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Two Modes of Change in Southern
Ocean Productivity Over the

Past Million Years

S. L. Jaccard,* C. T. Hayes,>> A. Martinez-Garcia,® D. A. Hodell,® R. F. Anderson,®>

D. M. Sigman,* G. H. Haug*

Export of organic carbon from surface waters of the Antarctic Zone of the Southern Ocean
decreased during the last ice age, coinciding with declining atmospheric carbon dioxide (CO,)
concentrations, signaling reduced exchange of CO, between the ocean interior and the
atmosphere. In contrast, in the Subantarctic Zone, export production increased into ice ages
coinciding with rising dust fluxes, thus suggesting iron fertilization of subantarctic phytoplankton.
Here, a new high-resolution productivity record from the Antarctic Zone is compiled with parallel
subantarctic data over the past million years. Together, they fit the view that the combination of these two
modes of Southern Ocean change determines the temporal structure of the glacial-interglacial
atmospheric CO, record, including during the interval of “lukewarm” interglacials between

450 and 800 thousand years ago.

ntarctic ice core measurements reveal that
Aregional air temperatures and atmospher-

ic CO, concentration (pCO,) were tight-
ly correlated over glacial-interglacial cycles of the
past 800 thousand years (ky) (/). Many studies
have inferred a dominant role for the Southern
Ocean in modulating glacial-interglacial varia-
bility of atmospheric pCO, (2). The central role
of the Southern Ocean is thought to reflect its
leverage on the global efficiency of the biolog-
ical pump, in which the production, sinking, and
deep remineralization of organic matter seques-
ters carbon in the ocean interior, lowering at-
mospheric CO,. Dense subsurface water masses
outcrop in the Southern Ocean, providing ex-
change pathways between the deep ocean and
the atmosphere. Vertical exchange of water causes
deeply sequestered CO, and nutrients to be mixed
to the surface, fueling high rates of phytoplank-
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ton productivity. Today, the Southern Ocean is
the principal leak in the biological pump, be-
cause export production is inadequate to prevent
the evasion of deeply sequestered carbon when
waters are exposed to the atmosphere. The polar
CO, leak can be directly inhibited during gla-
cial stages by factors such as increased sea-ice

cover (3) and/or changes in buoyancy forcing
and convection (4, 5). In addition, the glacial
CO, reduction associated with these mecha-
nisms would have been amplified by iron fer-
tilization of the Subantarctic Zone (SAZ) of the
Southern Ocean (6, 7) and associated alkalinity
feedbacks (8).

Export production records from the Ant-
arctic Zone (AZ) have been used to trace changes
in the rate of Southem Ocean overtuming through
time (9, 10). However, these records only cover
the last glacial cycle, restricting our understand-
ing of the evolution of the Antarctic compo-
nent of this two-mode system by which the
Southern Ocean regulates the transfer of car-
bon between the ocean interior and the at-
mosphere over previous climatic cycles. Here,
we report a high-resolution relative elemental
concentration record from Ocean Drilling Pro-
gram (ODP) site 1094 (53.2°S, 05.1°E; water
depth 2850 m) (Fig. 1), which traces changes
in AZ export production over the past million
years (figs. S1 and S2). The time resolution
achieved here rivals the measurement density
typical for Antarctic ice-core records. These ob-
servations are complemented with reconstruc-
tion of **°Th-normalized biogenic particle flux
to the seafloor covering the last two glacial ter-
minations (Fig. 2).
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The pelagic sediment analyzed in this study  exclusively with the glacial maxima, consistent Although various physical mechanisms have
is dominantly composed of diatomaceous opal ~ with measurements elsewhere in the Southern  been proposed for a reduction in this deep-water
and terrigenous detritus, the latter of which is  Ocean, south of the polar frontal zone (/6) (fig.  exposure, they all involve reduction of wind-
mostly ice-rafted, with a minor contribution from  S3). Sea ice has the potential to directly alter  driven upwelling, wintertime vertical mixing, or
acolian material (/7). Assuming that sedimenta-  export production by blocking sunlight vital for ~ both (4, 5, /9). Upwelling could be lowered by
ry iron (Fe) is of detrital origin, barium (Ba) phytoplankton to undertake photosynthesis; how-  weaker westerlies and/or by a more northerly
abundance normalized to Fe yields an estimate  ever, sea ice was only present at this site during  position for them, whereas wintertime vertical
of the sedimentary concentration of biogenic  the winters of glacial periods (/7), not during mixing is sensitive to upper ocean density strat-
(or excess) Ba (bioBa), which serves as a tool  the summer growing season. Rather, changes in  ification. Various processes can affect this strat-
to reconstruct changes in the integrated flux of  export imply a reduced supply of nutrients to ification, including upwelling, which strips away
organic matter to the sediment (/2). Normal-  the surface ocean. Phytoplankton growth is in-  the freshwater cap (halocline) that maintains
ization by Fe assumes that the detrital fraction  hibited by the lack of bioavailable Fe in most  vertical stability.
has not varied substantially in space and time, parts of the Southern Ocean. Vertical mixing Of the nitrate imported into the Antarctic sur-
supported by provenance studies, indicating and upwelling (rather than atmospheric fluxes) face today, only a portion derives from Ekman
that the tephra-rich terrigenous material at this  appear to dominate the supply of Fe to the Ant-  upwelling, with the remaining deriving from
site is consistently derived from the South Sand-  arctic surface ocean at present (/8). Thus, the  wintertime vertical mixing (20). Given that the
wich volcanic arc, with negligible contribution  glacial decrease in productivity may have been  data suggest many-fold lower export production
from Bouvet Island and possibly the Antarctic ~ driven by a reduction in this deep-water—derived  during peak ice ages, we infer that these changes
Peninsula (/7). Calcium (Ca) normalized to Fe  iron supply. in productivity likely require both a reduction
indicates the sedimentary concentration of bio-
genic carbonate (CaCOj3). The records of Fe
and Ti show almost identical trends in ampli- . . . .
tude, but x-ray fluorescence signals are better | A T Fig. 2. Blogemgspartlcle ﬂux.re-
p F’ hich is th df lization. I E ® cpnstructed !ay Th normallz_a-

