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Isotopic Evidence for Reduced Productivity in the
Glacial Southern Ocean

A. Shemesh, S. A. Macko, C. D. Charles, G. H. Rau

Records of carbon and nitrogen isotopes in biogenic silica and carbon isotopes in plank-
tonic foraminifera from deep-sea sediment cores from the Southern Ocean reveal that the
primary production during the last glacial maximum was lower than Holocene productivity.
These observations conflict with the hypothesis that the low atmospheric carbon dioxide
concentrations were introduced by an increase in the efficiency of the high-latitude bio-
logical pump. Instead, different oceanic sectors may have had high glacial productivity, or
alternative mechanisms that do not involve the biological pump must be considered as the
primary cause of the low glacial atmospheric carbon dioxide concentrations.

Measurements of ancient air trapped in ice
(I-3) indicate that global atmospheric CO,
concentrations have changed greatly over
the last 130,000 years. These concentra-
tions during the last glacial period were
lower by about 80 ppm than concentrations
during the Holocene and last interglacial.
There is agreement that oceanic processes
were primarily responsible for these changes
because the oceanic reservoir of CO, is
about 60 times larger than that for the
atmosphere (4). One general mechanism
that helps to explain observed lower sur-
face-ocean CO, concentrations is the en-
hanced photosynthetic uptake of CO, and
subsequent removal of organic carbon to
the deep ocean. This process is known as
the biological pump (5). Scenarios to alter
the efficiency of the biological pump in-
volve changes in global phosphate extrac-
tion, denitrification, the C/P ratio of organ-
ic tissues, and the organic and inorganic
sedimentary carbon pools. However, these
scenarios fail to meet constraints placed by
ocean sediments and polar ice records (6).
The surface water in polar regions is critical
for the control of the CO, system, because
the deep sea interacts directly there with
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the atmosphere. A series of models (7-9)
demonstrated that atmospheric CO, con-
centrations could be lowered in concert
with the biological consumption of nutri-
ents in polar surface waters. Such decreases
could be achieved by (i) an increase in
high-latitude productivity, (ii) a decrease in
the rate of exchange between deep oceanic
and polar surface waters, or (iii) both.

This notion and consistent model results
prompted an extensive search in the sedi-
mentary record of the Southern Ocean for
evidence of the predicted biogeochemical
changes. Attempts to trace changes in sur-
face nutrient concentration were made by
the measurement of *C and Cd/Ca ratios
in planktonic foraminifera (10—11) and Ge/
Si ratios in diatoms (12). Opal accumula-
tion rates were used to estimate changes in
paleoproductivity of the Southern Ocean
(13, 14), and bulk sediment 3!°N measure-
ments were used to estimate changes in
surface-water nitrate utilization (15). Al-
though the results are somewhat in dis-
agreement, none of the above studies sup-
port the scenario of high-latitude performed
nutrients for the deglacial increase in atmo-
spheric CO,.

Here we tested further the hypothesized
variability in the Southern Ocean biologi=
cal pump over the last glacial cycle by
analyzing organic matter preserved in dia-
tom frustules. Diatoms are the main pri-
mary producers south of the present polar
front, and therefore geochemical character-
istics of the siliceous sediments of the
Southern Ocean may provide a direct re-
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flection of past surface-water chemistry and
productivity. We compared glacial and Ho-
locene organic material using the relative
abundance of amino acids. Measurements
of BC and N of diatom organic matter
[813(:org and 8N (16)] were used to trace
changes in productivity, nutrient utiliza-
tion, and the dissolved carbonate system of
the Southern Ocean. We used the 8°°C,,
and 8BC of planktonic foraminifera
(3°C, ) from the same core to evaluate
surface-water CO, supply and biological
demand.

Experimental and field observations (17,
18) strongly suggest that the concentration of
dissolved molecular CO,, [CO, (] 18 related
to the 8'°C of the organic constituents of
marine plankton. Such a relation presents the
possibility that 8'*C values of plankton or
their organic residues might serve as a proxy
for surface-water [CO, ) and, by inference,
atmospheric CO, concentration (19). Al-
though the general trend of the negative
relation between [CO,, ] and 3"°C of organ-
ic matter has been observed, its exact magni-
tude depends on the photosynthetic carbon
demand (20). Thus, at least three factors
control the isotopic composition of marine
organic matter: (i) the 8'°C of the inorganic
carbon used as the substrate for photosynthe-
sis, (i) [CO,(ql, and (iii) photosynthetic
catbon demand, which should be directly
related to primary production. Qualitatively,
an increase in productivity or decrease in
[CO; (o] will enrich the organic matter in
13C (21). For the nitrogen isotopes, an en-
richment of N is expected in the organic
material if the increased productivity is ac-
companied by higher NO;™ utilization (22,
23). We used 3'3C analyses of the planktonic
foraminifera  Neogloboquadrina  pachyderma
(l.c.) shells (24) to provide an independent
measure for the isotopic composition of the
dissolved inorganic carbon system. These
analyses were also used to represent, after
correction for temperature and salinity, the
isotopic composition of CO,,, presumably
used during photosynthesis. Therefore, in
principle, changes in surface-water CO, and
NO;~ supply and demand can be reconstruct-
ed by measurements of down-core variations
in 813C0rg, 3N, and 87°C,,.

