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GLOBAL ENVIRONMENTAL CHANGE REPORT

money for the federal government
immediately, and be more than paid
back in a few years or sooner.”

On 17 April, President Bush ordered
each federal agency to develop and
implement a plan to reduce its over-
all energy use in buildings by 20%
from 1985 energy use levels “to the
extent that these measures minimize

@.Science U

life cycle costs and are cost-effec-

ve.” All new federal buildings
must meet energy performance
standards, and agencies must reduce
their motor vehicle fuel consump-
tions by at least 10% in 1995 from
1991 levels. A “maximum number
practicable” of alternative fueled
vehicles must be purchased by agen-
cies each year.

pdate

Copies of the OTA report, Energy
Efficiency in the Federal Govern-
ment: Government By Good
Example? are available for US $5
from the Superintendent of Docu-
ments, USGPO, Washington, DC
20402-9325. Tel: +1-202-783-3238.
Reference GPO Stock Number 052-
003-01242-1.

Researchers Protest Their
Inclusion in Skeptics’
Agenda

On page 1 of Global Climatic
Change: A New Vision for the
1990s, the US greenhouse skeptics’
alternative rescarch agenda (see
GECR, 1 March, pp. 1-3), one finds
the following statement: ‘“‘The con-

sensus of the screnUSts in this re-

search prospectus is that there is con-

. siderable evrdence that the impact of

fulure clunaue change may be 5
eul en beng ;

; whose proposals were rncluded in lhe i
- agenda thal clarrn is mrsleadmg -Ag i
cordmg 'to-one of Lhem there wasno *-

e
formal consensus r ched or even "’

. called for at the m&eung whrch pro- :
duced the' agenda?nor Was the intro- -

OGN

uctio 0 the esearch agenda crrcu

the researchers listed were not even
invited to the meeting, did not know
their proposals were being included,
and were unaware that their names
would appear in the prospectus.

On 6 May, GECR received a letter
from David Robinson of Rutgers
University, urging us to print a
clarification. Robinson, who was
listed on a project proposal as a co-
investigator with George Kukla of
the Lamont-Doherty Geophysical
Observatory, was not invited to the
meeting and didn’t hear about the re-
search agenda until he read about it
: S ' .

w4 - denies havmg Seen. iy

in GECR. Andrew Lacis of NASA
Goddard, who was listed in the

same proposal as co-investigator,
hadn't heard of the meeting or the re-
search agenda until GECR tele-
phoned him on 13 May. Both Kukla
and Robinson strongly objected to
the “consensus” wording in the
prospectus; Robinson has written

to Patrick Michaels and Robert Ball-
ing (the organizers of the meeting
.and the authors of the prospectus’ in-
lroducuon) to ask that lhe language
be revrse(L § i L :

Mrchaels are pollmg all of the scren- :
usts named in the prospectus and -

tual level of consensus within' the
‘group. Balling says that he and
Michaels did circulate the agenda’s -
tmtroducuon to the conference atten'
dees pnor to publ'ca “bu

searchers 'who weren t mvned to Lhe
meeting, Balling points out thatall -
of them were co-investigators. He
says it was the responsibility of the
principal investigators who attended
the meeting to notify their co-inves-
tigators that their names would be in-
cluded in the prospectus.

Ice Ages and Plankton
Don’t Mix

As Paul Colinvaux pointed out in
his classic 1978 primer on ecology,
Why Big Fierce Animals Are Rare,
most of the world’s occan is a
desert. Nutgjents are scarce, as are
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Ballmg told GECR that he and - i

will prepare a statement on the ac-

ning by % a new study reponed in the _"‘

the plants and animals that require
them. Of course, coastal areas and
regions of upwelling are more pro-
ductive, but they account for only
10.1% of the ocean’s surface. The
rest, as Colinvaux says, is “a blue
desert more useless to life than most
of Arabia.” The Antarctic ocean,
however, is the most enigmatic ex-
ception to that sweeping statement.
Nutrients are abundant there, and

yet phytoplankton are comparatively
scarce. Because of the Antarctic’s
great unrealrzed potenual for biotic ;"
acuwly, scientists have 100kéd to rt =
asa potenUal rnodrfrer of COz con '
centralmns under drfferent chmate :
regimes — “hénce the proposals for
iron fertilization and the ‘widely ac- *~
cepted theory that a phytoplankton" R
bloom in the Antarctic ocean caused =~
global CO2 concentrauons to drop ="

16 May issu te (vol. 351,
pp. 220-222). R.A. Mortlock and
colleagues from Lamont-Doherty
and Columbia University (Palisades,
New York) use three lines of
evidence to show that phytoplankton
productivity was in fact low, not
high, during the last ice age, and the

plants were less efficient at taking
up nuinents, Mortlock et al.
analyzed records of the accumula-
tion rates of diatom shells, the ratio
of germanium to silicon in opal
(also related to diatom production),
and the carbon isotope ratio in the
shells of foraminifera to reach their
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conclusions. As W.H. Berger of
Scripps Institution of Oceanography
points out in an accompanying ar-
ticle on pp. 191-192, this his analysis
should “sever g conven-

tional belief in An odulation
of atmospheric carbop dioxide.”
However, Berger says the question
is stll not totally resolved, since
there could be alternative explana-
tions for some of Mortlock’s find-
ings.

Technologies Reduce
Societies’ Vulnerability to
Climate

In the 25 April issue of Nature (vol.
350, pp. 649-652), Jesse Ausubel of
The Rockefeller University in New
York discusses evidence that tech-
nology has allowed human societies
to become increasingly shielded from
the effects of climate and weather.
Ausubel argues convincingly that
there is a trend toward systems that
are less vulnerable to climate, citing
examples ranging from food preserv-
atives to weather satellites. “In
many respects we seem to be .

robust than many people thmk

transportauon systems allow people '
to rely on food sources outsrde their .
- area and thus spread productlon mo
risks 3 across more climatic zones,” *
and existing crop cultrvars in the US
are generally replaced by new ones ;.

will probably resemble those for ™
other climate variations — those
that “mollify the difference between
daytime and nighttime temperatures,
protect against normal variability be-
tween days, shield from storms and
hail, adjust to the seasons, and adapt
to the wide range of climates where
people already live.”.

Ausubel points to the steady im-
provements in technological perfor-
mance and efficiency, suggesting
that this trend will continue and that
human vulnerability to climate will

ﬁng socrety,” Ausubel "

dapta- ;.
tions for long term climatic change

keep declining. (Readers should
keep in mind GECR's 15 March
Focus Report on the potential vul-
nerability of nonfossil energy sys-
tems to climate, however. One
should also note that Ausubel’s
analysis is based on industrialized
countries.) Ausubel notes that
ecosystem vulnerability is another
question entirely, and does not sug-
gest overtly that climate change is
nothing to worry about, but he im-
plies that “business as usual” may
yield a more favorable future for
humanity than many have suggested.

Reforestation in the
Northern Hemisphere:

The Missing Sink?
According to an anticle in the 4 May
issue of New Scientist, the spread of
forests in the Northern Hemisphere
could account for much of the miss-
ing sink for carbon. Roger Sedjo of
the Washington-based Resources for
the Future used forestation data
from the UN Food and Agriculture
Organization to conclude that 700
million metric tons of carbon are .
bemg captured in Northem Hemt- .

presented hlS paper at th|s
year’s annual meetmg of the -

-American Association for the ... ..

Advancement of Scrence Asecond -
unpublished paper by Sedjo, which

-considers the effect of tropical .
,"'deforestauon concludes that wlt_tle

mto he .
atmosphere miuch of that will be "

reabsorbed while the forests grow.
Sedjo says the net emission of car-
bon from tropical deforestation is
700 million tons, coincidentally the
same amount that’s being absorbed
by Northern Hemisphere forests.
Last year, Taro Takahashi and Pieter
Tans reported in Science that oceans
absorb only at most one billion tons
of carbon, and there must be a large
terrestrial sink (GECR, 9 March
1990, p. 5). Sedjo’s findings could
explain “a large amount” of the miss-
ing sink.

USA. Tel: +1-301-975-2208; Fax

Sedjo told GECR that his analysis

“flies in the face of the conventional
wisdom” that Northem temperate for-
ests are in balance with regard to COx.

Upgrade on NIST
Refrigerant Mixtures
Database Available

The US National Institute of Stand-
ards and Technology (NIST) has
released an update to its Thermo-
dynamic Properties of Refrigerants
and Refrigerant Mixtures Database.
The database, which will run on any
AT- or XT<lass personal computer
(and requires 512 K of memory) al-
lows researchers to produce tables
of thermodynamic properties of 18
pure refrigerants, including ethane-
based compounds, and 24 mixtures.
Mixtures of up to five components
can be analyzed.

The upgrade contains new data on
mixing parameters for four blends
(including HCFC-22 and HFC-
152a), and has revised Carnahan-
Starling-DeSantis coefficients for all
18 refngerants

Version 2 0of the REFPROP
database is available for US $340
from. the Standards Reference Data
Program 'A320 Physrcs Burldmg,
NIST, Gatthersburg, MD 20899,

+1-301-926-0416. _I_Jpgradmg to ver-
siong.o from 1.0 costs $90.

Climaie Research ‘subtitled Interac-
tions of Climate with Organisms, Eco-
systems, and Human Societies, has
issued a call for papers. The new
journal is published by Inter-Research
in Germany, and appears to be in the
same league as Climatic Change and
Global Environmental Change:
Human and Policy Dimensions.

Climate Research invites papers on
interactions of climate with or-
ganisms, populations, ecosystems,
and human societies; short- and
long-term changes in climatic ele-
ments; methodological aspects of

C
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May 7, 1991

Discover Magazine
3 Park Avenue
New York, N.Y. 10016

To the Editor:

John Martin proposes iron fertilization of the Southern
Ocean as at least a partial solution to the threat of global warming.
("Earth On Ice", April 1991). In my opinion, he’s got it exactly
wrong. Our manhandling of the global environment created the problems
we face; it is not part of the solution.

It would be easy to attack Martin’s suggestion on technical
grounds: there is evidence that iron is not the limiting nutrient in
the oceans; very recent research shows that, even if adding iron would
increase plankton populations, the net amount of carbon sequestered
would be modest; massive amounts of money and other resources would
have to be mustered if the program were to be even marginally
successful in achieving its objectives.

But my opposition to Martin’s suggestion runs much deeper. The
proposal is dangerous because it plays to wishful thinking that there
is no need for fundamental change in the design of our civilization;
and that, with a little creative engineering, we can out-smart nature
once again. The truth, however, is that we cannot, without serious
repercussions, continue our hubristic campaign of re-creating the
environment.

You would think we would have learned that lesson by now. This
is certainly not the first time we have undertaken such technological
"fixes". Our determination to produce crops in areas not suited to
produce them, for example, has poisoned the soil and, in some areas,
created vast deserts of salt and pesticides. And consider our desire
to adorn ourselves cheaply in silk by bringing gypsy moths into the
country -- vast stands of diseased and dying trees are the legacy of
that venture. The kudzu vine that chokes native plants and trees in
the Southeast; the rabbits that overran Australia; and the Africanized
bees that have now made their way into the United States, are all
testimony to our inability to gauge and control the effects of grand
eco-engineering schemes. And those are nothing compared to this
proposal.

It is time we stop kidding ourselves. The simple truth is that
it is only by changing our behavior -- and our relationship to the
earth -- that we can effectively address the global environmental
problems we face. Study after study tells us we can make make
significant gains at minimal cost with existing technologies. The need



for such action is clear. The ozone layer is being depleted at an
alarming rate; we need to move quickly to end the use of ozone
destroying chemicals. We continue to experience record warmth, severe
drought, extensive forest fires, and other warning signals consistent
with those long since predicted to accompany the onset of global
warming and climate change; we need to cut our emissions of greenhouse
gases in every sector of the economy. The very threads of the web of
life are being severed as rampant deforestation drives thousands of
species to extinction; we need to preserve and protect sensitive
ecosystems and manage our forests sustainably.

So let’s get on with it. I challenge our scientists to use
their insights and creativity to devise ways for us to live in harmony
with nature -- rather than speeding us further along on the collision
course we are currently travelling.

Sin ely,

Al Gore

United States Senator

Chairman, Senate Subcommittee on
Science, Technology, and Space

PHOTOCOPY
MISC. HANDWRITING
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March 21, 1991

The Honorable Al Gore
United States Senate

393 Russell Senate Building
Washington, DC 20510

Dear Senator Gore:

Enclosed is the most recent issue of DISCOVER. It contains
the article ‘‘Earth on Ice’’ on page 54, which we thought
might interest you. On our letters page we like to encourage
an exchange of views about our articles. We’d be happy to

consider any letter that you might want to write.

Thank you for your time.

Sincerely,
Caninde ). Hepretdd

Betsy Hanson

Clarence V. Reynolds
Researchers/Reporters

A FAMILY MEDIA PUBLICATION, 3 PARK AVENUE, NEW YORK, NY 10016 212-779-6200 FAX 212-725-3962
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April 16, 1991

Discover
3 Park Avenue
New York, N.Y. 10016

To the Editor:

Responding to your article "Earth on Ice" (April 1991), I must
express my concerns regarding the iron fertilization of phytoplankton
in the Antarctic as a means of lowering atmospheric CO2 levels. The
concept of iron fertilization as a "fix-it" for reversing the
greenhouse effect begs the issue, and proposes a simplistic solution
to a very real and complex problem. Certainly the concept may be
embraced as a means of conducting business as usual, but presenting
iron fertilization as a panacea for this global problem is misleading.

The concept of iron fertilization in the Antarctic has generated
critical research and discussion that question the plausibility and
desirability of adopting such a proposal. Most notable is Peng and
Broecker’s (1991) research on ocean dynamics that concludes negligible
to insignificant lowering of atmospheric CO2 by iron fertilization
after 100 years of totally successful fertilization. Their results
suggest that with a "business-as-usual" scenario of fossil fuel CO2
emissions in the next century, the CO2 content of the atmosphere would
be lowered by only about 5-15% below what it would have been without
fertilization.

What are the costs of this concept? As you mention in the
article, the costs of testing the iron fertilization of a small 60
mile x 60 mile square of ocean would run between the tens of millions
of dollars and more than a hundred million. Once begun, the
fertilization process would require even, annual dispersal of iron for
at least 100 years to ensure the retention of carbon. The
fertlization process would involve the use of hundreds of barges and
ships, their transport and upkeep, the purchase of soluable iron, and
the payment of labor -- at an estimate in the billions of dollars
(Borchelt 1990). Given the annual costs of such an operation over a
100 year period, would a lowering of atmospheric CO2 levels by 5-15%
be worth it?

Furthermore, the environmental costs of the iron fertilization
concept need to be fully explored and weighed. Many scientists are
concerned that the long-term ecological effects of iron fertilization
may be devastating. For example, successful fertilization would
increase the amount of organic material in the deep ocean water. In
the worst case scenario, reoxidation of these organic materials would
diminish the supply of oxygen in the Antarctic deep water to the point
of - anoxic condition. Repercussions would include the loss of krill
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eggs and krill upon which whales, seals, squid, fish, and penguins
feed. Such a loss of oxygen in the deep ocean would liken the area to
a devastated and less productive lake environment.

The concept of iron fertilization focuses our attention on short
term "fix-it" approaches in dealing with the greenhouse effect rather
than on changing the attitudes and behaviors that produce CO02
emissions in the first place. If we expended as much money, time, and
energy that the iron fertilization scheme proposes over the next 100
years into reducing the primary production of CO2 emissions, the
problem would be solved -- or, at least, substantially reduced.

Sincerely,

Al Gore
U.S. Senator

REFERENCES:

Peng, T.H., and W.S. Broecker
1991 Dynamical limitations on the Antarctic iron fertilization
strategy. Nature 349: 227-229.