or ke, wiich 15 thus used for normahzafion. In 1 / tion for four independent proxies
these opal-rlch sediments, elemental spec.trum 3 covering the last two glacial
processing does not allow proper quantifica- ] ® terminations. Discrete measure-
tion of Al because of the overlapping Si peaks, ] / ments for the last 25 ky were per-
precluding the use of Al as a normalizing agent. B formed on core TN-57-13PC. (A)

The Ba/Fe record shows a strong climate- Atmospheric pCO, (1, 35). (B) Com-
related signal (Fig. 3C), with high values during ] parison between CaCO; flux and
interglacials and lower values during cold stages. ] B Ca/Fe. (C) Comparison between
The Ba/Fe record is in good agreement with 1 bioBa flux and Ba/Fe. (D) Chlorin
the 2*°Th-normalized flux of bioBa (Fig. 2C), ] flu. (E) Biogenic opal flux. Blue
supporting the use of Ba/Fe to infer bioBa through- - shadings highlight ice ages, where-
out the record. The large-scale Ba variations ] as red shadings indicate intergla-
cannot be explained as the result of bacterially dils. The two arrows highlight the
mediated sulfate reduction and associated dia- two-step transition into ice ages.
genetic barite (BaSO,) dissolution because no
substantial sulfate reduction is observed in the PP W RO S
interstitial water of the Pleistocene sediments of ODP 2. C B
site 1094 (13). Indeed, the ***Th-normalized flux
of bioBa is similar to that of opal and chlorophyll
transformation products (chlorins) measured in
the same sediment core (Fig. 2). Preservation of
these independent paleo-productivity proxies is
favored in different sedimentary environments. . |
Whereas the preservation of bioBa can be com- 2 %’d M -
promised by reducing conditions, the preserva-
tion of organic matter in general, and chlorins in
particular, is enhanced when oxygen content is D
low (/4). The preservation of opal is unrelated to
the redox state of sediments but is primarily
driven by the total sedimentation rate (/5). The
correlation between opal fluxes and excess
21pa/ Th at the same core site during the past 20— E
25 ky (9) and the correlation between opal ]
fluxes and bioBa over the past 150 ky reported
here indicate that the reconstructed opal fluxes
most likely represent variable production by
diatoms.

Consequently, the sedimentary Ba/Fe is in-
terpreted to indicate lower bioBa accumulation
and thus less export of organic matter from the 01T e e T L e
surface ocean during cold periods, with the 0 50 100 150
lowest bioBa concentrations coinciding almost Age (kyr)
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in wind-driven upwelling and an increase in
density stratification. This is important in that the
latter change would affect deep-water formation,
through which the Antarctic has its greatest di-
rect leverage on atmospheric CO, (21, 22).
Upon glacial terminations, large pulses of
export production coincide with prominent in-
creases in atmospheric CO, concentrations re-
constructed from Antarctic ice cores (Figs. 2
and 3). Flux determinations of three indepen-
dent export production proxies suggest that the
export of organic matter increased by more than
an order of magnitude across the two last cli-
mate transitions (Fig. 2). Reconstruction of past
silicon and nitrogen dynamics suggests that rel-
ative nutrient utilization did not rise sharply at
the last glacial termination (23), such that the
rise in bioBa and opal fluxes was a response to a
large increase in the nutrient supply to the euphotic
zone. These increases in export were accompa-
nied by summer sea surface temperature (SST)
overshoots and abrupt disappearances of win-
ter sea ice (/7). Summer SSTs increased by more
than 4°C in less than 5 ky for the last five glacial
terminations (/7). Although the sequence of de-
glacial events remains to be resolved (9), the sys-