We separated and puriﬁedy (25, 26) dia-
tom samples from the piston cores RC13-
271 (51°59'S 04°31'E; water depth of 3634
m) and RC13-256 (53°11'S 00°21'W; wa-
ter depth of 3243 m) retrieved from the
Atlantic sector of the Southern Ocean,
south of the present polar front (27). The
relative abundances of amino acids from
RC13-271 (Fig. 1) are similar to those
obtained from living diatom organic matter
(28). The low carbon concentrations.in the
diatom opal (0.5%); its high glutamic acid,
glycine, and alanine contents; and the ami-

no acid similarity between HNO,-HCIO,~
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treated samples and untreated samples sug-
gest that the organic material is a primary
photosynthate associated with the organic
matrix of biomineralization (29). The pro-
teins are protected within the opal struc-
ture, which probably preserves their origi-
nal composition through time. The amino
acid patterns for glacial diatoms are nearly
identical to those of the Holocene diatoms.
This similarity enables the comparison be-
tween glacial and interglacial isotopic sig-
nals because it suggests that the organic
material is not diagenetically altered or
derived from different sources.

The down-core isotopic results (Figs. 2
and 3) show that 33C and 8'°N were the
lowest during the Last Glacial Maximum

Diatom §'3C g

25 24 23 22 -2 20 25 24

Fig. 1. (A) Percent soluble amino
acids in two Holocene diatom
samples (20 and 290 cm, cross-
hatched bars) and in two Last
Glacial Maximum (LGM) diatom
samples (948 and 975 cm, shad-
ed bars) from core RC13-271. (B)
Comparison between percent
amino acids of an untreated split
(shaded bars) and an acid-treat-
ed split (cross-hatched bars) of a
diatom sample from core RC13-
271.

Ly:
His
Ar

(LGM) and that 3C and *N were depleted
in diatom organic material during isotopic
stage 2. The 8'°C,,,, results also exhibit a
minimum during the LGM, although it lags
the one in the 8°C_,, and 3"°N data. The
difference between the Holocene and LGM
values is 3.5 per mil in 8"°C,,,, 4.5 per mil
in 3N, and 1 per mil in 31°C,,, . Both
d1°C,,, and 3'°N values are in the range of
the values for Southern Ocean sediments
(15, 30). The observed glacial depletion in
13C and N argues against the possibility
that primary production was higher during
the glacial stage, because an isotopic en-
richment of all three tracers is expected if
glacial productivity was higher than the
Holocene productivity. This conclusion is

Fig. 2. Down-core vari-
ation in three isotopic
tracers in core RC13-
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-
-
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271. (A) Diatom §'3C
(solid trace) and diatom
35N (dashed trace).
(B) Diatom 3'3C (solid
trace) and N. pachy-
derma ¥'3C (dashed
trace); N. pachyderma
14C ages at 850, 925,
and 1200 cm (24) are
indicated by arrows. All
traces show an isotopic
depletion during the
maximum glacial stage.
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Fig. 3. Holocene-LGM variation in diatom 3'3C
(solid trace) and 8'SN (dashed trace) in core
RC13-256. Samples at the upper 50 cm repre-
sent the Holocene, whereas samples at around
400 cm represent the LGM according to radio-
laria (C. davisiana) stratigraphy (34).