Borchelt, Rick
1990 Enlisting Marine Algae To Ease Global Warming. NewsReport.
December 1990-January 1991: 5-7.
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EARTH ON ICE

A Bold Attack on Global Warming
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-cncrgy sphmng in'.an asvmmctnc t’o level

TVAS the spectra| Jum

" diferent for different dcf:cts dlreCt obscwauon of this spectral‘
" diffusion cﬂea would niot be pOSSlblC in-any spectroscom that,
| pverages aver. many defects ‘Direct . Measurement - ol the
" Behayiour of mdlwdual ‘guest . molccules in a glass’ would lead
‘to-a; clearer undcrstandlng ‘of the ongms of dynamlcs in. amor-

-phqu_s‘, solids )2 than: available' from- ensemble: avcragcd
megsuréments. Much: fhore. - intriguing s, thc'l‘act that we havé
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~Antarctic i iron fertlllzatlon
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-";’.‘MARTIN uef al hnve propoaed an. lngenlous means hy which the.":,':,-’

‘_f_-_ rise in :tmosphenc COy contept: generated by the burning of fossi!
"' fuels and deforéstation. might be partially compensated’. The idea’

‘is'that plant productior ln- the nutriept-rich siurface waters of the - ‘

" Antaretle could be stimulatéd by the addition of dissolved iron,
_ thereby reduclng the CO, pmial pressure In these waters and

‘CO, content of the atmospheré would be lowered by only 10£5%
~ below what It would have been: In the:absence of fertilization..So
- ifafter 100 years the CO, content of the ntmosphere weré 500 yiatm -

~ without fertllization, it would be-between 425° and 475 patm with

.l'ull fertilization. In other ‘words, If our model callbrntlon is correct..
“even if iron’ fertillutlon worked perfectly it would not aigniﬁcantly
~reduce the ntmospherlc CO; content,. - .”
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¢ perature ‘dependent eastirements of the jums raté for a. single -
" centre’ over 4, “wide range of ‘temperature in hope. of" observmg
..mc chnractcnsuc coth(E/sz) dependcncc ‘where .E, i3 the -

nodel: and ks -

“-;ﬁuinent@anuiAﬁbhwu1gngs

i

| sen spectral jump_ng in.a crystallmc cnwro__mem whcrc such, _
. ';_’..‘-..u eﬁccl is not expccncd T R <

‘Deaemwim L e T T

aevieh . & Warams D A e Ahys @B BAT-SOLUSTEL L i reductiof might bé shortlived: I hé sbsence ‘ol wal

L surface occan and-the 1

18; Golding B. & Graeoner, ). € i Amomphous’ sollda Law Tcmpernlura Promnm {99, Phllhpn W.A)

Acmomewsms ‘W mam M, Omt 1ur nrovlaing oy 01 hl: manuacrlp\ Drlor lo Wtﬂlm .7- .

Depth i acedn m)

| '.-Dynamlcal llmltatuons on the i

... allowing €O, to] ﬁow from’ the atmokphere into’ the Antarctic =
- Qeeun, WE have used'n box modél calibrated with translent trace. *
- ‘data to examine the dynamical -spects of this proposal, .and -
. _conciude that after-100 years.of totally succml’ul fettilization the -

dcpcnds ‘on . :

phosphatc and mtratc are unhz.ed ™ s lempcrate Tand:
(roplcal ocear the unhzauon efﬁcnencv is hxgh .and therefore:th
rcducuon of the. CO, partial pressure “Peo, 15 near mammum‘
By comrast thc unllzauon eﬂ"lcwnCy is- low in the polar geeans:;
Hénce; were & ‘means e he efﬁc\ency of

and in-tuin that: for the atmosp . reduce: |
and ‘his co:workers havc shown m mc:ubduon cxpcrlments
“that plant growth rates in waters [tom. polar.regions cdn be-
grcatly “accelerated by addmg trace amounts: of: du,:,olved 'ron
lron is an cssenual mwronumem rcqulred «for the metabo ‘xsm
af! all forms of Jife; i - fudetion. bemg cylochromc‘v
' 1 i .T: '_lrcm‘is on i
lements, its. conccmratlon in  sedis! vcry low with lhelowes 5h
- values -occurringifi . regions hke thc Antarcnc thal are [ '
" femoved frofi thc continents: R :

"To-date, most; cf the attcnuon rcs__.lrdmg the Minid proposal
has peen. foczmd onits ‘biological-aspects® -and: file. attention,”
has béeri- gwcn to'the dynam‘calfaspcm' Evén thOugh succcssful
_ifon. fertlhzauon would ifitially’: producc up it
- -dectease in the O; pamal pressurc i AMArGc! aurlace wat:

.Eirculation; only an amount-of COy equai to.that remnved A3, a )
result of the initial iron femhzahon would-he’ sequestcred trom=, T
‘the atmospherc In-this case, the dlmnsphere ‘the AnldrClIC. !
ORANtArElic, surfacc ucedn would'r.

160, exchange Wen mlxed atmoaohere

CO ex(‘nange
Q) —A— . o =
! ?1" - Sudace ocaan m-xeo |ayers ; i

antarciic (10%)
K = 3cmis’

g
o
(=4
o
T

w.
74,000 i
- L CO;exchange  Well mixed’ mrnosom-u, _CQ_;._ex.r..riangé W
ol SRR SA
- : - ) uﬁace oceaa m xoo [EL ars o
B e —2 WOQIavers Lo
Do 11T *' | . - =3
El e SRR L ;
=R ol L s e s e ! R
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FIG..1 Lmkau vomcal advechon ana diftusioarmovel ‘Uses 10 cvama.e vhea, )
'response to iron. fartilization of Antareyc surface waters, The ybper panel
‘ahows the cdse ‘whare the water unwe!led in the JANAICLC 1§ vransfevred v
R laxermly 1o the :non-Antarctic sur!ace ocgan The towgr pangl- Srows*lhﬁl

case where thls upwahed wa\ev is cunv(-ﬂcd !0 aeep walef ar’d lranarerrec
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"2.000

FOG 2 Vemcal msmmhun 'of E} PQ ‘A
be(oie lthe onset of femnzar_l' 'm’abm-d lirie] r-mr"
' )e sr'enano wham

waler <S upwelied 'at the

. rapldly reach a new equnlnhnum lt.nmg the mmo-phcu with
L R C(L content anly slightly lowefthan it had hefore [crlllll.ﬂmn
' TO 8Chl8VE 2 SlgnlllLdnl redumun of the. .nmmphure § (O
- content ‘the surface u.ners of lhc Anmrmc must hc rcplacu‘j

frequemly I‘rom hclou oo,

' water which penetraies northward into the Atlantie Pacific and -
“Indian .oceans, at a dcmh of = k00 m. Ihr remfnn(kr i, ml\u_d
“into- the; mperdu :,ur? ade watdr, .- o R .

‘~Conﬁrmanon uf lhc <upwc1|lng h»p.uhun mmu trum zhe

.' Srov

- converied to Botiom water - glonig the southerr fringe of the:

1arct|c ml\\mr v

100 yeurs afier - ]
: ": an underivmg d;cppsea se¢’ Fia. Ty One co!umn répresents:

- - o a_mmcwh-u Irw«er ared o compcncatc “far- ‘The ‘faér th
mmnb i lhc .
‘(hlnk ng I th.u dc'.p medn \uzer ',

‘.brlne re|ease Tausing. it 1o sink ha«.k o the, dde sga, Thg
 remainder moyes o the narih. Part is: conyerted Lo intermedrate o

Tguses. [ ghed
T ol the nnn A

Ocean as measurcd durmg the: G['OSECS sunlcys ‘of the’ world;
. ocean" " ~These resulls show that the Antarchc waters cantam

arnount reuewed b) invasion. ‘Thig” exccss roughly balances thc
deficiency in fHe Antaretic. “This” ‘pattern can only be. explamed
L-1 upwellmg in lhe Antarcuc coupled with lateral transport t
the.adjacent temperate: reglons . The: upwelhng fFale requir
to.explain the Antarctic dehcxency i 15 mvr~! (ref..11).°As the
“low bomb-radiocarbon ‘water in the Antarctic. Ocean covers
i~ 10% of the toat ocean, area,.thu Lorre:.pornds to a ﬂux of" l7=Sv
(17x|0"m,‘{-“) S

b
rddmcarbon fOr lhc ﬁftcen GLOSECS radlocarbon proﬁles for:
lamudes Routh of 46°S % 260 m (rcf 11 This extent ofpcuetra-
.tion into the upweiling plume’ can be-¢xplained!! usinga vemcal
tddy diffusiviiy of =3 ¢m®s ™' (the steady.state tracer pene(ra-
" tion depth into- such a. plume would-be 630 m). Hence if thts
.nterprcl.mon of v (He. homp: rdleC&l’bOn data- is. correct; .
“volume: of wutér: lmme_d_melv beneath: the. Antarcuc surface
available’ for COy storage is only 22% 10" m? (630, mx;3.5
m'y or 1.4%:of the deean's volume, Ja-volime tog small
hou»c a klgnlﬁt.dn! amolnt of excess Co,. Thus itis’ the: fateof
- the upwcllcd water that matters. Addmonal storage capacnya
will be provided, by that portion of the- upwelling water ‘that

‘\nurmc orto mlermednate waters along the nonhcrn frmge ‘of..
the Antarctiz. : ) -
L We devised -d "mple model to l¢st our |deas Two bo
Lo flusion Lulumm HIE hnked by. an-ove rlymg atmosphere and

Anurcuc ‘dl‘ld thé other the non- Amarcnc region of. the ode
Fach'column h ‘capped’by.a mlxed layer 75 fn.deep. These mixed-
1dyers dre; undcrlam by dtﬁusmn zones 2,000 m 1hxck Bencath
~the” dlﬁuemn zofie is' 1 single well mixed. deep reservonr :
arva of. the /\nlucnc column. was-taken to be 10% of the.ocean
mul The uutual eﬁecnve ‘aren of nutrient-rich water-in the
Antdretic is 16% of the ocean ureu. (out to 45°$)., We' adOpted

Icrulu.u _cannat work, durmg thc hghtlesswmter tointh
:-I-)urlng these pmods vcmcal mxxmg erl r:tum the_CO‘ pam
pfds‘.ure ta its pre-fert '_ ion value¢ o
Wi sei the” vertical ‘eddy’ dlﬂuqnvuv in thl: Antarctlc colu Y

cat )} un ¢ ' and that in the non- Antarctuc eolumn’at 1 <m?
Thu upmllmg ratevin the Antarctic' column, was ‘sét at 178§’
Ct1Am vr Y0 Because wé-do not.have iriffarmation wnh wmc to
' .mnortmn !hc late'ol the’ upwellcd ‘witer; we studied two; hmlt_mg'."‘
fifst’the water is. (ransl'errcd entirely 10 the‘,surl‘aée._‘
rcnc column A ‘thejqecond it 15 ransferrad

v.uU;eJ_

FIG 3 Model rung. f0r an, AnLarcuc uphF-lIlng thw, ! 1 4 Sy
Left-hand panel snnws the:cage whers tne. i
“th.non- :

,l
“the sleady 5xate cononzlons oefme FPr’qh, atui 1
| Antarchc surface walers \s. rwarh, |der|ncal )t

B
i
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. PO, depth. proﬁles simjlar to-those ohserved. (the choigé:

;.’. sea, lsohttmg it l'rom ‘the atmosphere

PESCIN> e

? 'r eF om were"ﬁct to‘weld 1.6. ptmol--- ‘

nO' PO,, . . :

; 're'generatlon (unclton l'or fallmg orgemc debm was set X yteld ’
. ‘ol this
regeneralton_funcuon has no mﬂuence on. the result of:
taléulation”of the atmospherlc (0, response 1o iron feml_

“rhatter Falling. from; tHe surface mixed layer was 130."We then
adjustéd the GO, /alkalmlty ratm m thc model ocedn to yleld
i1 atmospherlc Peoy-of 280: 'atm

decreasmg the “Tesidénice” time, (wuh Tespedt’ 1o -biological

. of PO‘ and ICO 0. the Amarctlc ¢alurin for the: deep transpon*
- “case. The: toml PO. in the watér column remains unchanged but -

., @ hulge- of ékcess 1( (), appears, represepling the €O, transfer- -
. -Marlne soleneelProgram and Deoartment of Geology

.red fromm the atmosphere 10 the Antarct\c water, column i the:.
-lateral {ransf .‘scenarto (see Frg 3), the almospherlc CO; con-

tent dropv. ever more’ qlowl) réaching an asymptote ~15 patme
jower thari the' rmtml value- 1n the degép- transfer scenario the

: dccreaqc continues, rcachmg ~34 ptatm al‘ter 100 years. The

‘reasgn for the difference is that in one case the surfage ‘water -

""'rom the: Antdretic is (ransféffed o the surfage of the ‘non-,
~ Antarctic region, allowing the excess CO, to res ‘eritér thie atmos-
phere. whéreas in the other this water is rcrnoved to the’ deep

U

As a :ensltlvny 1ési'we have changed- the upwellt 'g rate for’,
the deep- transfer case: A raté of 8.7 Sv ytelds a droprin; atmos-

pherlk. Peci;-of 28 paim. and that of 34.8.3v a drop of 47 datm. -

- The question ‘naturally. arises as to what would happen if ifon-

. ', fenilization were lermmaled :Qur model shows thit any redugs
- hon in. atmospherlc CO £COntEnt accompltshed by the fertiliz -

“ation would be lo'st on more or lcss the sairie ttmeecale as rt

B ,' way, gamcd : SR

Cledrlv the key g, the evaluatton of the iron- fertthzatlon
e scheme the rate df vértical oyérturn in the: .n,'arettc If our
' mterpreuuon of thc borb-tadiodarbon record is cofreet, then
" this process is-100; slaw to create 2 srgmﬁcant decreasé in the

COv cofitent of the atmospheére. The distribution of freons in

, . the Antarctic'water column offers l‘unher evidence i in thils regard. -

He r.lngie puhltshed fredn section’ . a meridional fraverse Acfoss
" he Alldnl.tc sector ‘of \he Antarcnc shows that the freon con~
© centration for the €éntire watef column’ betiveen 500 m.below the
. -surfuce and. 500'm above. thé bottom is <6% ol‘ the surface
" congentration. Althoggh” wé hidve.aot férmaily-modelled freotis,
this resuti is broadly consistent with:the. dynamtcs adopted here.
th.any dase, such: surveys offer constrairits on the rates of both. -

enhouse: warmmg by the. Antdrctic Ocean'* as well: as to
~~Jsluations of the: iron: lemhzatton scheme ll.S procurement
\lnlu|(l be. pldLCd hlgh on the. llst of “environmental research
prmrmcs =l

)
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> atmgsphdre with 280 p.p.M. CO; "applied dirgctly-to’the anwopogemcauv ‘perturbed almosp!
* Barmierto, prinley ol thai-this 13 1oL corisct, We hav carfiedioyl €Oy Incresse medels” wnd K

’ ‘that’ U\e pemnte‘n‘wnge in CO, plmel nrenwu and’ et IM -Jpsoivie”enange that r-mems'

L ‘approximately e aame. We Rgvis dona'the porturmtlm cslcuutlnm “and ing tnat this:ig it i

the
T and me. Caran Dicixioe. Resasren mgr-m (W5B.) and.by the US - Departmen\ er Erwgv (T.HEY.

. _tnreugha lﬂ! eontraet Mnrtln Menetu Ene ysymms lﬁe !
- ation). Thie_atom ratio of carbon’to phosphorus i the organig:” - P , :

Snnnm
#/33; R F Anxmr LU.8 'u.
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moouam'rmetne in-gur ploer WQ nad ‘assumed trat’
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correct; This work was ‘Bupported by e uwrenoe LMIMorl Naticngl. Loaoralovy Euon Cotporation.

a r . - ;Control of pore water chemlstry 1
é 5|mulated a totall) successful lron emllzatlon by greatly_f th s : : L
: - the, base.of the Flonda escarpm nt

- removal) of POy in: Antarcuc sutface water, - brmgmg its - PO, X ‘
content ‘to:ngar zero, and, tontinuéd the iron fenilization, for 100,

' vears, Flgure 2shows. the evolutton of the vertrcal drstrtbutlons C
'Jeﬂrey P Chnnton*, chrl tophe .

'PORE weters collected l‘rom seep sedtments hosrmg active
" chemosynthetic t:ommunltlerll % t¢nd to be rich in sulphide; chioride

"tions (n-sen wnter. To lnvestrgete ‘the. source “of the ene y-rtch

: compounds and the processes; causing’ low sulphate conce )
“In seep-sedrment pore waters, we have méasured the sulphur Isotope

. 'witer sulphate remaiiis approximetely eonstant as lis concentrntion
" is depleted, Indlcating that ‘Processes within the:

- ‘chemlstry ln these 'sedlments. The: composltlon of the seep | brlnes.. .

faent ‘are supponed by’ chemosynthetlc processe%

. tube wotms are: «¢éntiched in smmeonium (up to: .»mM)
earbon depleted btogemc methane (up to 10" mM)**

- minerals have been reported”. The acidity generated By sea-flapr,

dct.p and; mterrnedule water formation, As such information = -

o gritival 19 the . evaluation -of . tempereture buﬁenng .of the, _ ‘munities; wnh the submersible Alvin, The pore ‘waters were,

“of pore- .water concentrations. “show" ohlonde and ammoniy

| fitting' the ‘¢hloride-ammonium’ ‘data’ ylelds a value of 2.2mM-~.