Fig. 3. Records of (A) at-

tematic and repeated glacial-to-interglacial rises in
biogenic flux (Fig. 3) point to a robust pattern
of enhanced Southern Ocean overturning during
interglacials.

Moreover, we show that these glacial-to-
interglacial export production increases were ac-
companied by short-lived CaCOj spikes in these
otherwise carbonate-poor sediments (Fig. 3D).
‘We note that the preservation spike observed for
the last glacial termination is muted at this site,
for reasons that remain unclear. The near ab-
sence of CaCOj3 in most of the record suggests
that seafloor preservation of the CaCOj3 rain
regulated the bimodal character of the record.
Although intervals with higher sedimentary
CaCOj; concentrations could in principle reflect
increased local CaCOj export, the abrupt in-
creases and the transient nature of the CaCO;
spikes compared with export production proxies
argue instead for a transient deepening of the
lysocline, as expected if CO, was lost from deep
waters at this time.

The decrease in deep-water exposure after
peak interglacial conditions, indicated by declin-
ing export production, leads to pCO, reduction,
and this mechanism appears to apply in partic-

Lukewarm interglacials
, . L .

REPORTS

ular to the early stages of glaciation. As a general
rule, elevated Antarctic export occurs during the
peak interglacials, giving way to a major decline
in the early stages of glaciation (Fig. 3 C), coin-
ciding with the first half of the CO, decline into
each glacial period, 40 to 50 parts per million
(ppm) (Fig. 3A, reaching ~225 ppm). Remark-
ably, this is a similar, if slightly greater, reduc-
tion than is estimated by numerical models for
the CO, decline that should result from a strong
reduction in Antarctic overturning (21, 24). Al-
though further declines in Antarctic export pro-
duction occur later in the glacial progression
(Fig. 3C), the associated CO, reduction asso-
ciated with this mechanism should have near-
ly saturated (2). However, based on data from
ODP Site 1090 in the SAZ to the north of ODP
Site 1094, it appears that the later stages of
glaciation and climate cross a threshold at which
the SAZ undergoes a dramatic rise in produc-
tivity (Fig. 3F) (6, 25) coincident with increased
dust-borne iron supply to the SAZ from conti-
nental regions upstream in the westerly wind
field (Fig. 3E) (7). Iron fertilization in the SAZ
would have permitted biological productivity in
this region to sequester additional regenerated

mospheric pCO, (1), (B) ‘
ODP 1094 planktic fora-
minifera §'%0 (36, 37), ()
ODP 1094 Ba/Fe (data
smoothed by a five-point
running mean), (D) ODP
1094 CafFe (data smoothed
by a five-point running
mean), (E) Fe flux to sub-
antarctic core ODP 1090
(7), and (F) ODP 1090 sed-
imentary alkenone con-
centration (25) covering
the past 1 million years.
Red and blue shadings
highlight intervals where
AZ/SAZ processes, respec-
tively, are dominantly con-
trolling the partitioning of
CO, between the ocean in-
terior and the atmosphere.
During gladial inceptions,
the first half of the pCO,
reduction is essentially ac-
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w
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carbon in the abyssal ocean, which would have
further lowered atmospheric CO, (16, 26). It is
again notable that numerical model simulations
of subantarctic iron fertilization predict roughly
the observed CO, declines of ~40 ppm that oc-
cur later in the glacial progressions (21, 24, 26).
In the modern ocean, there is upper ocean mix-
ing across the fronts separating the AZ and the
SAZ (27). Thus, during peak ice conditions, iron
fertilization in the SAZ may have further de-
pleted the AZ of surface nutrients, contributing
to the continued decline of AZ export produc-
tion to its glacial minimum. In any case, it is a
remarkable characteristic of the two records that
the SAZ biological response begins when AZ
productivity has reached the lower half of its
range (Fig. 3, C and F), with relatively little cor-
related variation between the AZ and SAZ (Fig. 4),
and that the major changes in each correspond
to roughly half of the observed CO, variation
(Fig. 4). In summary, the paleoceanographic
records from both the AZ and SAZ merge with the
numerical model estimates of the Southern Ocean
to provide a coherent two-part Southern Ocean
mechanism for the amplitude and timing of gla-
cial interglacial CO, change.