in accord with other studies that suggest
that the productivity in the southern At-
lantic was lower during the LGM (13, 14).
Part of the LGM !C depletion in the N.
pachyderma record could be attributed to
shifts in the zone of maximum gas exchange
in the South Atlantic during the glacial
period, an effect that has been invoked to
reconcile the discrepancy between 8'°C,, .,
and the nearly constant Cd/Ca ratios (24).
Although this explanation can account for
the 8°C,,,;, data, it requires that the same
isotopic change be observed in the diatom
organic matter, because productivity is held
constant. Our records demonstrate that the
isotopic change’in the diatom 3"°C_ is
three to four times that of the 8'°C,,,,
Thus, an alternative mechanism is needed
to satisfy the records of all three tracers.
Two independent processes can alter the
carbon isotopic composition of organic
matter and foraminifera to explain the ob-
served LGM-Holocene differences. The
first is a change in surface-water primary
production. If marine algae use CO,,,, for
photosynthesis, the isotopic composition of
the photosynthate depends on the ratio
between intracellular and external CO, .,
the 8'°C of ambient COz2(), the isotopic
fractionation during CO, diffusion into the
cell, and the isotopic fractionation associ-
ated with enzymatic CO, fixation (20, 21).
On the basis of this model, an increase in
productivity or carbon demand results in
increased isotopic disequilibrium between
ambient and intracellular CO,,; the net
effect is to force a proportional increase in
813C0rg. Thus, the observed glacial *C
depletion in diatom organic matter could
indicate that productivity was lower during
that time. Furthermore, the production of
B3C-depleted organic matter raises the 3'°C

in the unused inorganic catbon pool. In
high primary production regimes, 8!>C val-
ues of N. pachyderma (presumably reflecting
the bicarbonate 8'>C) are expected to be
higher, whereas in low primary production
regimes N. pachyderma 3'>C values are ex-
pected to be lower. Hence, the observed
8"Cpuehy record can be explained by re-
duced glacial productivity in surface waters.
The relation between 8N in organic
material and NO,;~ utilization indicates
that 8'°N values are high when NO3~
utilization is high (22, 23). Thus, 3"°N
values are higher with increasing primary
production if the nutrient input remains
constant in both concentration and isoto-
pic composition. The low glacial '°N val-
ues indicate that NO;™ utilization during
this time was low, which may be attributed
to reduced primary production if the supply
of nutrients to the surface water was held
constant in the region. Thus, all three
isotopic records are consistent with reduced
glacial primary productivity, but none of
the observed isotopic trends can be ex-
plained by high productivity during the
glacial stage. Further calibration of the
isotopic tracers is needed to quantify the
exact reduction in primary production.
The second process that alters the car-
bon isotopic composition of organic matter
is a change in surface-water dissolved
[CO;(aq)l- The empirical relation between
organic 3"°C and CO,,, suggests that
3"°C,,, decreases approximately 0.6 per mil
per 1 uM increase in [CO,,] and that
>85% of the global variation in 81°C,,, can
be explained by changes in [CO gl (31).
This relation suggests that the full magni-
tude of the low glacial 8"°C,, ratios can be
accounted for by an increase of about 5 puM
in surface-water [CO,,| during the glacial
stage. Such an increase coupled with the
sea-surface temperature (26) would produce
an ocean CO, partial pressure that would be
out of equilibrium with LGM atmospheric
CO, concentrations (2). However, a glacial
[CO, (aq)] increase is not necessarily incom-
patible with lower global atmospheric val-
ues, because local disequilibrium between
the ocean and the atmosphere is observed
in large regions of the present oceans (32).
Deeper vertical mixing or upwelling is a
possible mechanism to explain the higher
surface-water [CO,,)]- The depth profile
of [CO,,yl in 2 nearby Geochemical
Ocean Sections Study (GEOSECS) station
reveals that the calculated glacial-Holocene
difference is equivalent to the variation of
[CO, (] within the upper 100 m in the
modern Southern Ocean. The GEOSECS
data also indicate that the deep mixing will
cause a depletion in the N. pachyderma
313C, but the expected change [0.4 to 0.5
per mil (33)] is smaller than that observed
in our data and that from a much larger set
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of N. pachyderma records in the Southern
Ocean (24). The glacial [CO,,, increase
does not provide a simple way to explain
the observed 8'°N records.

Our data imply that productivity was
lower in the southern Atlantic during the
glacial period than during the Holocene.
Mechanisms proposed for the regulation of
atmospheric CO, through changes in the
high-latitude biological pump efficiency
must therefore be reevaluated. Researchers
must either look for different oceanic sec-

- tors with high glacial productivity or for

alternative mechanisms that do not involve
the biological pump. The relative contribu-
tions of changes in productivity and in
surface seawater [CO,, ] to the production
of the observed isotopic signals are uncer-
tain. However, the effect of [CO, ] ap-
pears to predominate in the present ocean
(31). The two mechanisms are not mutual-
ly exclusive, and a combination of the two
is possible if some factor other than nutrient
availability limited diatom productivity
during the LGM, such as ice persisting into
the growing season or the stability of the
mixed layer. However, reduced LGM pro-
ductivity can account for all the variations
observed in the three isotopic tracers.
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A 5000-Year Record of Extreme Floods and
Climate Change in the Southwestern United States