& Chorlee K. Poull '_ '__

'-Unlverslty of North CBrollna Chapel Hill, North Carolma 2‘f599 USA-

‘and-ammonium and; depleted In sulphate relatwe.to the- coneenrrn

aﬂon

.eomposttlon. & Mg, of pore waters from.seep sedlments at the base -
“of the West Florida escarpment, The isotople:compdsition of. pore

Florids platform: "
rathet than’ microblal progesses it seep sites, control pore-watef -

deduced from a linear- mixlag: model, provrdes lnformatlo
_processes.deep:y wlthln ‘the plntform. o

‘Dense btologtcel cormunities living on hlghly sulphldtzcd
sedrments found at the 3,280-m-deep | base of the Flonda }escarp i
* that, use:’»
'reduced substrates ‘séeping from the highly. omted hmestone
clnﬂ l'ormmg the edge of the' Flotida platform®* (th l) The‘.ev :
seeps occurelong atleasth% of the escarpment base®, Scdlme

tdry pore waters beneath the large populatlons of mussels and..
radiot

' and’ sul
phlde (up:to 5.7 mM). Sedtments conststmg of ;30% su|phtde,

oxidation of dissalved sulphide’ Hias been - suggestéd .as’ one
“’mechanism for undercutting and erodmg the edge or the curbcm- g
. ate contigental margin®.’ ol
We collected sediment cored in these chemosvntheuc ‘Eom- !

expreesed t'rom Lsedtmeﬂts by pressure ﬁltrauon Depth prohlcs

enriciment and corresponding sulphate depletion Telative” o
‘overlymg sea -water (Fig.. 2). Both pore-water sulphate-dnd. ;
- ammonium; are lmearly correlated with pore -water chloridecon

centratmns (Fig. 3}, indjcating congervative mixing betw ¢ens

water” and @ . sulphete-depleted ammoniium-rich - brine. The
< chlonde-sulphate trend yields a value of 27.5% for a sulph.uu_.;
coneentratior of zerd, suggesting that this is the chloripity of "
 the brine exiting the platform..at the.sea floor, The. equath

for the concentratlon ol' ammontum m the sulphate dcpleted
'bnne ' S R L
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tion growth will be in the Third
World. What is unexpected is that
the data show devcloping countrics
are already major sources.”

The English edition of World
Resources 1990-91 is available for
US $20.95 from World Resources In-
stitute Publications, PO Box 4852,
Hampden Station, Baltimore, MD
21211, USA. For overscas orders, or
for information on editions in Rus-
sian, Spanish, Arabic, Japanese, Ger-
man, or Chinese, contact WRI at
1709 New York Avenue NW,
Washington, DC 20006. Tel: +1-202-
638-6300; Fax: +1-202-638-0036.

dramatically with both the changing
balance of fish species and the in-
creased water quality.

The authors note that many other
lakes in the Sudbury region showed
increased pH after SO2 emissions
declined, and they conclude that “con-
ditions suitable for the survival and
reproduction of lake trout and other
acid-sensitive organisms can return
without liming or other ameliorative
treatments.” '

Algae-CO2 Connection
Draws lronic Attention

A reportt in the 10 May issue of Na-.
ture (vol. 345, pp. 156-157) by John
Martin of the Moss Landing Marinc
Laboratory (Moss Landing, Califor-
nia, USA) indicates that iron could be
a major limiting factor for phytoplank-
ton. A lack of iron “prevents [the
algac] from blooming and using up
the luxuriant supplies of major
nutricnts found in vast areas of the
southern ocean.”

Reducing Industrial
Emissions Can Reverse
Effects of Acid Rain on
Lakes

According to a report in the 31 May
issuc of Nature, acidificd lakes arc
capable of rapid biological recovery
when industrial emissions arc
reduced. This means that simply cut-
ting back on SO2 emissions may have
direct benefits for acid-endangered
lakes; elaborate schemes for liming
and otherwise neutralizing lake pH
may bc unneccssary.

The authors, J.M. Gunn and W,
Kcller, of the Ontario Ministry of
Natural Resources and the Ontario
Ministry of Environment, respective-
ly, monitored water quality and
biological characteristics of a lake
near Sudbury, Ontario (Canada) from
1978 to 1988. Avcrage ycarly SO2
emissions from the Sudbury metal
smelters dropped from over onc mil-
lion metric tons in 1975-79 to
718,000 tons in 1988. The avcrage
pH during the study period rosc from
5.4in 198010 5.9 in 1988.

Lake trout reproduced successfully in
the lake after pH rose above 5.5, and
invertebrate populations changed

This in itself is not terribly controver-
sial. Martin has found that lcvels of
iron are extremely low in southern
oceans, and he provides a note at the
cnd of his paper indicating that sub-
scquent experiments in the Ross Sea
have indeed stimulated phytoplank-
ton productivity.

But Martin has gone a step further.
Since increased phytoplankton ac-
tivity will take CO; out of the air, he
reasons, why not add a lot of iron 1o
the oceans to combat climate change?
This proposal, reminiscent of
big%ulalion projects Lo reverse
lake eul_rgp—_}_iii‘:a(W@gng
new fishrg[_)g‘ cies, has met with a
wide range of reactions, and a lot of
attention.

As Christopher Andcerson notes in the
31 May issue of Nature, “Biologists,
noting the deadly effects of algal

blooms in the Adriatic, are concermned
about the impact on the food chain. -
Oceanographers and atmospheric
scientists say that the phytoplankton
may simply release most of the carb-
on back rather than sinking to the
ocean floor. And some policy
analysts worry that if every industry
could fill a tanker with iron to atone
for its carbon sins, few would take ex-
pensive and restrictive measures to
keep emissions down.”

But a number of US agencies have ex-
pressed interest in Martin’s proposal,
and Anderson reports that the Nation-
al Research Council will hold a con-
ference on this topic (to follow up a
conference held last December) later
this year.

UK Opens New Climate
Research Center

On 25 May, UK Primc Minister Mar-
garet Thatcher opened the
Mcteorological Office’s Hadley Cen-
ter for Climate Prediction and Re-
search, at Bracknell, UK. According
to the Met Office, the immediate re-
search goals of the new center are to:
1) predict global climate change to
the year 2100; 2) provide the founda-
tion for improved predictions of
regional climate change; and 3) pro-
vide a focus for national rescarch
programs relevant to the prediction of
climate change. The center will be
funded at £5.5 million (US $9.2 mil-
lion) per year.

The center will coordinate Met Of-
fice climate rescarch cfforts, and will
act in concert with other UK research
institutions.

For more information, contact the
Hadley Center, Mcteorological Of-
fice, London Road, Bracknell,
Berkshire, UK RG12 2SZ. Tel: +44-
344-856655; Fax: +44-344-854942.
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ness of weatherization and commer-
cial tax incentive and loan programs.

State transportation options include
setting (and enforcing) a 55 mile per
hour speed limit statewide, convert-
ing Oregon private and public vehicle
" fleets to natural gas, converting all
intra-city buses in the state to natural
gas by the year 2005, and a number
of initiatives to reduce vehicular use
in the city of Portland. Electricity op-
tions include a moratorium on new
coal power plants in the region, and
phasing out some existing coal plants

after 1997 while adding an additional
900 megawatts of rcncwable energy
sources in the region by 2005. On
the sink side, ODOE proposes plant-
ing large areas of unstocked or under-
productive timberlands. Boosting
recycling programs would also help
decrease CO2 emissions.

For other greenhouse gascs, ODOE
proposes mandatory recycling of
CFCs, reducing methane emissions
from cattle (through low-methane
diets, reducing beef consumption, in-
creasing reproductive efficiency, and

@ Science Update

reducing methanc cmissions from
animal wastes), capturing methane
from landfills, reducing transporta-
tion fuel use and natural gas use, and
reducing gas emissions from coal
mines.

Written comments on the strategy are
due by 10 December; for a copy of
the energy plan, contact John Savage,
Administrator, Policy and Planning
Division, Oregon Dept. of Energy,
625 Marion Strect NE, Salem, OR
97310. Tel: +1-503-378-4040; Fax:
+1-503-373-7806.

Northern Lake Ecology
Disrupted by Climate
Warming

Some of the most severe cffects of
greenhouse warming are expected in
high northern latitudes, where the
temperature change is predicted to be
greatest and the ecosystems are casily
stressed. A new report, appearing in
the 16 November issue of Science
(vol. 250, pp. 967-970), givcs an em-
pirical preview of climate change’s
impact on boreal lakes and their sur-
rounding watersheds.

Over the past 20 years, according (o
the report, average air and water tem-
peratures in the Experimental Lakes
Area of northwestern Ontario, Canada,
have risen 2°C. Coincident with this
change has been a decline in precipi-
tation and runoff, and a dramatic in-
crease in the time it akes for lakes to
replenish lost water — from 4.6 years
10 over 20 years. The droughts have
increased the occurrence of fires in
the watershed, resulting in greater
wind velocities over the lakes.

The effccts of these changes on the
lakes are complex. The research
team, led by David Schindler of the
University of Alberta (Edmonton, Al-
berta, Canada), found that lower
water levels in the lake studied led o
an increase in nitrogen (a key

nutrient), which along with the
temperature ris¢ caused certain
phytoplankton populations 10 grow.
The scientists also recorded a slight
increase in the phytoplankton species
diversity. On the other hand, the
longer ice-free season and decreased
snowfall, the clearcr water (a result
of the lowered runoff), and the in-
creased wind velocity, combined to
increase the depth of the warm-water
layer. This is bad news for cold-
loving specics such as lake trout,
which may die out in the more shal-
low lakes as the growing warm layer
compresses or eliminates the cold,
oxygen-rich layer near the bottom.

Regardless of the cause of the warm-
ing trend recorded by Schindler et al,
their study represents a landmark
analysis of how a real ecosystem
responds to a real change in climate.

More on iron Fertilization:
The NRC Workshop

On 29-31 October in Irvine, Califor-
nia, the US National Research Coun-
cil (NRC) held a workshop on marine
algal productivity and carbon dioxide
assimilation. NRC rcleasced a
workshop summary on 16 November.

While some obscrvers have objected
1o the idea of enhancing CO? removal
by phytoplankton, a growing numbcr

of responsible scientists and policy-
makers arc seriously considering it as
an option to complement anthropo-
genic emissions reductions. The
NRC workshop summary cmphasizes
that there are still many unanswered
questions, and scientists will most
likely perform a “Transicnt Iron Ex-
periment” (TIE) to scttle key uncer-
taintics. The TIE would begin some-
time in the next 3-5 ycars, and would
involve spreading iron over 400
square kilometers of the Antarctic
Ocean. Preliminary assessments indi-
cate that the TIE would have no nega-
tive environmental consequences.

As GECR reported in the 9 Novem-
ber issue (vol. II, no. 19, pp. 4-5), the
maximum impact of a totally success-
ful, intensive iron fertilization pro-
gram would be significant, but not
enormous given the scale of the
project. The NRC workshop found
that iron fertilization over an area of
40 million square kilometers (18 mil-
lion square miles) would result in an
uptake of 1 gigaton of carbon annual-
ly. That’s a healthy 1/6 of the total
amount of carbon releascd by burn-
ing fossil fuels today (1/8 - 1/9 of
total anthropogenic emissions when
dcforestation is factored in), though
as one scicntist pointed out, it’s only
1/28 of the amount some studics
project for fossil carbon emissions in
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the mid-21st century with uncon-
strained growth, Fertilization would
have to take place annually for at
least 100 years to ensure that the carb-
on isn't just released back into the at-
mosphere through upwelling, and
such a program would require spread-
ing 1-5 million tons of iron each year
over the area.

Particularly interesting at the NRC
workshop was the discussion of

potential ecological side effects. Gus-

tav Paffenhofer of the Skidaway In-
stitute of Oceanography (Savannah,
Georgia, USA) noted that krill —a
vital food for whales, squid, fish, scals,
| and penguins — might increase with
b the rising phytoplankton populations.
{ But he warned that as greater amounts
| of carbon sink toward the ocean
floor, microbial activity in the decper
occan might incrcase, diminishing
the supply of oxygen. Krill cggs dev-
clop at depths of several hundred to a
thousand meters, and a lack of oxy-

% ...[and] an eventual crash or greater
diminution of the krill population...”

Copics of the NRC Bicoastal Session
Summary of the Marinc Algal Produc-
tivity and Carbon Dioxide Assimila-
tion Workshop are available from Dir.
Oskar R. Zaborsky, Director, Board
on Biology, National Research Coun-
cil, 2101 Constitution Avenue NW,
Washington, DC 20418-0001, USA.
Several articles on iron fertilization
will also appear in November issuc of
Global Biogeochemical Cycles (vol.
4, no. 1), published by the American
Geophysical Union.

Most Methane Budgets
Appear Unrealistic

Over the past 10 years, researchers
have published nearly a dozen
separate estimates of methanc emis-
sions from anthropogenic and natural
sources. These estimates range wide-
ly in both their figures for total emis-
sions and in their ratios of
anthropogenic emissions to total
emissions. This presents a dilemma
that’s quitc farniliar to scicntists and

policy analysts working on climate
change issucs: How docs one choose
the most reliable estimate?

Fortunately, methane experts M.A K.
Khalil and R.A. Rasmussen of the
Oregon Graduate Center (Beaverton,
Oregon, USA) have come up with
guidclines. Presenting their analysis
in arecent issue of Tellus (vol. 42B,
pp. 229-236), Khalil and Rasmussen
find that a realistic budget should
portray the anthropogenic fraction of
total methane emissions at betwecen
40-70%, and total current emissions
at between 420-620 teragrams per
year. Only two of the 11 global
methane budgets they looked at met
these conditions. Which two? One
was their own 1983 study (Khalil and
Rasmussen, Journal of Geophysical
Research, vol. 88, pp. 5131-5144),
and the other was a 1988 paper by
Ciccrone and Oremland (Global
Biogeochemical Cycles, vol. 2, pp.
299-327).

Khalil and Rasmusscn base their
criteria on observed features of the
global methane cycle. Significantly,
they note that methane sinks may be
declining somewhat (scc GECR, 8
December 1989, pp. 4-5), which may
have led to a somewhat longer atmos-
pheric lifctime for the gas.

Study Yields First
Measurement of UV
Penetration of Antarctic
Sea lce

Studies published two years ago

show that algae living on the under-
side of sca ice surrounding Antarctica
are sensitive to ultraviolet (UV) radia-
tion. These algae arc important,

since they may account for up to 30%
of the primary food production in the
region; disruptions in their population
could have serious cffects on the An-
tarctic ecosystem.

In the November issuc of Geophysi-
cal Research Letters (vol. 17, no. 12,
pp. 2177-2179), H.J. Trodahl and
R.G. Buckley of, respectively, New
Zcaland’s Victoria University and the
New Zealand Department of Scien-

tific and Industrial Rescarch, report
that transmission of UV light through
sca ice is naturally the greatest during
the austral spring, when the ice is
relatively transparent.

Unfortunately, early spring is also the
time when ozone depletion is at its
most scvere. Trodahl and Buckley
say that the shallow ozone hole of
1988 cnhanced the net UV dose
under the ice by a factor of ap-
proximately four over pre-1975
levels. The 1987 and 1989 (and
presumably the 1990) holes yielded
about a ten-fold UV enhancement
over the pre-1975 levels.

Ken Ryan, a colleague of Buckley’s
at the Department of Scientific and
Industrial Research, told GECR that
he’d just returned from a trip to Ant-
arctica where he studied the response
of algae to the increased UV doscs.
Ryan said he recorded depressed
algal growth ratcs in every experi-
ment he performed, but his prelimi-
nary results did not show the effects
worsening significantly with higher
doses.

Global Average
Temperatures in 1990
Could Reach Record High

As GECR’s 26 October Hotline sec-
tion noted, the global average temper-
ature trend for 1990 shows that — so
far, at least — 1990 could end up
being the warmest year since the mid-
1800s. Here are a few more details:

On 11 October, Phil Jones of the
University of East Anglia (Norwich,
UK) told a US Senate panel that the
temperature record for the first eight
months of 1990 *should casily make
it the warmest year yet recorded.”
The first few months were exception-
ally warm, especially March.

And on 22 October, Jim Angell of the
US National Oceanic and Atmos-
pheric Administration announced that
the global average surface air
temperature in the carly part of this
year was the warmest on record.

March, April, and May temperatures
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ach year, combustion of

fossil fuels, deforestation,

and other human and

natural activities release
cight or nine billion tons of carbon
— in the form of carbon dioxide —
into the Earth's aumosphere. This car-
bon dioxide is a key player in current
concern about global warming; as a
“greenhouse gas,” it has the effect of
trapping heat and preventing it from
radiating back into space.

In addition to reducing carbon
erhissions, scientists have theorized
about ways to recapture some of the
carbon that is being released. One of
the most innovative ways — boosting
the amount of carbon dioxide used
by marine algae during photosynthe-
sis — was a topic of a workshop in-
October sponsored by the Research
Council's Board on Biology to answer
key ecological and economic ques-
tions about the feasibility of this ap-
proach. Francisco Ayala of the Uni-
versity of California, Irvine, chaired
the meeting.

Often dubbed the “Geritol solu-
tion,” one technique studied by
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SOLUTTION

workshop participants calls for “fer-
tilizing” large areas of the world’s
occans with iron, an essential nutri-
ent for marine plants that is appar-
ently in short supply in many oceanic
waters.

Life in the Sea

Of primary interest to the 40 scien-
tists and others who gathered at the
Academies’ Beckman Center in [rv-
ine, Calil., were marine algae. To
many, algae are best known as the
stringy mats of green scum that form
in stagnant pools. But algae — and
especially marine algae — are a
highly variable, often beautiful group
of plants.

Microalgae form the bulk of the
oceans’ plankton, typically micro-
scopic plants that drift with sea cur-
rents or, sometimes, have limited
powers of locomotion.

