by biological
reactions raises interesting questions regarding the possible role
of DMS in climate feedback mechanisms. Predicting how DMS
flux will change as a result of climate change, however, is a
difficult task. The primary factors that control DMS fluxes are
the sea-air transfer coefficient and the DMS concentration in
surface water'. The sea-air transfer coefficient is dependent on
physical factors such as temperature and wind speed whereas
the DMS concentration is a function of physical and biological
processes related to its sources and sinks (Fig. 3).

Gross DMS production is linked to the production of its
biogenic precursor DMSP which is produced by a subset of the
algal population®’"'®. Climatic controls on the phytoplankton,
expressed through physical factors such as temperature, light
and nutrient regimes, would be expected to influence the struc-
ture of the algal population (the biomass, productivity, species
composition and size distribution, for example), as well as the
total DMSP production by this population. Although it seems
that DMS concentration is related to total DMSP (dissolved
and particulate)®’, there are insufficient data to extend this
conclusion to all ocean environments. DMS concentrations may
not necessarily follow the total DMSP content of sea water if
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FIG. 2 Effect of chloroform (500 uM) on the concentration of DMS in sea-
water samples incubated in the dark at in situ temperature (25 °C). Symbols:
(@) untreated; (O) added chloroform. Data points represent the mean DMS
concentration for three separate bottles. Vertical bars indicate one standard
deviation. Higher or lower concentrations of chloroform produced a smaller
stimulation (data not shown). The stimulation of DMS accumulation by
chloroform varied in samples coliected from different depths but was not
significantly correlated with particulate DMSP. In separate experiments,
chloroform did not significantly affect bacterial numbers or the disappear-
ance of particulate or dissolved DMSP during 24-h dark incubations. The
station Jocation was 1.1°S 110°W.
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FIG. 3 Diagram illustrating the known sources and sinks for DMS in the
surface ocean. Processes involving DMS production from algai DMSP are
based on refs 15 and 19. The potential adsorption and photochemical
destruction of DMS are based on the work of Brimblecoombe and Shooter*®
and Shooter and Brimblecoombe™”. The possible contribution of other organic
sulphur compounds to DMS production is based on work by Kiene and
Capone®*. Products of DMS metabolism are those reported for methy-
lotrophic and chemolithotrophic metabolism®°. Diffusion and advection are
ignored.

microbial consumption of DMS is tightly coupled with its
production.

The impact of grazing on algal and bacterial populations must
also be included in considerations of climate-change effects on
DMS. Dacey and Wakeham'® have shown that an important
pathway for DMS production is likely to be through organisms
that graze DMSP-producing algae, and those that either metab-
olize DMSP themselves or liberate dissolved DMSP (DMSPy;,.).
Assuming that conversion of DMSP,. to DMS is relatively
rapid (R.P.K., manuscript in preparation), gross DMS produc-
tion will be a function of the grazing pressure on the DMSP-
producing algal population, which may or may not be the same
as the grazing pressure on the algal population as a whole. This
is likely to depend on the size classes of the DMSP-producing
algae and on any preference or avoidance of these algae by
grazers. These latter points could be critical to our understanding
of DMS cycling if the mechanisms of DMS production differ
in systems dominated by large zooplankton grazers compared
to those dominated by nanoplanktonic grazers.

Similarly, if DMS and DMSP,;,, metabolism occur in the
bacterial populations, these activities will probably be controlled
by the concentrations of the respective substrates and by bac-
terial mortality (most likely through nanoplanktonic grazing and
possibly by virus infection®®). Thus, DMS concentrations are
intimately connected to the structure of the marine pelagic food
web, particularly the microbial loop. Plankton populations that
interact to affect DMS concentrations (such as zooplankton,
algae, heterotrophic nanoplankton and bacteria) are not likely
to be in a steady state, and therefore predicting effects of climate
change on DMS will involve complex models that consider
ecological interactions as well as physical and chemical factors.
Our ability to use such models will require far greater under-
standing of individual processes than we now have. O
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A record from Lake Cardiel of
climate change in southern
South America
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SOUTHERN South America, the only continental land mass lying
between 38° S and the Antarctic Circle, presents a rare opportunity
to reconstruct terrestrial records of palaeoclimate in an area that
is subject to shifts of polar and mid-latitude wind and pressure
belts. In the bulk of this region (Patagonia) are many hydrographi-
cally closed lakes which, despite the palaeoclimatic significance
of the region and the proven utility of lake level records in
reconstructing past climates?, have escaped detailed study. Using
sedimentary and geomorphic evidence, together with '*C dating,
we present here a detailed lake level record for Lake Cardiel (Fig.
1). The highest level of the past >21,000 years occurred at about
9,780 BP, reminiscent of tropical lakes rather than those in north-
ern mid-latitudes'. The Lake Cardiel record corroborates and
clarifies the timing of the wetness record inferred from pollen
studies in Patagonia.