The potential for these two modes of the
Southern Ocean to have different roles in glacial-
interglacial CO, change, first recognized in the
context of the last glacial cycle (2, 76), is bol-
stered by the data reported here for the period of
the “lukewarm” interglacials [marine isotope
stage (MIS) 13 to 19]. The lukewarm intergla-
cials are characterized by reduced amplitude of the

ice-core 8D and CO, records (Fig. 3) and a general
decrease in global interglacial temperatures that
appears to be more pronounced in Southern Ocean
SST records (28). Given the potential dependen-
cies of westerly wind position (29) and polar ocean
water-column stability (30) on global tempera-
ture, the muting of the pCO, increase during the
lukewarm interglacials might have been linked to
areduced dynamic range of Antarctic overturning,
with the abyssal ocean thereby maintaining a larger
reservoir of regenerated carbon than in more
recent interglacials (37). This hypothesis is sup-
ported by the Antarctic Ba/Fe record (Fig. 3C),
which shows markedly reduced amplitude for
the Ba/Fe maxima associated with the lukewarm
interglacials (Fig. 4, squares with open circles
along the x axis). Furthermore, this interval also
generally has reduced deglacial CaCO; peaks
(Fig. 3D), which would suggest that proportion-
ally less CO, was released from the deep ocean.
The expression of interglacials in the SAZ record
is indistinguishable between the period containi-
ng the lukewarm interglacials and the rest of the
record (Figs. 3 and 4) (7, 25), suggesting that the
cessation of SAZ iron fertilization occurred dur-
ing the lukewarms as in other interglacials.

In contrast to the lukewarm interglacials, MIS
21 and 25 were characterized by full-amplitude
export production peaks in the AZ accompanied
by large CaCOj3 preservation events, suggesting
an increase in upwelling and deep-ocean CO,
release during glacial terminations X and XI
(Fig. 3), consistent with planktic foraminiferal
pH estimates that suggest that both interglacials
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(25). Symbol color indicates pCO,. Filled circles illustrate the period 0 to 450 ky, filled squares the
lukewarm interval (450 to 800 ky), and the open squares the interval 800 to 1000 ky, for which ice

core pCO, data do not yet exist.

had pCO, values as high as recent interglacials
(32). This observation further argues that the
subsequent lukewarm interglacials represented
a distinct period. Our observations thus indi-
cate a strong coupling between Antarctic deep-
to-surface exchange and the magnitude of the
CO, release from the ocean interior, which is
consistent with observed changes in atmospher-
ic pCO, even beyond the interval covered by
the Antarctic ice-core records.

There is much uncertainty and debate re-
garding the response of Southern Ocean over-
turning to ongoing global warming, as well to
its impact on the oceanic uptake of anthropo-
genic CO, (33). The paleoclimate data reported
here argue strongly for a robust sensitivity of
Antarctic overturning to global climate, in which
overturning increases under warmer conditions.
As the physical mechanism of this coupling is
not yet clear, one cannot be confident that it will
apply on the decadal to centennial scale and under
the specific conditions of anthropogenic global
warming. Nonetheless, the finding of stronger
overturning under warmer climates, taken at face
value, suggests a similar sense of change for the
warmer future ocean.
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Emergence and Diversification of Fly
Pigmentation Through Evolution of
a Gene Regulatory Module

Laurent Arnoult,* Kathy F. Y. Su,* Diogo Manoel,* Caroline Minervino, Justine Magrina,

Nicolas Gompel,t Benjamin Prud’hommet

The typical pattern of morphological evolution associated with the radiation of a group of
related species is the emergence of a novel trait and its subsequent diversification. Yet the
genetic mechanisms associated with these two evolutionary steps are poorly characterized. Here,
we show that a spot of dark pigment on fly wings emerged from the assembly of a novel gene
regulatory module in which a set of pigmentation genes evolved to respond to a common
transcriptional regulator determining their spatial distribution. The primitive wing spot pattern
subsequently diversified through changes in the expression pattern of this regulator. These
results suggest that the genetic changes underlying the emergence and diversification of wing
pigmentation patterns are partitioned within genetic networks.