At the other end of the size spec-
trum are the macroalgae, the familiar
“seaweeds.” These may be rooted to
rocks and are the green, brown and
red masses that frequently wash
ashore when pulled loose from their
anchor. The largest marine alga,

Marine Algae
lobal Warming

Grant Heilman

Sargassum (brown algae)

California kelp, can reach lengths of
nearly 100 feet.

Other macroalgae float unattached
in the sea. A good example is Sar-
gasso Weed. which forms dense mats
across much of the Sargasso Sea in
the tropical Americas.

What all these algae have in com-
mon is that they are plants that live
by photosynthesis. In the presence of
sunlight, water and nutrients, they
are able to take up carbon dioxide
from the atmosphere and use the car-
bon to create sugars, starches and




other carbohvdrates. They release
oxygen in the process.

The Iron Hypothesis

The surface of the sea typically has
plenty of sunlight and carbon dioxide
for algae to utilize in photosynthesis.
But some scientists believe that cer-
tain nutrients might be lacking in
parts of the ocean that limit the abil-
ity of algae to reach their maximum
productivity.

John Marun of Moss Landing
(Calil.) Marine Laboratories has pro-
posed that iron may be a “limiting”
nutrient for almost one-fifth of the
worlds oceans. While iron is one of
the most abundant metals in the
Earth’s crust, it is extremely insoluble
in seawater. [t is carried to the ocean
primarily by wind and suspended in
streams and rivers that feed into the
sea.

In the' open ocean far from land,
little iron is available to the algae that
grow there.

If iron were introduced into these
areas — principally Arctic, Antarctic
and equatorial waters — the result
should be a marked increase in algal
growth and productivity, Martin
reasoned.

The Carbon Cycle

Increased algal productivity could
have the benefit of significantly re-
ducing the amount of carbon dioxide

in the aumosphere, workshop partici-
pants concluded. If the algae in iron-
poor areas of the ocean reached their
peak productivity, they could remove
by photosynthesis about 2 billion
tons of the 5 billion to 6 billion tons
pumped into the atmosphere annu-
ally by the combustion of fossil fucls.
AHowever, so liule is known about

Increased algal productiv-
ity couldhave the benefit of
significantly reducing the
amount of carbon dioxide
in the atmosphere.

Ecological Impact
The impact of iron fertilization on the
marine environment was one of the
critical questions generated by the
workshop group. The algae species
————— B It Rt e,
that currently make up the algal
populations in_the open ocean are

species adapted to jron-poor condi-

tions; these would almost certainly be

supplanted by other algae species
pp ) gac sp

the mechanics of the carbon cycle in
the_ocean and the biology and ecol-
ogy-of-the_organisms involved that

there is no way of accurately predict-
ing_m,e_e[[c&ow
sequences of fertilizing large areas of
the_ocean with soluble iron, confer-
ees agreed.

WSFI-\'—ST'IOP participants recom-
mended that a pilot project move

forward after about two more vears

of laboratory research. The pilot
project would involve one research
vessel periodically spraying soluble
iron on a 400-square-kilometer
juare-xi
patch of oc)
Workshop attend ard-there
would be no major environmental
consequences for a project of this
magnitude.

with unknown repercussions in the
food web, said William Sunda of the
National Marine Fisheries Service of

the National Oceanic and Atmos-

pheric Administration.

Other organisms in the open-ocean
community also could be adversely
affected, explained Gregory Mitchell
of the Marine Research Division of
Scripps Institution of Oceanography.
r example, are tiny crusta-

ceans that feed on phytoplankton.
They make up the bulk of the diet of
many fish and of some whales and
therefore are a critical link near the
bottom of the food chain. One might
expect their populations to burgeon
as algae populations grow, he said.
However, the eggs of krill hatch at
considerable depths in the ocean. If
much organic matter from increased
algal populations falls from the ocean
surface to these middle levels and de-
composes, these waters might be-
come deprived of oxygen. Young krill
might die for lack of oxygen. “We just

NewsReport



- don't know for sure what the impact
might be,” he said.

Even if environmental problems
were somehow surmounted, impos-
ing engineering problems remain.

A team of researchers from the E.L
du Pont de Nemours and Co. — Ed-
ward Howard and Thomas O'Brien —
calculated some of the logistics and

cost. For a 600-square-mile area, one
would need special barges to haul the
ferrous chloride (soluble iron) at a
cost of $2.5 billion plus maintenance.
Thev said a flotilla of hundreds of
barges and ships would be required
to transport and distribute the iron,
each operating 363 days a year. Add
to this the cost of the iron solution
\/ itsell and the labor involved, and the
proposed bill mounts rapidly.

Macroalgae

Mass farming of macroalgae also was
discussed by the meeting partici-
pants. Compared to microalgae,
however, the contributions of larger
. seaweeds to increased carbon uptake
would be minimal, conferees agreed.

Kelp already has been the subject of
considerable experimentation.
Wheeler North of the California In-
stitute of Technology has been con-
ducting some of this research.

While microalgae usually are free-
floating, most seaweeds are attached
to rocks or other substrates. North
envisions submerged platforms
towed by barges on which the kelp
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are anchored. Fertilizers would be
sprayed over the kelp periodically to
help them grow, and the kelp plants
themselves — composed mostly of
carbon in the form of starches and
carbohydrates — would be chemi-
cally converted into methane and the
remaining carbon somehow sunk 1o
the ocean’s depths.

However, North noted that experi-
mental designs with which he has
worked have not been adequate. Of-
ten, the kelp get tangled up in the
towing or anchor lines and become
no more than a ball of shredded

seaweed.

Graut Heilman
Kelp (brown algae) farms would

remove some atmospheric carbon.

Undaunted by the engineering diffi-
culties posed by both macroalgae and
microalgae “farming,” conferees
agreed that research should proceed.

“We need to resolve questions re-
gardless of the ultimate utility of any
ocean fertilization scheme,” they
wrote in a summary prepared during
the meeting. “The area is socially rele-
vant and intellectually engaging.”

— Rick Borchelt
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Oceanography: Problems With ‘Geritol Solution'

L ast summer scientists proposed an
imaginative but radical solution to
- the buildup of carbon dioxide in the
atmosphere, which many researchers
fear could lead to global warming.

Why not, they asked, dump hundreds
of thousands of tons of iron fertilizer
into the ocean and so create a giant
bloom of marine aigae? The growing
algae would suck carbon dioxide out of
the atmosphere and sequester it in the
sea. The algae in the Southern Ocean
around Antarctica appear to be starving
for iron. Scientists half-jokingly called
their scheme the “Geritol Solution.”

Alas, the Geritol Solution might not

work. According to a computer

simulation reported in the current issue
of the journal Nature, a spurt of algal

growth would not be sustained because ia
the Southern Ocean, the surface waters,
where all the action is, are not replaced
quickly enough by deeper water that
contains other needed nutrients such as
phosphorus and nitrogen.

In other words, the algae in the
surface water might have all the iron
they need, but there may not be enough
mixing of the exhausted surface water
and nutrient-rich deep water to sustain
accelerated growth.

Wallace Broecker of Columibia
University and T. H. Peng of Oak Ridge
National Laboratory conclude that “even
if iron fertilization worked perfectly, it
would not significantly reduce
atmospheric carbon dioxide content.”

—William Booth

Entomology: A New Anti-Cockroach Weapon

I n the ongoing war against

cockroaches—which has engaged an
endless variety of poisons, baits,
booby-trapped “motels” and bedroom
slippers—scientists have found a new

ally: The breeze.
In research conducted by the

Agriculture Department’s insect
research lab in Florida, scientists
installed equal numbers of roaches on
two sides of an attic. Air vents were
installed on one side; the other was left
unventilated. In two weeks, most of the
insects had fled to the still side. Why?

'Pharmacology: Alcohol and Aspirin a Bad iix

Experts believe that roaches, which
must stay moist to survive, find that a
constant breeze dries them out.
Researchers suggest that home
builders make sure that attics and wall
voids are well ventilated.

—Malcolm Gladwe]

T here are few things aspirin can’t

do. In addition to fighting

headaches, arthritis and sundry other

But, according to the scientists, this
was because the studies were
conducted on people drinking on an
emptv stomach. In those cases, without



TERS TO NATURE

y e v -

€ place. In all cases no significant anisotropy is observed,
indicating that melting is necessary to obtain alignment.

Our method has several advantages over existing techniques.
The temperatures and magnetic fields required during sample
preparation are relatively modest. The direction of the crystal
orientation can be controlled carefully and easily. In addition,
because of the relatively rapid cooling rates used during the
thermal treatment cycle, the sample production times are sig-
nificantly shorter than those commonly experienced in melt-

. texture-growth techniques’®. If the alignment is due to the
presence of anisotropic magnetic particles into a liquid, the
efficiency of the process will depend on the size and the number
of nuclei that are aligned by the field, and consequently on the
heating rate, the time and the temperature of the annealing and
the cooling rate, all of which govern the grain growth. The
process could be adapted for industrial production of textured
samples and may prove to be generally applicable to all magneticl
substances that have a residual magnetic anisotropy at high *
temperature. O
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Estimates of the effect of
Southern Ocean iron fertilization
on atmospheric CO,
concentrations

F. Joos*, J. L. Sarmientot & U. Siegenthaler®

* Physics Institute, University of Bern, CH-3012 Bern, Switzerland
+ Atmospheric and Oceanic Sciences Program, Princeton University,
Princeton, New Jersey 08544, USA

_IT has been suggested' that fertilizing the ocean with iron might
offset the continuing increase in atmospheric CO, by enhancing
the biological uptake of carbon, thereby decreasing the surface-
ocean partial pressure of CO, and drawing down CO, from the
atmosphere. Using a box model, we present estimates of the
maximum possible effect of iron fertilization, assuming that iron
is continuously added to the phosphate-rich waters of the Southern
Ocean, which corresponds to 16% of the world ocean surface. We
find that after 100 years of fertilization, the atmospheri¢ CO,
concentration would be 59 p.p.m. below what it would have been
with no fertilization, assuming no anthropogenic CO, emissions,
and 90-107_p.p.m. less when anthropogenic emissions are included
in the calculation. Such a large uptake of CO, is unlikely to be
achieved in practice, owing to a variety of constraints that require
further study; the effect of iron fertilization on the ecology of the
Southern Ocean also remains to be evaluated. Thus, the most
effective and reliable strategy for reducing future increases in
atmosphenc Cco, contmues to be control of anthropogenic
emissions.

A flux of dead biogenic organic matter from the ocean surface
continuously transports carbon (and nutrients) to depth and
thus influences the surface concentration of total dissolved inor-
g'mrc carbon (2 CO,). Model studies have shown that variations
in the efficiency of blologlcal uptake and export of organic

772

carbon in t e/Southem Ocean, where concentranons of the.“‘
nutrients Pand N are high, can lead to alterations of atmosphenc;.
CO, in exckss of 100 p.p.m.*”. Recently, it has been suggestedi
that biological production in these regions may be limited by ay
restricted supply of iron®''. Although the hypothesis that iro nf
is the ultithate limiting factor there is controversial' > ', we adopt’
il here to] obtain upper-limit estimates of the possible reductlona
in atmospheric CO,. Because the ratio of iron to carbon mcor-
porated in plants is rather low, between 1: 10,000 'and‘
1:100,000'*'%, the amount of iron required to ‘carry out, thlgq
fertilizatjon lS relatively modest: ~10° tons of iron per- yeaf%
assuming that all the iron goes into organic matler Our model;
study difters from that of Peng and Broecker'’ in the, areaI
fertilized|(16% of the world ocean rather than' 10%), and in that‘
we include scenarios with anthropogenic_ C02 emissions for
hich we find that femhzatlon has a greater effect-than - whe‘ ¥
‘:e assume no man-made emnssrons :
We consider there to be three factors that exert the most‘
|mp,orta’ﬁt control on the response of atmosphenc CO2 to anr

HILDA Model
Atmosphere
9~
0 : N
b (s ]
'z . A
75 T
£
[=% K .
2 W
\
| Interior .
3,8007 ’ _________
B4%
Area

FIG. 1 Structure of the model used for our study, wh|ch is based on a model
developed by G. Shaffer (personal communication) and one of us (JLS)‘
The ocean interior Is resolved by a vertical stack of boxes connected by
advection (w) and diffusion (K): The high- latitude regions are simulated by
two well-mixed boxes which are connected to each other by mixing (u)’
The parameter g is a rudimentary representation of the ven' on
of the interior oceans by high- Iatltude waters. The model parameters
obtained by fitting bomb and:- natural - **C - are: ;..K:=
465 +7,096 xexp(—(z 75m)/253mm?yr Y w= 044myr ‘/“(équlva
lent to 4.24x10°m ‘1) u=38myr* (69.8 x10°m3§ 1) :
0.00186 yr‘1 (79.5 x10° m®s~2) gas-exchange rate (g, , £,) at 280 p. p m=
15.1 molm~2yr % ocean surface areas 362 X110 m? depth of

layer=75m; average depth of ocean=3800m. We solve co /atlon
equations for the perturbation of phosphate and CO; (Coert. = Cactuai™ 'r:,,',,},,,'L

with an initial condition for Cpert of 0 everywhere. The. relation- between
changes of -£ CO, and P, is calculated using the equations -of Peng et
al?*. The phosphate and carbon removed from the surface high Iatituda
box are regenerated to the dissolved form in the deep box below (dashed
arrows, F, =perturbation flux of partlculate carbon ‘and phosphorus) A small
amount of this excess phosphate md(es its way through the, th
low-latitude surface waters, where ‘itis” removed and regenerateq \below
with an exponential scale depth-of 1, 160 m obtained from a’fit to oeeanlc
nutrient data by G. Shaffer and JLS. Multlplylng ‘the resultmg phosphate
fluxes by the C:P Redfield ratio 130 gives the corresponding carbon R,

LS, low-latitude surface; HS, hlgh-lautude surface; and HD; hlgh Iamude‘
boxes.
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TABLE 1 Projected changes in atmospheric CO, partial pressures resulting from various scenarios beginning in 1990

A B

Scenario® Unfertilized Fertilized

Initialized at pre-industrial ievels

Our model 0 —26
Peng and Broeckeri — —
Constant-emission 80 46
Business-as-usual 150 114

Initialized at pre-industrial levels 0 ' —-41
Constant-emission 79 24
Business-as-usual 146 88

After 50 years

After 100 years

High-latitude area fraction=9.7%%

High-latitude area fraction=16.0%

Effect of Effect of
fertilization C D fertilization
(B—A) Unfertilized Fertilized (D-C)

-26 0 -39 -39

— 0 -34 -34
-34 156 98 -58
-36 430 362 -68
-41 ] 0 -59 -59
-55 151 61 Cev=gQ e
-58 417 310 -107

2100. The 1990 atmospheric CO, partial pressure is 355p.p.m.

enhanced carbon uptake resulting from iron fertilization. First
is the reduction in average X CO, per unit area that occurs when
fertilization is started. We take the supply of phosphate from
depth as a reasonable guide to the maximum potential biological
uptake of carbon, although we recognize that light supply, our
ability to spread iron efficiently over the large ocean areas
involved, the behaviour of the ocean ecosystem, and other
processes may interfere long before the phosphate is depleted.
(Carbon cycling is linked to that of phosphate through the
Redfield ratio of C:P =130 in organic matter.'®) Second is the
area over which the fertilization occurs. We use a recent analysis
of National Oceanic Data Center phosphate data (S. Levitus
and R. G. Najjar, personal communication) to estimate that the
Southern Ocean’s (>30°S) water volume in the depth range
0-75 m with phosphaté >1.0 mmol m™> amounts to 15.8% of the
world ocean volume in the same depth range. The average
phosphate content of this volume is 1.63 mmol m™>. We therefore
take the-high-latitude box of our ‘standard’ model to consist of
16% of the world ocean area (with 9.7% as an alternative case
corresponding to the area used by Peng and Broecker'’), and
we determine the enhancement to the biological production by
forcing a reduction of phosphate by 1.5 mmol m™ in the surface
box of this area. Third is the reduction in CO, partial pressure
resulting from a given carbon removal. We have found that this
is considerably larger at high rather than at low CO, levels
because of the nonlinear relation between Pco, and X CO,. We
use three different anthropogenic CO, emission scenarios to
examine the contribution of this nonlinearity, one in which the
ocean and atmosphere are initialized at the pre-industrial value
of 278 p.p.m. with no anthropogenic sources, a ‘constant-
emission’ scenario, and a ‘business-as-usual’ scenario (see Table
1 legend for descriptions of the scenarios). :

The rate at which atmospheric CO, is taken up by the oceans
also depends on the rate-at which the ocean circulation and
mixing transport to the abyss the excess CO, that invades the
fertilized region from the atmosphere. As discussed below, we
find that this factor is less critical than those mentioned above.
Figure 1 shows the model we use to simulate the ocean circula-
tion and mixing. Parameter values are obtained by fitting the
model to pre-bomb '“C observations as well as the GEOSECS
bomb, inventory.estimates of Broecker et al'® (US.and F.J, to
be publishéd elsewhere). However, the bomb inventory estimates
in the Southern Ocean were not considered adequate for use in
the fitting exercise because the bomb signal is not easy to discern