Lisa L. Ely,* Yehouda Enzel, Victor R. Baker, Daniel R. Cayan

A 5000-year regional paleoflood chronology, based on flood deposits from 19 rivers in
Arizona and Utah, reveals that the largest floods in the region cluster into distinct time
intervals that coincide with periods of cool, moist climate and frequent El Nifio events.
The floods were most numerous from 4800 to 3600 years before present (B.P.), around
1000 years B.P., and after 500 years B.P., but decreased markedly from 3600 to 2200
and 800 to 600 years B.P. Analogous modern floods are associated with a specific set
of anomalous atmospheric circulation conditions that were probably more prevalent

during past flood epochs.

Changes in the character of extreme events
are likely to constitute a greater portion of
the impact of climate change than slow
alterations in mean conditions (I1-3). Yet,
even the longest available instrumental hy-
drological records inadequately represent
rare, severe floods, which are commonly
assumed to occur randomly in time for con-
venience in hazard assessment (4). Simula-
tions with general circulation models have
indicated that widespread increases in rain-
fall intensity and floods could be a conse-
quence of climatic changes under increased
atmospheric CO, (2), but an initial under-
standing of the full range and causes of
natural variability in the existing hydrologi-
cal system is essential to the forecasting and
evaluation of the possible nature of these
extreme events in the future. Geological
evidence of ancient floods reveals that the
magnitude and frequency of the largest
floods vary with changing climatic condi-
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tions on time scales of centuries to millennia
(3, 5). We combined analyses of a 5000-year
paleoflood record and modern flood analogs
to investigate the specific relation between
extreme floods and broad-scale atmospheric
circulation patterns, providing a basis for the
incorporation of this hydrological response
into climate simulations.

This study summarizes depositional evi-
dence of 251 paleofloods on 19 rivers in
Arizona and southern Utah (Fig. 1) (5, 6).
During floods in stable bedrock river chan-
nels, fine-grained sediments settle out of
suspension in eddies or backwater zones
where the flow velocity is diminished (7).
This setting selectively preserves a com-
plete catalog of the largest floods, which
tend to leave a sequence of high deposits in
protected niches away from the main flow
of the river (8). Lower inset deposits from
smaller floods are more susceptible to sub-
sequent erosion (5). Each site in this study
contained deposits from several floods, the
ages of which were determined from occa-
sional cultural artifacts and over 150 radio-
carbon (*C) dates on incorporated organic
materials (5, 7, 9). Correlative paleoflood
chronologies from different sites along a
river reach were consolidated into one.

Combination of the records from several
rivers in the region highlights clustering in
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the frequency of large floods that is not
detectable from a single river alone. The
regional chronology (Fig. 2) shows distinct
variations in the frequency of large floods
over the last 5000 years. Periods of numer-
ous large floods span 5 to 3.6 thousand *C
years ago (ka) (3800 to 2200 B.C.), 2.2 to
0.8 ka (400 B.C. to 1200 A.D.), and 0.6 ka
(1400 A.D.) to present (10). Large floods
are completely absent between 3.6 and 2.2
ka (2200 to 400 B.C.), a period unlike any
other in the 5000-year record. A sharp drop
in the number of large floods also occurs
from 0.8 to 0.6 ka (1200 to 1400 A.D.),
immediately after a brief episode of partic-
ularly frequent high-magnitude floods from
1.0 to 0.8 ka (1000 to 1200 A.D.).

The number of flood deposits after 0.6 ka
exceeds the scale of the graph (Fig. 2). To
compare this peak with the earlier flood
periods, we omitted sites with less than 400
years of record and recent inset deposits that
are not likely to be preserved and divided the
number of floods in each 200-year interval
by the number of rivers represented in that
interval. A substantial increase in floods in
the last 600 years was still apparent, espe-
cially in the last 200 to 400 years, evidence
that this pattern is not merely an artifact of
differential preservation (11).

The extended periods of numerous large
floods coincide with cool regional and glob-
al temperatures, reflected in neoglacial ad-
vances and vegetation changes (I12-14).
High lake levels before 3.6 ka and in the
last 400 years also indicate wetter condi-
tions in the Southwest during these periods
(15, 16) (Fig. 2). The paleofloods provide
the additional evidence of a concurrent
increase in the frequency of extreme storms

17).
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Fig. 1. Locations of flood deposit sites used in
the regional paleoflood chronology (5, 6).