Lake Cardiel is a large (360 km?) water body that occupies a
xeric ~4,000-km” closed depression east of and hydrographi-
cally isolated from the Andes in southern Argentina (Fig. 1).
Strand lines encircle the lake at elevations as much as 75m
above today’s shoreline, attesting to former higher levels®. These
appear to be neither warped nor faulted. Littoral embankments
at and below the +55-m level are prominent. They are composed
of unvarnished clasts and are breached only where they intersect
the most active streams and arroyos. By contrast those above
+55-m are subdued, deeply dissected, only traceable around
<30% of the lake and often are covered with stone pavements
composed of varnished beach shingle, indicating that they are
at least several times older than the lower ones.

In the course of the fluctuations that deposited the embank-
ments the lake alternately embayed and abandoned the lower
reaches of the tributary canyons. During transgressions and
highstands the streams built deltas in the canyons, whereas at
low lake levels deltas formed beyond the canyon mouths. In
response to the modern drop in lake level the streams have
incised their deltas, exposing alternating sequences of trans-
gressive and regressive deposits with intervening soils. In some
cases these can be traced for thousands of metres up and down
stream; in several instances individual sequences terminate at
a buried or surface strand line that marks the terminal elevation
of a transgression.

Datable materials, including tufa (lacustrine deposits of
CaCO0;) and organic detritus, abound in these sections. The tufa
deposits occur as beachrock (tufa-cemented littoral sediments),
and as rinds that coat the outside of littoral cobbles and boulders.
We believe that '“C assays on these littoral tufa deposits provide
reasonable estimates of shoreline age because: (1) modern algae
from the lake yield a A"C of 108% modern (LDGO 1735 E,
Table 1), indicating that the lake does not act as a significant
reservoir for old carbon; (2) at one sub-surface exposure, tufa,
dated at 9,780+ 80 BP (LDGO 1735 O), is immediately overlain
by Chara that dates at 9,480+95 BP (ETH 5210). This suggests
that secondary (post-depositional) contamination of tufa has
been minimal, at least during the past 10 kyr.

Tufa also occurs as thin plates intercalated in laminated
lacustrine sediments. In most cases '“C assays on these tufa
plates seem to provide reasonable ages of the host sediments.
In two instances, however (both involving previously existing
sediments that were reinundated), the tufa plates are clearly
younger than the host sediments. We therefore assign less
authority to dates from tufa plates, and assume that they provide
only minimum ages on the host sediments.

Sections measured and logged along the Cardiel River, the
Bayo River and Arroyo Cerro Gorro during the austral summers
of 1987-88 and 1988-89 have been generalized in Fig. 1. Figure
2 depicts the inferred lake level fluctuations.

The oldest transgressional unit exposed in the walls of the
stream cuts is composed of laminated silts and clays (Unit 1).
Tufa collected from the underlying cobbles dates at
31,4007'2%°/ | 150 yr BP (LDGO 1714 X). Because of the
antiquity of the tufa, and a lack of corroborating dates, we
consider this a minimum age. Unit 1 ¢an be traced to as high
as +60 m in Arroyo Cerro Gorro. It may terminate and merge
with the littoral embankment at +78 m, but this relationship is
not proven. Unit 1 is overlain and partially truncated by alluvial
sands and gravels (Unit 2) that are traceable lakeward to the
+11-m level, indicating that the lake declined to or below that
elevation during the regression following ~31,400 yr BP.

Evidence for a second transgression consists of a localized
deposit of lacustrine silt (Unit 3) that overlies Unit 2. Tufa
collected from the base of the silts at +12-m dates at 20,700 +
320 yr BP (LDGO 1714 B), establishing a minimum date for
the beginning of the transgression. Neither the timing nor the

80|
o
FIG. 1 Index map and composite stratigraphic section. B
Stratigraphy is generalized from sections exposed in stream 2 60
cuts. Heavy lines represent regressional units and soils; § 50
areas between lines are transgressional units. No attempt ~ ©
has been made to portray realistically the unit thickness. £ 40
Unit designations (circled numbers) are provided for dis- £ 5
cussion purposes only. Uncircled numbers are dates {yr 8p). g
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