. / .
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* The scenario which is initialized at pre-industrial levels of atmospheric CO, has no anthropogenic. source of CO, to the atmosphere, thus the CO,
drawdown by the ocean results in a reduction below the initial pre-industrial value of 278.3 p.p.m. In the ‘constant-emission’ scenario, atmospheric CO,
content is prescribed using observations until 199073, after which the CO, emission to the atmosphere is fixed at the model-determined value of 6.15 Gt C yr™*
in 1990. In the ‘business-as-usual’ scenario, the atmospheric CO, content is prescribed until 1989,-after which the annual emission increases according
to the IPCC business-as-usual scenario®?, in which the man-made emissions increase linearly with time from 6.0GtCyr™* in 1990 to 22.4 GtCyrtin

+ The area fraction of 9.7% in our mode! corresponds to the same area in m? as chosen by Peng and Broecker’. o,
1 The Peng and Broecker*” model is initialized at 280 p.p.m. and has a phosphate reduction of 1.6 mmol m~2, The result given here is for their scenario
with 17.5 x 108 m~3 s™2 of water upwelling in the high latitudes and being placed directly into the deep ocean. ’ :

from the natural '*C background; the data in the Southern Ocean
are scanty, especially from pre-bomb time; and the bomb inven-
tories south of 46°S show considerable variation. Instead, we
checked our model with high-latitude CFC-11 observations,
obtaining a standing crop of 1,976-nmol m™2 for 1984, compar-
able to an estimate of 1,950+ 550 nmol m~2 obtained for the
same period from measurements south of 46° S by Weiss et al.*”
in the South Atlantic, by the Pacific Marine Environmental
Laboratory of the National Oceanic and Atmospheric
Administration in the South Pacific (R. H. Gammon and D.
Weisgarver, personal communication), and by R. Weiss (per-
sonal communication), also in the South Pacific:

Figure 2 summarizes results from the iron fertilization assum-,
ing the business-as-usual and constant-emission CO, scenarios.
Without fertilization, the increase in atmospheric CO, from its
1990 value of 355p.p.m. is 146 p.p.m. after 50 years, and
417 p.p.m. after 100 years in the business-as-usual scenario (Fig.
2a). When iron fertilization is initiated, an a’ldditional flux of
organic carbon out of the high-latitude surface box is stimulated.
Its size is approximately constant at 5.5 Gt C yr~! after an initial
peak in the first year. This increased carbon flux leads to a
massive decrease in the high-latitude surface Pco, (see Fig. 2b),
and a resulting enhancement of atmospheric CO, uptake so that
the atmospheric CO, now increases by only 88 p.p.m. after 50
years (60%.of the increase in the unfertilized scenario) and by
310 p.p.m. after 100 years (74% of the increase in the unfertilized
scenario). The decrease in atmospheric Pcq, resulting from iron
fertilization reduces the low-latitude air-sea difference so that
the response of the low latitude regions is opposite in sign to

that of the high latitudes (Fig. 2b). After 100 years, the additional - )

CO, flux from the atmosphere to the high-latitude box in.the
iron fertilization scenario is 2.65GtCyr '. This is .partly
balanced by a reduction of 0.51 Gt Cyr™' in the low-latitude
uptake of anthropogenic CO,, for a net annual oceani¢ uptake
of 2.13 Gt C yr™! due to iron fertilization. : "

The effect of the nonlinearity of the carbon chemistry

equations can be discerned by comparing the three scenarios .

shown in Table 1. The constant-emission scenario with fertiliza-
tion of 16% of the world ocean shows a reduction of 90 p.p.m.
in the increase of atmospheric CO, resulting from 100 years of
iron fertilization, compared with 59 p.p.m. for the scenario
initialized at 278 p.p.m. The further increase in atmospheric CO,
in the business-as-usual scenario has a still larger. effect::
107 p.p.m. The dependence on the prevailing atmospheric CO,

.
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concentrations can be understood when considering that Pco,
depends in a nonlinear way on X CO,. The higher the atmo-
spheric concentration of CO,, the larger the change in oceanic
Pco, for a given reduction of = CO, due to iron fertilization
(see Fig. 2c). We find that the percentage reduction in atmos-
pheric CO, concentration which would occur after 100 years of
iron fertilization decreases with higher CO, levels (21% for
pre-industrial initialization, 14% for the business-as-usual
scenario). This is in contrast to the assertion of Peng and
Broecker'” that the relative reduction is constant.

Peng and Broecker'’ emphasize that the key to evaluating the
impact of iron fertilization is the rate of vertical exchange in
the Southern Ocean. We find that the uncertainty in the calibra-
tion of the high-latitude transport parameters u and w gives
error limits of *34% for the absolute value of the iron-induced
reduction in atmospheric CO, for the pre-industrial scenario.
Therefore, the precise magnitude of the vertical exchange seems
not to be as critical as uncertainties in other processes. This is
also supported by the fact that Peng'and Broecker's result agrees
well with ours for the same pre-industrial scenario (Table 1),
although their high-latitude vertical exchange, which is cali-
brated with bomb-produced radiocarbon, is considerably
weaker than our vertical exchange calibrated by oceanic distri-
bution of CFC-11.

The effect of ocean area is readily apparent from the results
summarized in Table 1. An increase in the fertilized area from
9.7% to 16% leads to an almost linear increase in the effect of
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iron fertilization of ~60%. Broecker®' argues that their chg ot
of the smaller area was intended to compensate for the fact:thaf

We attempted to compensate for this effect by fertilizi
ocean for only six months of the year. The CO, uptake i
business-as-usual case went down from 107 p.p.m. to 88 p.p
far less than the drop to 68 p.p.m. which occurs when using t
smaller area. : cL ]
To be effective, iron_fertilization has to be ‘applied ct;
tinuously so that the atmosphere-ocean system ‘does not_ reverty
to_jis_unfertilized state. This is shown in Fig. 3, which sh
what happens if iron fertilization is terminated after 50 yea
At 50 years the ocean in the businesszas-usual.iron fe lizationg
simulation has taken up 57.9 p.p.m. more CO, tha ons
fertilized ocean. If fertilization is stopped-at.this
difference between the fertilized -and -non-fertilize
reduces to 35.5 p.p.m.-after 100 years. .. -~ '
‘Chapges™ in the "Earth’s  equilibrium :t
logafithmically Teldted to the atmospheric COj; coritent; with'
doubling of CO; leading to an equilibrium warming of betﬁe{
1.5°C and 4.5 °C, with a preferréd value of 2.5°C (ref. 22);
useful index. of the significance of-a given CO, increas
factor In ( Pco,/278)/1n (2) which, multiplied by 2.5.9C\;,
the equilibrium. warming:resulting from-a given-CO, increa
Thus, the atmospheric CO, concentration of 771 p.p.m. reac
by 2090 in the business-as-usual scenario will give an'equilibrium
warming ‘of 3.7 °C. The '107-p.p.m"additional oceanic-uptak
N C e e
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FIG. 2 a Future atmospheric CO, oon_qgntratioq in the bu_s_lnessiasmsu}gl_
and constant-emission sceriarios. The solid Iinehis'our'pred_lctloh_iwlthgug

iron fertilization, the dashed line shows what migfit occur.with:iron fértliza;
tion. b, The air-sea CO, difference of theiron-fertilized business:at -usiia
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FIG. 3 The-effect of stopping iron fertilization. after 50 years (dotted fine)
is depicted fof the business-as-usual and constarit-emission scenarios. The
solid-line is the. unfertilized scenario; the dashed line is the scenario for
continuous fertilization.

resulting fromi iron fertilization gives an equilibrium warming
of 3.1.°C instead. On thé other hand, the unfertilized constant-
ehission scenario, which reaches 505 p.p.m. in 2090, gives a
signiﬁcantly»small_ei equilibrium warming of 2.2°C, which is
reduced to 1.4 °C with the 90 p.p.m. additional oceanic uptake
resulting from iron fertilization. These numbers can be compared
with the 0.9 °C equilibrium warming that can be expected from
the present atmospheric CO, coritent of 355 p.p.m. It should be
kept in-mind that the' transient warming is smaller than, and
not_necessarily pro'portidnal to the equilibrium warming, due
primarily to the uptake of heat by the ocear.

The most important conclusion we draw from our calculations
is that, although the efféct of iron fertilization is large enough
to justify further study, the effect Mﬂe
emissions of CO, is even larger. We emphasize the preliminary
nature of our calculations.and the fact that all the assump-
tions we have made have been.biased so as to yield an upper
limit: ., ./

-
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Biases from natural sulphurization
in palacoenvironmental recon- -
struction based on hydrocarbon
biomarker distributions . - -
_Math.E. L. Koh‘pen_-, Jaap S. Sinninghe Damstfa\
& Jan W. De Leeuw TR

Organic Geochenistry Unit, Faculty of Chémical Techriology and Materials

Science, Delft University af-Technology, De Vries van Heystplantsoen 2~ - ¥
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BloMAnxi;ns_(cﬁemical fossils) are s'e(iiine’ntiry ‘organic com-
pounds whosé basic skeletons suggest _an"»(unap!blgilous link with

known contemporary natural products, and were synthiesized by . ..
biota present at the time of the deposition‘of the sediment. These -

used to -assess palaecenvironmental

compounds aré commonly

conditions of deposition of Recent and sncient sediments'=. Satur- *

ated hydrocarbons are relatively easy to.analyse'and contain a lot
of geochemical ‘information, aid are theréfore the;n;ost _widely
used class of biomarkers in palaeoenyironmental reconstruction’=>.

Hydrocarbon biomarkers are biosynthesized as such or-are derived - ;

from functionalized biosynthétic lipids, such as alkees, alcohols
and acids, by diagenetically induced defunctionalization. Func-
tionalized lipids may, however, also undergo an abiogenic reaction
with hydrogen sulphidé or polysulphides (‘natural sulphurization®)
during the early stages of diagenesis, and this riay lead to selective
removal of specific hydrocarbon biomarker precursors. Here. we
investigate the influetice of natural sulphurizatioa on hydrocarbon
biomarker signatures in immature sediments from Italy and off
Peru. We show that, if not taken properly into accoutit, this process
may lead to '
record. . R
Sedimentary functionalized lipids react with reduced sulphur
species (H,S and HS;) to form organic sulphur compounds
(OSCs) and sulphur-bound lipid moieties in macromolecules
(see ref. 6 for a review). The onset of sulphurization of organic
matter is controlled by the-reactive iron (for examiple, ferri-
hydrite and haematite) content of the sediment; becaise organic
mattér reacts with reducéd sulphur moré slowly than ‘do’ sedi-
mented iron.minerals and thus does so,only after reactive iron

a severe bias in t_helhiterprétat'io'l_l of the geological .~

oxides have first been converted to iron sulphides; Iri the region

of upwelling in the Peru margin, sulphur incorporation into
sedimentary organic matter starts in the top metre of the Sedi-
ment column’, indicating that this process occurs in the early

stages of diagenesis. Moreover, the identification of OSCs jna

Recent Black Sea sediment (age 3-6x 10°yr) also points to an"™"

early-diagenetic sulphurization of organic matter®. Ten Haven
et al’® examined the extracts of almost 100 thermally iminature
deep-sea sediments and found that approximately 70% of the

samples contain OSCs. The widespread occurrence -of OSCs;:

and the fact that reduced inorganic sulphur ;éeéi_es; are present
in any anoxic organic-matter-containing Recent marine’ sedi-

ment'®,- suggest that natural sulphurization. of- specific func-

tionalized lipids is a ubiquitous process. It seeins in€vitable that

this selective .réinoval ‘of the precursors of: hydrocarbon- bio-

markers -will alter the hydrocarbon biomarker distribution iz - *

immature sediments, and thus the interpretation of the geologi-
cal record as revealed by their apparent distributiofi; Hydro-
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tion of net COz emissions by 1-2%
per year starting now would be re- -
quired.” This still amounts to at least
a20-50% cut in CO2 over the next
20-50 years, but the stepwise, year-to-
year approach makes the target seem
less painful and uses a time frame
politicians can understand.

More Precise Temperature
Estimates Unlikely, Say
Researchers

In what US climatologist Stcphen
Schneider described as “the only orig-
inal piece of climate scicnce™ that he
saw presented at the Second World Cli-
mate Conference, UK rescarchers Tom
Wigley and Sarah Raper explained
that better estimates of the climate’s
cquilibrium response to an equivalent
doubling of COz are unlikely to
cmerge in the next few decades.

If the current observed warming of
0.5°C resulted entircly from an en-
hanced greenhouse effect, the rc-
scarchers say, then a doubling of CO2
should result in a warming of only
1.25 - 1.55°C. Adding the very real
factors of natural climate variability
and data uncertaintics widens the
range o 0.65 - 4,05°C. This range be-
comes even broader when the effects
of ocean circulation changes, solar
variation, and sulfate acrosols arc in-
cluded. Sulfates, according to
Wigley and Raper, may have offsct
the greenhouse contribution to warm-
ing by as much as one third, which
means that SO2 reductions currently
underway in many Northern Hemi-
sphere countries could result in a con-
siderably larger warming than might
otherwise be expected.

Wigley and Raper point out that no
matter what global-mean tempera-
tures do over the next few decades,
they won't reduce the range of uncer-
tainty in estimates of the climate’s
response to a CO2 doubling. And,
significantly, they claim that at least a
2.5°C warming can be expected even
if the temperatures remain unchanged
for the next 15 ycars.

Methane Emissions from
LLakes Increase as Air
Pressure Drops

According to a report in the 25 Oc-
tober issue of Nature (vol. 347, pp.
718-719), the bubbles of methane
that routinely escape from lakes may
become larger and more frequent
during periods of low air pressure.

According to the study’s authors,
Mark Mattson and Gene Likens of
the Institute of Ecosystem Studies,
Millbrook, New York, USA, more
than half the methanc fluxes from a
New Hampshire lake-during-a-64-day
sampling period in 1989 occurred
during a heavy rainfall on § August,
and a tropical storm on 23 September.

Mattson and Likens also citc carlicr
research that reported gas releases
from soils during low-pressure
cvents; if climate change eventually
increases rainfall in certain areas, and
increases the frequency of tropical
storms, then this methane response
represents a potentially significant
positive warming feedback.

Molecular Hydrogen
Increase May Pose Threat
to Ozone Layer

The atmospheric concentration of
molecular hydrogen (H2) has in-
creased to a little over 500 parts per
billion since its estimated pre-in-
dustrial level of around 200 ppb.
And according o a report in the 25
October issuc of Nature (vol. 347, pp.
743-745), H2’s concentration has in-
creased by about .5% per year be-
tween 1985 and 1989. Because Hz
oxidizes to form water vapor, and be-
causc an increase in water vapor in
the stratosphere may lead to an in-
crease in polar stratospheric clouds,
the H2 trend could be bad news for
the ozone layer.

Why is molecular hydrogen increas-
ing? According to the study’s
authors, M.A K. Khalil and R.A. Ras-
mussen of the Orcgon Graduate In-
stitute (Beaverton, Orcgon, USA),
the 1% per year increase in methane

emissions “may account for half of
the observed trend of H2,” and
biomass bumning, oxidation of non-
methane hydrocarbons, and various
anthropogenic activities could ac-
count for much of the rest.

The 27 October issue of Science
News quotes F. Sherwood Rowland
of the University of Califomnia, Irvine,
as saying that methane oxidation
should add “significantly more water
vapor to the stratosphere than would
increasing levels of hydrogen, posing
an cven greater threat to the ozone .
layer.” Rowland, famous for his
early work on CFCs and the ozone
layer, has begun to focus much of his
atiention on greenhouse gas emissions.

Iron Fertilization to
Remove CQ2: What's the
Potential?

As GECR reported on 8 June (p. 6),
US scientist John Martin and col-
leagues have proposed a way to
reduce atmospheric CO2 concentra-
tions by enhancing plant productivity
in Antarctic waters. Although the
southern ocean is rich in nutrients,
algac there arc limited by a lack of
iron; adding iron to the ocean would
stimulate algal growth and take morc
CO2 out of the atmosphere.

But how much more? A new es-
timate, by T.H. Peng and Wallace
Brocecker of Oak Ridge National
Laboratory (Oak Ridge, Tennessee,
USA) and the Lamont-Doherty
Geological Obscrvatory (Palisades,
New York, USA), respectively, con-

cludes that “after 100 years of totally i

successful fertilization, the atmos-
phere’s COz content would be
lowered by 30 parts per million [give
or take 10 ppm].” In other words, ac-
cording to Peng and Broecker, if CO2
were to reach 500 ppm in the year
2090 under busincss as usual, a stricl
program of fertilization over the en-
tire century would lower the con-
centration to 455-485 ppm. Peng
told GECR that the relationship isn't
lincar — most of the effect occurs in
the carly stages of fertilization, and
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over a shorter time horizon (50
years), the atmospheric COz2 con-
centration would still be lowered by
20-25 ppm. However, Peng cau-
tioned that the estimate is very op-
timistic, and assumes the process of
fertilization and CO2 removal works
“100% perfectly.” More realistically,
CO2 concentrations might be lowered
by only 15 ppm over the next 50-100
ycars through an intensive fertiliza-
tion program.