hether emergence and diversifica-
‘ ’s / tion of morphological traits both occur
through changes at the same tier of a
gene regulatory network is currently an open ques-
tion in evolutionary biology. We addressed this
question by studying a wing pigmentation pattern
that evolved recently in the Drosophila melano-
gaster group. Although this male-specific wing spot
assumes different shapes, colors, and intensities
among species (Fig. 1 and fig. S1), phylogenetic
reconstruction indicates that it emerged only once
in this lineage and subsequently diversified (7).
We examined the expression pattern of yellow
(»), a gene required for the production of black
pigment patterns, including the wing spot (2). Yel-
low distribution in the wing of pupae or young
adults precisely foreshadows the adult pigmen-
tation pattern in the various species we studied
(Fig. 1), suggesting that understanding the evolu-
tion of y expression patterns would illuminate
how the wing spot appeared and diversified. The
wing spot expression pattern of y in D. biarmipes,

Aix-Marseille Université, CNRS, UMR 7288, Institut de Biologie
du Développement de Marseille-Luminy, 13288 Marseille cedex
9, France.

*These authors contributed equally to this work.
tCorresponding author. E-mail: nicolas.gompel@univ-amu.fr
(N.G.); benjamin.prudhomme@univ-amu.fr (B.P.)

a wing-spotted species, is encoded by an evolu-
tionarily derived cis-regulatory element (CRE) of
the yellow locus (2), the spot CRE [hereafter re-
ferred to as y spot” @7 (3)]. Therefore, to de-
cipher how the wing spot expression of y is
spatially regulated, we sought to identify the tran-
scription factors controlling the localized activity
of the y spot”®® CRE, a minimal version of y
spot?@%7> CRE with a similar activity (2).

The y spot”?5 CRE is functional in D. mel-
anogaster wing, and we used its transcriptional
activity as a readout in an RNA interference
(RNAI) screen targeting selected genes to iden-
tify its transcriptional activators. With this func-
tional screen of the ~350 transcription factors
expressed in a D. melanogaster late pupal wing
(table S1), we identified a handful of candidates
(fig. S2). Among five candidate activators, Distal-
less (DII) first caught our attention because of its
well-defined role in wing patterning. When DI/ is
down-regulated, the activity of the y spot®/*®
CRE is severely affected (Fig. 2, A and B, and
fig. S2C). Reciprocally, we overexpressed DIl
throughout the wing, which resulted in an in-
crease and an expansion of the y spot”@’ ac-
tivity (Fig. 2C). These genetic manipulations
reveal that DIl is both necessary and sufficient
to control the activity of the y spot”/** CRE in a
D. melanogaster context.

By scanning the spot”'*® CRE, we identified
several putative DIl binding sites. We tested the
ability of DIl to bind these sites in vitro (fig. S3, A
and B) and, thus, discovered that DIl can phys-
ically interact with four of them. Mutations of
these sites preventing DIl binding in vitro also
impaired the activity of the y spor”®’?° CRE
in vivo (Fig. 2D and fig. S3C). Of note, the same
mutations also abolish the y spor”* response
to DIl overexpression (fig. S3D). Together, these
results indicate that the y spor”’® CRE contains
multiple binding sites for DIl and suggest that the
evolution of a regulatory link between DIl and
vellow was essential for the emergence of the
wing spot.

The results obtained in D. melanogaster stim-
ulated the investigation of the role of Distal-less
in wing pigmentation pattern formation in D.
biarmipes. We established a loss-of-function as-
say based on the expression of artificial short hair-
pin microRNA (shRNA) (4) and validated the
system in D. biarmipes by silencing yellow in
the pupal wing (fig. S5, A and C), which pheno-
copies a y mutant. The down-regulation of DI,
using the same shRNA approach, resulted in a dra-
matic reduction of the pigmentation spot (Fig. 3,
A and B, and fig. S4, A to D); however, the uni-
form gray shading of the wing was not affected.
Reciprocally, the overexpression of DIl through-
out the wing yielded ectopic pigmentation across
the wing (Fig. 3, A and C, and fig. S4, E to G
and J). Together, these results establish that D//
plays an essential role in wing spot formation in
D. biarmipes.

To test the specificity of the effect of DI/ on
wing spot pattern formation in D. biarmipes, we
first examined the other transcription factors iden-
tified in our RNAI screen. Contrary to DI/, none
of the candidates that we overexpressed across
the wing were sufficient to induce ectopic pigmen-
tation (fig. S4, H to M). These results highlight
the specific role of DI/ in the wing pigmentation
spot formation. Second, we ectopically expressed
DIl in the wing of the nonspotted species D.
ananassae, a species with an ancestral pattern
predating the wing spot evolution (Fig. 1) (7). In
this species, DIl overexpression had no effect on
wing pigmentation (fig. S6G), suggesting that the
regulatory interactions between DIl and down-
stream pigmentation genes are absent. Consistent
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