The two scientists will present the
results of their study at the Fall 1990
meeting of the American Geophysi-
cal Union, 1o be held in San Francis-
co from 3-7 December.

Study Finds High Levels
of Methane in Eastern
European Cities; Leaks
Blamed

" F. Sherwood Rowland and colleagues

from the University of California at
Irvine report in the 4 October issue of
Nature (vol. 347, pp. 432-433) that
recent methane levels in Berlin,
Budapest, Krakow, and Prague were
“substantially higher ... than those
characteristic of most US cities.”
Rowland, who along with Mario
Molina first brought the ozone-deplet-
ing patential of CFCs to Light, says .
that leakage during natural gas trans-

" mission is probably the culprit.

Rowland says a 10% reduction in
global methanc emissions should be

@ Industry Watch

cnough to stabilize its global con-
centration, “and eliminate any further
incremental contribution of this gas
to the atmospheric trapping of in-
frared radiation.”

The IPCC’s scientific report quotes a
figure of 15-20%; Rowland bases his
calculation on the fact that methane
has increased an average of 1% per
year during the 1980s, and that its at-
mospheric lifetime is about 10 years.

According to Rowland, “improved
controls on the tranmission of natural
gas, particularly in eastern Europe
and Asia, offer a promising oppor-
tunity to slow the global build-up of
methane...” See GECR’s 22 Junc
issue, p. 6) for a related article.

US to Facilitate
Coordination of Industry’s
Global Change Research
Efforts

The Committee on Earth and Environ-
mental Sciences (CEES, formerly
CES), the government body that es-
tablished and oversces the US Global
Change Research Program, is trying
to organize a similar program for US
industry research on global change.

CEES has set up an informal working
group, the Private Industry-Govern-
ment Interface (PIGI), to act as a
communication point between
government and industry; the next
step, says Dr. Frederick Henderson of
the Geosat Committee in Norman,
Oklahoma, is to help industry or-
ganize a research steering committee
that parallels CEES. Henderson ac-
knowledges that coordinating in-
dustrial research efforts may be quite
difficult, particularly if PIGI aims to
be comprehensive. According 1o
Geraldine Cox, vice president of the
Chemical Manufacturers Association
and chair of the Global Climate
Coalition’s research committee, the

fact that each industry is concerned
with its own specific issues will make
it hard to duplicate the broad
programmatic scale that CEES has cs-
tablished for the Global Change Re-
scarch Program. GECR should note
that PIGI's program would focus
mainly on basic research, not on ef-
forts to mitigate global change.

Henderson and collcagues are or-
ganizing a workshop to be held 11- 13
February 1991 on industry’s “current
and planned rescarch that’s relevant
to the Global Change Rescarch Pro-
gram.” Interested parties should con-
tact Henderson at The Geosat Com-
mittee Inc., 601 Elm Street, Room
438C, Norman, OK 73019, USA.
Tel: +1405-325-3329; Fax: +1-405-
325-3327.

European Wind Energy
Pushes for Major
Increases in Capacity

Seceing an opportunity for growth in
the face of the European
Communities’ commitment to reduce
CO; emissions, the European Wind
Energy Association (EWEA) has

prepared a strategy that calls for
100,000 megawatts (MW) of wind
generating capacity to be installed in
the EC by the year 2030. EWEA
produced the strategy on contract
with the European Commission, and
its reccommendations arc based on an
appraisal of technological develop-
ments, realistic costs, a comparison
with conventional power generation,
and reviews of markets, budgets, and
subsidics.

According to EWEA President David
Lindley, wind energy currently
provides about 365 MW in Europe,
with 250 MW of that being produced
in Denmark. Denmark’s Energy
2000 plan requires wind power 0 in-
crease to 10% of the country’s total
energy production by the year 2000,
up from 2% today. The Netherlands
has set a goal of 1,000 MW of wind
energy capacity by the year 2000,
and is currently soliciting bids for
250 MW worth of new turbincs. Ger-
many plans to add 250 MW of wind
energy by the year 2000, and is offer-
ing major subsidics (US $0.9 per
kw/h to wind farmers); Italy wants
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Control of a Desert-Grassland Transition by a

Keystone Rodent Guild

JamEs H. BROWN AND EDWARD J. HESKE

Twelve years after three species of kangaroo rats (Dipodomys spp.) were removed from
plots of Chihuahuan Desert shrub habitat, density of tall perennial and annual grasses
had increased approximately threefold and rodent species typical of arid grassland had
colonized. These were just the most recent and dramatic in a series of changes in plants
and animals caused by experimental exclusion of Dipodomys. In this ecosystem
kangaroo rats are a keystone guild: through seed predation and soil disturbance they
have major effects on biological diversity and biogeochemical processes.

HE BIOLOGICAL DIVERSITY AND
biogeochemical processes that char-
acterize an ecosystem depend on in-
teractions of the organisms with each other
and with their abiotic environment. The
presence or absence of certain kinds of or-
ganisms, called “keystone species” (1), can
dramatically alter the structure and dynamics
of ecological systems. In most ecosystems,
vertebrare animals account for only a small
fraction of the biomass and energy flow (2),
but through predator-prey, competitive,
and mutualistic interactions with other spe-
cies and by causing physical disturbance they
can have disproportionately large cffects on
habitat structure, species composition, and
biogeochemical processes (2, 3). We show
that long-term experimental removal of a
guild of three kangaroo rat species from a
desert ecosystem initiated changes that have
led to the conversion of the habitat from
shrubland to grassland.
In 1977, experiments were begun on an
alluvial ourwash plain with diverse desert
shrub vegetation in the Chihuahuan Desert

Department of Biology, University of New Mexico,
Albuquerque, NM 87131.
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of southeastern Arizona (4, 5). Twenty-four
plots, each 0.25 ha in area (50 by 50 m),
were fenced with fine wire mesh and as-
signed at random to experimental manipu-
lations. Treatments included removal of
some or all rodent or ant specics and addi-
tion of millet seceds (Table 1). Access of
different rodent species to appropriate plots
was controlled by cutting holes of different
sizes at ground level in the fences surround-
ing the plots. Populations of rodents, ants,
birds, and plants were monitored systemat-
ically at a grid of permanent sample sites
within each plot. Between 4 and 16 Septem-
ber 1989, in order to better characterize
plant cover inside and immediately outside
cach plot, all plant species were counted at
10-cm intervals along cight 25-m transect
lines: four inside transects began 8 m from
the center of the plot and ran outward
toward each corner; after a gap of 2 m on
cither side of the fence, the other four
transects continued for another 25 m out-
side the fence.

In ten plots, onc of three different combi-
nations of desert rodent species was exclud-
ed (Table 1): all rodents; three species of
kangaroo rats, Dipodomys spectabilis, D. or-

Table 1. Schematc representation of
cxperimental trcatments (4). All plots wi
kangaroo rats removed (—) were compared 1
all other plots (+), except those with I
spectabilis removed.

Numb-«
Treatment of
plots
Unmanipulated contro} 2(+
All rodents removed 2(—
All rodents and all ants 2(—-
removed
Kangaroo rats removed 2 (-
Kangaroo rats and 2(-
Pogonomyrmex ants
removed
Dipodomys spectabilis removed 2
All ants removed 2(+
Pogonomyrmex ants removed 2(+
Seed addition 8 (+

dii, and D. merriami; or just the largest an.
behaviorally dominant kangaroo rat, D
spectabilis. An initial analysis of varianc
(ANOVA), with plots as the sample units
avoid “pseudoreplication” (6), showed tha
treatments in which all rodents or all kanga
roo rats had been removed were similar t
cach other in the plant variables analyze:
below. They differed significantly from a:
other treatments, except D. spectabilis re
moval. In addition, there were no detectabl
effects of ant removal or seed addition treat
ments on these plant variables. Therefore
the eight plots where all kangaroo rats wer:
absent were compared to the 14 plots wher
all kangaroo rats were present in the follow
ing analyses. The two plots from which jus
D. spectabilis had been removed were exclud
ed from the analyses, because the vegeratior
parameters were often intermediate betweer
the two treatment classes and the limitec
replication did not permit statistical resolu
tion.

Long-term removal of kangaroo rat
caused a dramatic change in habitat, fron
desert shrubland to grassland (Fig. 1). Ef
fects of Dipodomys on vegetation were ana-
lyzed by ANOVA, not only comparing plot:
where kangaroo rats had been removed tc
plots where kangaroo rats were present, bu
also comparing transects inside and imme-
diately ourside the plots where kangaroo rat:
had been removed (Fig. 2). Tall-statured
perennial and annual grasses colonized the
open spaces between the shrubs and in-
creased approximately threefold in the ab-
sence of kangaroo rats. Much of this re-
sponsc can be attributed to two specics: the
perennial Eragrostris lehmanniana, which in-
creased more than 20-fold, and the annual
Aristida adscensionis, which increased ap-
proximately threefold. There were comple-
mentary changes in two species of shon
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anual grasses (Boutelona aristidoides and B.
arbata); these were significantly less abun-
lant where kangaroo rats had been re-
noved. Tridens pulchella, a short-statured
pecies and the only perennial grass that was
ommon on the site when the experiments
vere begun, was the only abundant species
‘at did not show a significant responsc to
«angaroo rat removal. The net result of
:xcluding either all rodents or all three Di-
~odomys species for 12 years was a dramatic
increase in the cover of tall grasses.

That kangaroo rats are a keystone guild in
this ecosystem is further demonstrated by
other changes that occurred on plots where
they were removed. During the first 10 years
\fter initiation of the experiments, large-
seeded winter annual plant species had in-
creased (Fig. 1), some by as much as several
thousand times, and small-seeded winter
annuals decreased on plots with rodents and
kangaroo rats removed (5, 7). During this

Fig. 1. Photographs across
the fences surrounding plots
from which kangaroo rats
were removed (left side of
fence). (Top) Increase of the
yellow-flowered, large-seed-
ed annual, Lesquerella gordo-
nif, 5 years after kangaroo rat
removal. (Bottom) Increase
in rall-statured annual and
perennial grasses 13 years af-
ter kangaroo removal.

1706

same peniod, sced-eating birds decreased
their foraging on plots with rodents re-
moved in comparison with plots where kan-
garoo rats were present (8). This was asso-
ciated with an increase in herbaceous (both
grass and forb) vegetation and a decrease n
the amount of bare ground, conditions that
made it more difficult for the birds to harvest
the available sceds. Six to 12 years after the
experiment was begun, and in response to
the increase in grass cover documented
above, six species of rodents that are charac-
teristic of arid grasslands differentially colo-
nized the grassy plots where kangaroo rats
had been removed (Fig. 3). Finally, we have
noted, but not quantified, greatly increased
accumulation of litter and longer persistence
of snow on the plots where kangaroo rats
were absent.

Two processes, sced predation and soil
disturbance, appear to be responsible for the
changes in this desert ccosystem that were

30 4
Inside | Dipodomys removed

% Dipodomys present

0

Do oy | B
L Talf

30

Cover (%)

Outside i

ERIN PERG ARAD ANNG BOAR BOBA
Vegetation type

Fig. 2. Effects of removing kangaroo rats (Di-
podomys) on densities of perennial and annual
grasses. Plorted are mean values (=SE) of the
percentage of cover for Eragrostris lehmanniana
(ERLE), all other tall perennial grass species
(PERQG), Aristida adscensionis (ARAD), all other
tall annual grasses (ANNG), and the short annual
grasses Bouteloua aristidoides (BOAR) and B. bar-
bata (BOBA). (Top) Data from transects inside
plots where kangaroo rats were cither present or
removed; asterisks indicate significant differences
berween kangaroo rat removal and other plots.
(Bottom) Dara from transects immediately out-
side these plots. Asterisks indicate statistically
significant differences between transects inside
and outside plots where kangaroo rats were pres-
ent or absent. (ANOVA, with plots as units of
replication; *P < 0.05, **P < 0.01, ***P <
0.001.)

caused by removing kangaroo rats. Selective
foraging by kangaroo rats for large seeds 1s
sufficient to explain the shorter-term re-
sponses to our experiments (5, 9). Large-
sceded winter annual plants increased in
response to their release from rodent preda-
tion, and asymmetrical competition from
these dominant large-seeded species then
caused the decrease in the small-seeded win-
ter annuals. Increased availability of seeds
and reduced competition from kangaroo
rats may account, at least in part, for the
colonization of kangaroo rat removal plots
by the granivorous Reithrodontomys rodents
(Fig. 3). Physical disturbance appears to
have played the major role in the longer-
term responses to removal of kangaroo rats.
During their foraging, food caching, and
burrowing activities, kangaroo rats make
runways through the vegetation and move
large quantities of soil, creating many shal-
low pits and little mounds. This disturbance

SCIENCE, VOL. 250

Rodents captured

Fig.
rode
funct

perer
shad:

ized
viven
repre

SPP
both

may
lishn
birds
distu
rats |
tence
colot
speci
Al.
size-s
soil
dant.
repo:
cated
differ
imen
trans’
certal
abser.
betw:
wher.
grazi
causc
shrut
effect.
kang:
exclu:
prodt
horse
ed frc
no si;
been
In
nism
CCOsy.
singlc
ically
roo r.
behay
lis) h:

21 DE



150 *
L ]
bl
g
2
a 100 - °
@
(4]
s
5 °
° o o ®
g 509 ° &
o/ . .
e o
o 4%, o
0 - Rockivn . . .
0 20 40 60

Grass cover (%)

Fig. 3. Number captured per plot since 1983 of
rodent species typical of grassland habitat as a
function of mean percentage of cover of all tall
percnnial grasses plus Aristida adscensionis. Un-
shaded symbols represent only the most special-
ized grassland species, Sigmodon hispidus, S. ful-
viventer, and Baiomys taylori; shaded symbols
represent the above specics plus Reithrodontomys
spp. Least-squared regression lines arc fitted, and
both are statistically significant (P < 0.0001).

may facilitate decomposition of litter, estab-
lishment of many annuals, and foraging of
birds (8). Conversely, the reduction in soil
disturbance following exclusion of kangaroo
rats promoted the establishment and persis-
tence of tall grasses, and this in turn favored
colonization by specialized grassland rodent
specics.

Although kangaroo rats presumably cause
size-selective seed predation and extenstve
soil disturbance wherever they are abun-
dant, the kind and magnitude of changes
reported here would probably not be dupli-
cated if kangaroo rats were removed from
different kinds of desert habitats. Our exper-
imental site is near the zone of natural
transition from desert to grassland, so that
certain abiotic conditions or the presence or
absence of keystone species can cause a shift
between alternative vegetation types. Else-
where in the southwestern United States
grazing by domesuc livestock is known to
cause degradation of arid grassland to desert
shrubland (10). At our site, however, the
effects on vegetation of the exclusion of
kangaroo rats in combination with livestock
exclusion were much greater than those
produced by the exclusion of cartle and
horses alone. Grazing livestock were exclud-
ed from our entire 20-ha site since 1977, but
no significant change in vegeration has yet
been detected across the fenceline (17).

In the present case the “keystone™ orga-
nism whose removal caused large changes in
ccosystem structure and dynamics was not a
single species, but a guild of three taxonom-
ically related and ecologically similar kanga-
roo rat species. Removal of the largest and
behaviorally dominant of these (D. spectabi-
lis) had significant effects on the abundance

21 DECEMBER 1990

and distribution of other desert rodents (4,
12), but it required the removal of all three
specics to cause wholesale changes in vege-
tation. On the other hand, the eight com-
mon and several rare species of desert ro-
dents that remained after kangaroo rats had
been removed clearly did not play the same
keystone role and were not able to prevent
the conversion of desert to grassland.

Twenty-five years after the concept of
“keystone species” was first introduced, ex-
amples have been found in a number of
taxonomic groups and habitat types (1, 3).
It remains, however, to develop a general
conceptual framework that will predict
which kinds of organisms play key roles in
different kinds of ecosystems. Native species
are increasingly being eliminated from local
habitats and larger regions as a result of
human activities. It is critical to develop a
theorerical basis for assessing the effects of
these species on ecosystems so that, if extir-
pation of keystone organisms cannot be
avoided, their roles can be replaced by other
native or exotic species or by active ecosys-
tem management.
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Characterization of “Peak E,” a Novel Amino Acid
Associated with Eosinophilia-Myalgia Syndrome

ARTHUR N. MAYENO,* FENG LIN, CHRISTOPHER S. FOOTE,
DAvID A. LOEGERING, MATTHEW M. AMES, CRAIG W. HEDBERG,

GERALD J. GLEICH

Epidemiologic studies strongly associate eosinophilia-myalgia syndrome (EMS) with
ingestion of tryptophan containing a contaminant (“peak E”). Prior reports have
suggested that peak E is the di-tryptophan Na-aminal of acetaldehyde. Spectral and
chemical studies now demonstrate that peak E is 1,1’-ethylidenebis[tryptophan]. This
novel amino acid may be the etiological agent responsible for EMS, or it may be a

marker of a still unidentified causal agent.

s OF AuGusTt 1990, EMS wAS LINK-

ed to 27 deaths and over 1500 cases

(7). Epidemiological studies (2, 3)
have associated EMS with the ingestion of
L-tryptophan (Tip) produced by a single man-
ufacturer, suggesting that a contaminant is
responsible for EMS. Recently we reported the
discovery of a contaminant (peak E) in the Trp
samples consumed by EMS padents that was
absent in the Trp consumed by asymptomatic
controls (3). A significant association exists
between the presence of peak E and EMS-
associated Trp (3, 4). Two groups have previ-
ously reported that peak E is the di-tryptophan

No-aminal of acetaldehyde (4, 5). We present
chemical and spectral data which show that
peak E is actually the isomeric 1,1’-ethyli-
denebis[tryptophan] (1).

Peak E was 1solated by high-performance
liquid chromatography (HPLC) (3). Fast
atom bombardment-mass spectrometry
(FAB-MS) revealed peaks at mass-to-charge
ratios (m/z) of 157, 231 (base peak), and
435 ([M + H|™). High-resolution FAB-MS
gave a mass of 435.2041, consistent with
the molecular formula C, H,,NO,.

The proton nuclear magnetic resonance
("H NMR) spectrum of peak E in D,O (6)
was similar to that of Trp in terms of
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oss Landing on Monterey

Bay is a knot of antique

stores and a harbor tight

with boats that still fish

the bay for albacore and

salmon. From a distance,
though, from the coast highway or from
the artichoke fields of the Salinas Val-
ley, what you see of Moss Landing are
the twin stacks of the Pacific Gas and
Electric power plant. They dominate the
village like cathedral spires.-And on a
hot summer day, when air conditioners
in central California are pumping furi-
ously, the PG&E stacks are spewing
4,300 tons of carbon into the atmo-
sphere. From the Moss Landing Marine
Laboratories, which stand on the sand
spit that protects the harbor from the
bay, John Martin, the director of the
labs, can gauge the region’s demand for
electricity just by looking up at the
stacks. Martin thinks he may have a
way of getting some of that carbon back
out of the atmosphere. He says we might
do it by dumping a few hundred thou-
sand tons of iron into the ocean around
Antarctica.

When Martin first made this sugges-
tion a few years ago, he was half joking.
“l got into this mess by shooting my
mouth off,” he says. But now he’s in

BY ROBERT KUNZIG

deep. Some people who heard about his
idea got enthusiastic, and he is now
pestered by people who have iron to get
rid of. Others, particularly environmen-
talists, got mad. The National Research
Council has convened two workshops
on Martin’s idea. The American Society
of Limnology and Oceanography just
held a special symposium for the sec-
ond time in its history. Martin has ap-
peared on Good Morning America. The
upshot of these learned discussions is

that Martin's idea may work or it may -

not; but it is certainly worth investigat-
ing, and it is certainly no joke.

Somehow this bluff, shy but outspo-

ken man has managed to convince his
peers that it is worth talking about fertil-

izing the Antarctic sea surface with a

shipload of iron—that the single-cell
algae that float there might grow like
crazy and in the process draw carbon
dioxide out of the atmospheric green-
house. What accounts for Martin’s per-
suasiveness? It is not charisma, though
there is a disarming Yankee directness
about him. And it is not just that
everyone these days seems to want to
talk about the greenhouse effect. The
impact of Martin's idea really stems from
its simplicity—and from the solid data
that back it up.

John Martin at Moss Landing: Fertilize the ocean with iron, he says, and the
phytoplankton—floating single-cell plants—will bloom. Inset: An electron
micrograph shows a type of phytoplankton called a diatom; this one is relatively
large—.001 inch long. More diatoms are on the following pages.

DISCOVER ¢ APRIL * 1991 55




“I’m not much of
a scientist. My

- imagination—1

D

going on in the ocean.”

Dumping iron in the Antarctic, if it

in oceanography and took a ]ob with the
Atomic Energy Commission. He was sent
to Panama to work on Project Plow-
share—the goal of which was to dig a
second, sea-level canal through the isth-
mus by detonating a chain of 150 or so
atom bombs. “What you do is, you set
the devices up across Panama, and you
touch them off, and it’s just like a wave
in the ground,” says Martin. “You end
up with a depression half a mile wide
and banks on either side.

“But when you blow off all these
underground shots, some radioactivity
is going to fall out on the sea surface.
And so they wanted to find out how
much of this was going to be taken up
by the food chain and eventually be-
come a human health hazard. In the old
days of atomic testing they used the
‘specific activity’ approach, which said,
the more of a stable element there is to
dilute the radioactive element, the safer
you are. In other words, if.you're a sea
creature and you've got in the water an
atom of radioactive zinc and a hundred
atoms of stable zinc, the chances will be
a hundred to one that you'll take up the
stable element. So they wanted to know
- how much stable zinc was in the water,
and iron, and all these other things.”

Today Martin describes himself as an
environmentalist, and he thinks nuclear
power plants are dangerous. But two
decades ago the idea of nuclear excava-
tion didn’t strike him as strange. “It
didn't particularly bother me, 1 guess.
Anyway, the bottom line was you have
a big mountain range in Panama, and if
you knocked down the mountain, it
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‘cah imagine what’s

ever happens would not be the weird-":
est project Martin has ever been in--
“volved in, In 1966, at age 31, he left the: -
: Ufuverslty of Rhode Island with'a Ph.D.

would have blown
out every window
in Panama City. So
that kind of slowed
them down. But it
was an interesting
project, and a tre-
mendous amount
of research came
out of it.”

Martin’s own re-
search involved tak-
ing samples of
plankton—the sea’s
floating population
of tiny plants and
animals—from all over the Gulf of Pan-

strength is

He found that the water and the plank-
ton contained ample amounts of metals

tive metal wouldn’t do much harm. Mar-
tin got pretty good at these measure-
ments, or so he thought at the time. But
in 1970, when he took a job. at the
Hopkins Marine Station, a Stanford out-
post on the Monterey peninsula, he was
tired of plankton (“They’re cruddy
things™), and he was tired of metals. He
wanted to switch to something new.

A colleague pointed out that his tim-
ing was all wrong. The early 1970s were
a time of swelling popular concern about
the effects of heavy metals in the envi-
ronment. Caltech geochemist Clair Pat-
terson, in particular, was warning about
the pervasiveness of lead pollution and
the dangers of lead poisoning. The
Roman Empire had fallen, he said, not
to the Visigoths and the Huns, but to
lead poisoning. Prodded by his colleague
at Hopkins, Martin read Patterson’s pa-
pers. They convinced him he should
stay in the trace-metal business. When
he moved to Moss Landing in 1972, he
set up a trace-metals lab.

But Patterson proved to be a difficuit
role model. “About the mid-seventies,”
Martin recalls, ““Patterson started telling
everybody, ‘Your numbers are all bad.
You're contaminating your samples.
When you try to measure lead in water
or in plankton, everywhere you look or
touch is contaminated with lead that’s
flowing out of exhaust pipes, and if you
could put on this special pair of glasses,
you'd see lead all over the room.” And
Patterson is enough of a strong individ-
ual to go into a room full of scientists
and say, ‘'You're all full of crap!” Then

ama and measuring their metal content. .

alréady, which ‘suggested to the Atomic
- Energy Commission that a little radioac-

everybody would scream at him, “You
stupid old man!" He just completely
infuriated a lot of people, and so they
didn’t want to believe him.”

Martin and his assistants, though, de-
cided to heed Patterson’s advice. They
started taking off their shoes before en-
tering the laboratory so they wouldn’t
track in metal-rich dirt. They wrapped
each bottle of seawater in three plastic
bags. They kept the laboratory under
positive pressure, with filtered air com-
ing in and fans blowing out, so that no
dust grains would waft in when the
door was opened. They even switched
to the brand of laboratory tissue that
Patterson recommended as being partic-
ularly metal-free. “Our big goal in life,”

‘says Martin, “‘was to get one damn num- . .
ber for lead that Patterson would beheve— E
‘in plankton in sea lions, i’ water, or )
whatéver. So we started doing all this, ™

and it was amazing. All of a sudden all -

these things started to fall into place.”
In Panama Martin had found that

many metals were naturally abundant

in seawater. Now he found that he had

" been wrong. When he cleaned up his-
procedures and. eliminated sources of ;'
_contamination, the water turned out to™ ~
be a lot purer. What's more, such metals

as were in it were distributed in an

orderly way. Before, when researchers’

took samples of the water column at
progressively greater depths, the con-
centration of a metal would fluctuate
wildly and inexplicably. Now it followed
a smooth profile, generally increasing
toward the metal-rich mud on the bot-
tom. Things made sense.

In the ensuing years Martin and his

group measured lots of different metals.
They measured manganese in seawater.
They measured mercury and cadmium
in sea lions, sea otters, and sewage.
Those measurements were comparatively
easy because there isn’t much manga-
nese, mercury, or cadmium floating
around to contaminate a sample. Later
Martin’s group measured lead, which
was harder; it was still being spewed
out by cars running on leaded gasoline.

The biggest challenge of all, however,
was iron. Martin had measured it in
Panama, but those numbers, he had
long since realized, were far too large.
Iron is highly insoluble in seawater; it
tends to glom on to organic particles
and sink to the bottom. So the amount
of iron in the water column had to be
very small. But nobody had been able
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to say exactly how small, because con-
tamination was almost impossible to
avoid.

“Every time you get a speck of dirt,
that's five percent iron,” says Martin.
“And of course man uses iron for every-
thing. When you make a plastic bottle,
it’s usually extruded onto a stainless
steel form—there’s this hot plastic flow-
ing over stainless steel, and some of that
stainless steel is picked up in the plas-
tic.” Even the plastic bottles in the labo-
ratory, then, were not to be trusted as
far as iron was concerned.

But after ten years of being
washed in nitric and hydro-
chloric acid—which is the
procedure Martin's team
follows with all the im-
plements and even the
walls in their all-
plastic lab—a filthy,
iron-infested bottle
can get pretty
clean. In a nut-
shell, that is the
secret of how Mar-
tin’s colleague
Mike Gordon fi-
nally succeeded, in
the early 1980s, in
measuring the first
reliable profile of iron
in seawater: he finally
had a clean enough bot-
tle. By then Martin had re-
tired from lab work. Reluc- €8
tantly, he had also quit going to g
sea. Over the years the polio he

contracted in college in 1954 has made )

him progressively less mobile, and now-
adays he spends most of his time sitting

. down, either in a wheelchair or behind

RAPH COURTESY GENE FELDMAN, NASAGSFC
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his desk. He has chronic pain. Gordon
and another colleague, Steve Fitzwater,
have taken over the hands-on work. It is
slow, craftsmanlike work, and it requires
dexterity. It is work that can be undone
by a single errant dust grain.

“S0 Mike showed me this iron pro-
file, casting pearls before swine,” Martin
recalls, “and I kind of ignored it.” But
then in December 1986, at a conference
in San Francisco, he heard Bruce Frost
of the University of Washington give a
talk about an old problem in biological
oceanography. In some regions of the
ocean, such as the Antarctic, the float-
ing single-cell plants, or phytoplankton,
are notorious underachievers. Upwell-
ing currents from the deep ocean bring

them all the main nutrients—the ni-
trates and phosphates—they need to
grow. Yet the nutrients go unused. The
phytoplankton never bloom. That is,
their population never explodes, as it
does, say, in the North Atlantic, where
the sea surface turns green each spring.
Why? In his talk that day Frost offered
the conventional explanations: there is
not enough light in the Antarctic, he

Phytoplankton already bloom
in the Antarctic, as this satellite
image shows (red and yellow),
but chiefly near the coast.

plankton are kept in check by tiny,
grazing animals, the zooplankton.

It was after Frost’s talk that Martin
first decided to shoot his mouth off.

~artin is well liked by those

who know him well; his as-

sistants are former students

who have stayed with him for

years. The voice that sounds

gravelly and short over the phone be-
comes gravelly and friendly and even
self-deprecating in person. The eyes twin-

- kle, and now and then they smile. There

is a warmth to the man, although it
doesn’t bubble. :
But Martin is also known for irritat-
ing his peers. It is not just that he is
competitive. He doesn’t seem to feel he
belongs to the club. “I'm not much of a
scientist,” he says. “I don’t have a very
scientific mind—you know, math and
all that. My strength is imagination—1I
can imagine what's going on in the
ocean. [ guess I'm right-brained. Right-
brained people tend to get weeded out
of science, and it's too bad. | knew a guy
at Rhode Island who was brilliant, but
he could never get his Ph.D. He just
wasn’t able to concentrate long
@ enough on one thing. He
would get bored.”
Martin is impatient
with' complex analytic
arguments. He likes
simplicity. And he
likes.to needle peo-
ple. So after Frost
finished explaining
how Antarctic zoo-
plankton could
keep the phyto-
plankton in check,
" Martin went up to
him. “And more or
less in jest I said,
‘Aw, baloney, it’s just
iron deficiency.” And he
didn’t want to hear that,
It was too simple.”
Martin doesn’t remember
what made him think of iron
deficiency. Other people had
thought of it, too; the idea was in the

air. Martin’s wisecrack, though, was a-

kind of wishful boast—the wish being
that the subject he had devoted his
career to might prove important in some

‘broader context. Back at Moss Landing

he decided to try to deliver on his boast.

He knew that phytoplankton, like
every other living organism, need iron
to survive. Iron is an essential cog in the
cell’s synthetic machinery. Phytoplank-
ton need iron to make chlorophyll, the
molecule with which they capture sun-
light. They need it to make nitrate re-
ductase, the enzyme with which they
reduce nitrate to a form suitable for
incorporation into proteins. Most funda-
mental of all, they need it to make
DNA, the stuff of their genes. So in
principle it was possible for a phyto-
plankton population to be hobbled by a
lack of iron.
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“This is a real pain.
It’s on a rolling ship,
and maybe the deck

is icy—it’s terrible.

But it guarantees
a clean sample.”

Martin’s problem, though, was that plank- - '

ton get by on extremely small amounts
of iron. Just how small is not known
precisely. But the best estimate is that
they use, at most, one atom of iron for
every 10,000 atoms of carbon, every
1,500 atoms of nitrogen, and every 100

atoms of phosphorus. It didn't seem’

likely, on the face of it, that there could
be areas where the phytoplankton had
plenty of the nutrients that they need

plenty of but were unable to bloom for -

lack of a few measly atoms of iron.

And yet Martin soon found evidence
to back up his claim. It was buried
among the debris on his chronically
disorganized desk. Bob Duce, an atmo-
spheric chemist at the University of Rhode
Island and an expert on atmospheric
dust, had recently sent him a paper. In it
Duce estimated that more than half the
iron in the open ocean comes from dust
settling out of the atmosphere, as op-
posed to being upwelled from the deep
with the other nutrients. Then Martin
unearthed the iron measurements that
Gordon had made on a cruise from
California to Hawaii. Gordon’s numbers
suggested that, if anything, Duce was
underestimating the importance of at-
mospheric iron: there was so little iron
in the open ocean that about 95 percent
of the plankton’s requirements must
come from dust.

The circuit closed in Martin’s mind:
Where there’s no dust, there’s no iron.
Except for shallow coastal waters, where
the sea surface is close to the iron-rich
mud on the bottom, the distribution of
iron in the ocean is controlied by the
geometry of winds and landmasses, par-

ticularly arid landmasses. In the equato-,

rial Atlantic, for example, winds sweep-
ing off the Sahara carry dust as far west
as Barbados. All along that path there is
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no shortage of iron
in the water.

But the winds
that blow over the
Antarctic cross al-
most no land that
isn’t covered by ice.
So they drop on the
ocean almost no
dust and almost no
iron. In the Antarc-
tic and in other
places far from dry
land, Martin rea-
soned, phytoplank-
ton would have to
make do with what little iron was al-
ready in the water. And if Gordon’s
measurements from the cruise. to Ha-

" waii were representative, that was very

little iron indeed—less than a millionth
of an ounce in a cubic yard of seawater.
Even for a frugal plankter, that’s just not
enough. _

The thing to do, then, was to see
whether Gordon’s measurements held
up elsewhere in the ocean. In the sum-
mer of 1987 Martin had a cruise sched-
uled to the Gulf of Alaska to make some

manganese measurements. But man-

ganese was old hat now. Martin’s troops
went after iron instead. They did the
same sort of experiments they've been
repeating in different places ever since.
On each of these cruises Gordon and
Fitzwater bring along their own clean
mini-lab—it’s the size of a small house
trailer—and set it up on deck. They use
special 30-liter sampling bottles that go
through the sea surface closed (so the
inside won't get
coated with bilge
water or fuel) and
then snap open
automatically at 30
feet. The bottle is
lowered on Kevlar
line, because ordi-
nary steel wire
might contaminate
the water around
the bottle. And
when the bottle
comes back up,
now weighing more
than 100 pounds,
Gordon and Fitzwa-
ter either load it
onto a plastic cart
or manhandle it di-
rectly over to the

clean lab—whatever they do, they don’t
let it touch the deck, because it might
pick up a few atoms of iron that it
would take back down on the next trip.
“This is a real pain in the ass,” says
Martin, who goes to- sea vicariously.
“This is hard. It’s on a rolling ship, and
maybe the deck is icy—it’s terrible. But
it guarantees a clean sample.”

With the clean samples they collected
in the Gulf of Alaska, Martin’s team did
a simple experiment. They measured
the amounts of iron and nitrate in the
water and found that, according to the
best estimate of phytoplankton require-
ments, the plankton didn’t have enough
iron to use all the nitrate. Then they
divided the samples into two groups.
One group they fertilized with iron; the
other they left alone. They watched the
bottles for four and a half days. At the
end of that period the bottles with the
added iron contained nearly nine times
as much chlorophyll—a measure of the
total mass of phytoplankton—than the

. unfertilized bottles. The idea that phyto-
plankton may be limited by iron defi- .
" ciency had its first solid support.

This past year Martin's team went to
the Antarctic—“the big enchilada,” as
he puts it. The Southern Ocean is 8
million square miles of nutrient-rich
water fed by vigorous upwelling cur-
rents. Every year, during the six months
of sunlight, phytoplankton bloom pro-
fusely in a narrow band along the Ant-
-arctic coast. Those blooms support vast
herds of krill, shrimplike creatures that
are in turn the daily bread of seals,
penguins, and whales. Away from the
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coast, however, the Southern Ocean is
much less fertile. The major nutrients
are there, the temperature and sunlight
are similar, but the plankton don’t bloom.
Gordon and Fitzwater did iron-
fertilization experiments in the Ross Sea,
near the McMurdo base. They found
that adding iron to a bottle of seawater
taken from near the shore didn't help
the phytoplankton much. That made
sense; there was already plenty of iron
in the water. It came from the bottom
mud, and from atmospheric dust that
had fallen on the glaciers over many
years and then got dumped in the ocean.
But a few hundred miles offshore the
story was different. When Gordon and
Fitzwater added iron to a seawater sam-
ple there, they got a fourfold increase in
the amount of organic matter in the
bottle. “There was hardly any growth
without iron,” says Martin. “And with it
the stuff really took off.” _
Now the evidénce for Martin’s iron-
limitation hypothesis was strong. And
in the world of biological oceanography,
this was big news—a new paradigm,
one oceanographer called it. But a new
paradigm about phytoplankton was
hardly enough to get Martin on televi-
sion. There was one more step to take.
It was a logical step, and actually
Martin had been referring to it all along
in his papers. If adding iron to a bottle
causes the phytoplankton in the bottle
to bloom, then you ought to be able to
fertilize the ocean itself. It wouldn't take
very much iron to fertilize the whole
Southern Ocean, because phytoplank-
ton don’t need very much. Martin did

N T N
... but when iron is added to the water they muitiply.

a back-of-the-enve-
lope calculation.
If 300,000 tons
of iron were broad-
cast in the ocean
surrounding Ant-
arctica over a six-
month growing sea-
son, he figured, it
would allow the
phytoplankton to
convert all the avail-
able nutrients—in-
cluding 2 billion
tons of carbon—
into new organic
matter. Those 2 bil-
lion tons would
come from carbon

e -

dioxide that had dis- On the Antarctic cruise Martin’s clean lab got a little chilly.

solved out of the

atmosphere into the surface waters. In
other words, they would come right out
of our greenhouse. .

Much of that carbon, Martin assumed,
would sink to the bottom of the ocean—
in the form of plankton corpses or plank-
ton parts or fecal pellets excreted by the
things that eat phytoplankton. Oceanog-
raphers know this carbon sinking goes
on all over the world; they call it the
biological pump. They don’t really know
how important it is. But they think that
right now it may take as much as 3
billion tons of carbon each year—half of
all the carbon we pump into the atmo-
sphere annually with our power plants
and cars—and put it out of harm’s way
in the deep ocean. All Martin suggests is
that it might be possible to speed up the
-pump in places

where, for lack of
iron, it isn’t run-
ning up to speed.
The pump may
have worked faster
before, he says. Bub-
bles of ancient air
extracted from Ant-
arctic ice cores re-
veal that the car-
bon dioxide level in
the atmosphere has
fluctuated with the
advance and retreat
of the ice sheets.
During the Ice Age
the carbon dioxide
concentration was
only 200 parts per
million, compared

with 280 parts per million in the nine-
teenth century and 350 today. The same

“ice cores show that the amount of dust

settling onto the Antarctic—and hence
the amount of iron—was up to 50 times
greater during the Ice Age. The world
was drier then, with vast deserts and
stronger winds that carried dust out to

~sea. All that iron-rich dust, Martin

claims, may have led to massive plank-
ton blooms in the Antarctic, which
pumped carbon out of the atmosphere,
which made the world colder.

If Martin is right, the amount of iron
in seawater—something he spent more
than a decade learning how to measure
correctly—has ‘a decisive impact on
Earth’s climate. “You give me half a
tanker full of iron,” Martin said this past
May, shooting off his mouth again, this

time to a Washington Post reporter,

“and I'll give you another ice age.”

artin wasn't recommending an-

other ice age, of course, and

he doesn’t truly think he could

deliver one. He was just try-

ing to get a point across. “I
don't waffle,” he says. But for quite a
while after that remark he almost
wished he did.

Martin’s idea has been attacked from
all angles. If there were huge blooms of
phytoplankton in the Antarctic during
the Ice Age, for example, some evidence
of them ought to be preserved in sedi-
ments on the ocean floor. The dominant
type of phytoplankton today are dia-
toms, which have hard shells of opal.
This past year researchers at the Lamont-

DISCOVER * APRIL * 1991 59




“l don’t want

to go down in

history as Martin’s
Mistake —the guy
who ruined the
ecosystem.”

Doherty Geological Observatory looked
- for opal in sediment cores from the
Southern Ocean. They found plenty in
recent sediments, but in Ice Age sedi-
ments they found almost none—just
the opposite of what Martin would pre-

dict. “This is one of the big flaws in my.

liypothesis,” says Martin. Perhaps, he
says, the Ice Age phytoplankton were
mostly soft-bodied species that don’t
fossilize, rather than diatoms.

Then there is the question of whether

Martin’s back-of-the-envelope calcula- -
tions are at all accurate—whether iron .

fertilization would get rid of as much

atmospheric carbon dioxide as he

thinks. The Antarctic upwelling currents,
it has been suggested, might keep most
of the plankton-fixed carbon from sink-
ing; then the carbon would be quickly
recycled into the atmosphere by bacte-
ria, which break down organic matter. If
that is true, then dumping iron in the
Antarctic would have only a negligible
impact on the greenhause effect. People
who specialize in making theoretical
models of the ocean are now arguing
the point. Martin is not a modeler. He
prefers to let them duke it out.

The modelers do agree on two things,
however. One is that iron fertilization
would at best be a palliative—never a
cure—for the greenhouse effect. Even if
it worked perfectly, it would remove
less carbon from the atmosphere each
year than we are now putting in, not to
mention what we have put in already.
- The other point of agreement is that
iron fertilization would not be a one-
shot deal; it would have to be repeated,
year after year, until we stop burning
fossil fuels. Nor would it be just a mat-
ter of pushing a few rusting cars over
the side of a ship. The iron would have
1o be broadcast extremely thinly, a few
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millionths of an
ounce per square
yard, and a steady
supply would some-
how have to be
maintained in the
face of its. natural
tendency to sink
out of the surface
waters. Martin
~ speaks vaguely of a
supertanker with a
huge fan on deck;
iron dust coming
up from the hold
on a conveyor belt

. would be cast by the fan into the stiff

Antarctic winds. Alternatively, he says,
perhaps some sort of time-release pel-

- lets might work. No one really knows..
No one knows either what effect the

iron would have on the Antarctic envi-
ronment. The ocean would not turn to
green mush, but iron fertilization might
favor some species over others and
thereby alter the food web in unforesee-
able ways. Martin thinks the simplest
outcome is the most likely one: the iron
would produce more diatoms and more
krill, which eat diatoms, and thus more
seals, penguins, and whales. (“When 1|
get real facetious, I say I'm not inter-
ested in the CO, problem, I'm interested
in repopulating the world’s whale

stocks.”) But it’s also possible the iron -

would vield blooms of organisms that
krill don’t eat and that would outcom-
pete the diatoms. In that case the krill-
based food web would collapse.

Martin thinks all these concerns are
valid. They are not his area of expertise,
and he doesn’t pretend to have the an-

swers. He is not suggesting, he stresses

again and again, that we dump iron in
the ocean now. He is only arguing for
focused research into the possibility.

The one criticism that gets under his
skin comes from people who say he
hasn’t really shown that pliytoplankton
are limited by iron—from people, in
other words, who question his data or
his interpretation of the data. Perhaps,
these people argue, adding iron to a
bottle of seawater doesn’t really make
the phytoplankton grow better. Perhaps
the bottle just didn’t happen to include
any of the large zooplankton, called
copepods, that graze on the plants and
keep their population in check. With no
grazers, it would look like the plants
had bloomed.

Martin responds, somewhat testily,
that he has in fact seen copepods hap-
pily grazing in his test bottles. But the
whole argument irritates him. “They
take a very simple thing and make it
complex,” he says of these critics. “And
if you get into complexities, you can
make all these arguments. If you keep it
simple, you just say, ‘Hey, I got two
bottles, right, and in this one I'm going
to put a little bit of iron and in this one
I'm not. And I'm going to sit here and
watch it for a week and see what hap-
pens.” And at the end of the week you
hold it up to the light and you can see
all these glinting cells. And this one over
here, the one without iron, has nothing
in it. To my way of thmkmg you have a
very dramatic effect.”

Martin would like to stop arguing. He
would like to start preparing for what he
considers the ultimate test of his hy-
pothesis: fertilizing a small square of
ocean, perhaps 60 miles on each side. It
would take a couple of years, as he sees
it, to thoroughly research the test area,
to map its currents and its weather

patterns and its patterns of life. Only °

then would the crop dusters or military
cargo planes come in and start spraying
iron. Meanwhile squads of oceanogra-
phers would be waiting on shlps to
monitor the effects.

The experiment would not come
cheap—it would certainly cost tens of
millions of dollars, and perhaps more
than a hundred million. The funding
agencies are wary. But in spite of all the
flak Martin has taken, support for such
a test seems to be growing among his
fellow oceanographers. In the end his
data are hard to ignore.

Yet in the end there is also an argu-
ment against iron fertilization that no
amount of data can answer. There is
something fundamentally wrong, some
people would say, with the whole idea
that we should attempt to “fix” nature
on so grand a scale. Wrong because we
will surely foul it up; wrong because it
is not our place. Does Martin not com-
mit the sin of pride?

“We're already involved in the big-
gest experiment ever,” Martin responds.
“We're finding out what’s going to hap-
pen if we dump three billion tons of
CO; into the atmosphere every year.
That is the biggest manipulation of the
environment ever. What 1 argue is we're
going to keep doing this. And we'd
better know about ways, if we have 1o,
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Over the past 160,000
years, whenever the
amount of iron-rich
dust falling onto the
Antarctic has gone
up, the amount of
carbon dioxide in the
atmosphere has gone
down, and vice versa.
The data come from
a 7,000-foot-deep
Antarctic ice core;
the deeper the

_ice, the older it

“is. The iron peaks

at about 18,000 and
160,000 years ago
correspond to ice-
age peaks. Martin
thinks dust falling out
of the atmosphere
caused Antarctic
phytoplankton to
bloom, taking up
carbon dioxide and
cooling the planet.

to take CO, out of the atmosphere.
“The Chinese are not burning their

coal right now, but they have massive

reserves. As they industrialize they’re

going to want to use that coal. They're

not going to say, ‘Gee, gang, we're going
to use solar power so we don’t put out
greenhouse gases.” The average Chinese
‘peasant wants to have electricity and a
refrigerator and maybe a motorbike—
these people want to have the same
crap we've got, and they’re going to use
what they've got available. CO; is not
going to go down next year, or level off
next year. It’s going to go up by at least
three billion ‘more tons, and the next
year three billion more and probably
five. So by sixty years from now, you
may be going up ten or fifteen or twenty
billion tons a year. The purists say iron
fertilization is crap, and we shouldn't
even think about it—we should be con-
serving. That’s very true. But what if we
get into a situation where global warm-
ing really does occur?

“I'd see an ethical problem if we
could go down and fertilize the Antarc-
tic and remove the CO,, but in the

z process we would kill all the whales and
& the penguins. Then I'd say, ‘Don't do it.
Z Man has created this, he can stew in his
8 own juice. Leave the whales alone.” But
Z on the other hand, if it turned out that
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you could go down there and add the
iron and not disturb the environment,
then I'd say go ahead and do it.”

artin hasn’t been spending
much time at Moss Landing
‘lately. The earthquake in Oc-
tober 1989 destroyed his lab-
oratories —pulled the rug right
out from under the low stucco building,
damaging it so heavily it had to be
condemned. Martin ‘and most of the
other researchers have moved to Sali-
nas, ihto temporary quarters provided
by San Jose State University. But Gor-
don is still at Moss Landing, doing iron

" analyses in the shadow of PG&E; he’s

set up a clean lab in a trailer with
equipment salvaged from the ruins. “We
were very lucky,” says Martin. “No one
was hurt, and we didn’t lose any of our
equipment or samples. You lose your
data and you're out of business.”

It's now three decades since Martin
first got interested in trace metals. That
was back in graduate school, when he
read about sheep in Australia whose
wool fell off because of vitamin By;
deficiency. The deficiency was traced to
a lack of cobalt, and it was cured by
adding tiny amounts of cobalt to each
acre of pasture. It was also back then
that Martin learned about Justus von

5,000 6,000 ;. 7,000

L8
-

Liebig, the nineteenth-century German

chemist. Liebig discovered the law of

the minimum, which states that ‘a plant

will not grow unless it has its minimum

requirement of each essential nutrient.
Liebig'’s law has always fascinated

Martin. Now he thinks he has discov-

ered the first marine example of it, and

he would like very much to prove it
conclusively. The iron-fertilization idea, -
he hopes, will help convince the pubilic, -

his peers, and the funding agencies that
the work is important. But Martin ad-
mits that it makes him a little nervous.

" “It's scary,” he says. "I don’t want to .

go down in history as Martin’s Mistake—
as this guy who advocated adding iron,
and they did it, and it completely ruined
the ecosystem. What I want is to do the
ocean experiment, and prove that iron
is limiting—and then retire.

“When you work with trace elements,
you'd like to think they’re really impor-
tant. But then you say, ‘Who are you
kidding—they're not important.” These
are the conversations you have with
yourself. And then, all of a sudden:
‘Jesus! It looks like it is important. What
the hell do I do now?"” Qa

Senior editor Robert Kunzig wrote
“The Man Who Weighs Dinosaurs”
in the October issue. ‘
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To the Editor:

John Martin proposes iron fertilization of the Southern =
Ocean \as at least a/partial so% tion to the threat of global warming.
("Earth On Ice", April 1991). Hé's got it exactly wrong. Our
manhanellng of the/environment created the problems we face; it in-ne—
way- isipart of the solution.

It would be easy to attack Martin’s suggestlon on technical
grounds: ﬂ%ere is evidence that iron is not the limiting nutrient in
the oceans; very recent research shows that, even if adding iron would
increase plankton populations, the net amount of carbon sequestered
would be modest; massive amounts of money and other resources would
‘have to be mustered if the program were to be even marglnallx h byﬁ
successful in achieving its object%v?s. _ J

> UK 1= Cri 1O o

But my oppos1fio;—to Martin’s suggestion runs much d epéET’#The
proposal is dangérous because it plays to wishful thinking that there
is no need for/change; and that, with a little creatlve englneerlng,
we .can out-smart natuf once again. The truth, howeyér, is that we
.cannot, without serlouS\ESEffijflons' contlnue our campalgn of re-
c:eatlng the environment. = ™ ¢¢(ﬁauﬂﬂirﬁ 6L gL cavi lV Asi{/m¢/5

You would think we would have learned that lesson by now. This
is certainly not the first time we have undertaken such technological
"fixes". Our determination. to produce crops in areas not suited to
produce them, for example, has poisoned the soil and, in some areas,.
created vast deserts of salt and pesticides. And consider our desire
to adorn ourselves cheaply in silk by bringing gypsy moths into the
country -- vast stands of diseased and dying trees are the legacy of
that venture. The kudzu vine that chokes native plants and trees in
the Southeast; the rabbits that oveqﬁ%én Australia; and the brown .
\trout that threatened the entire Yellowstone Lake ecosystem,. are all d
testimony to our inability to gauge and control the effects of our—~ g\¢™
eco-engineering schemes. oo Yhore prirt Mdﬂu/} anvm»u(~ﬁr ﬂwvlﬂo oer-C 4

It is time we stop kidding ourselves. The simple truth is that
it is only by changing our behavior -- and not_by-funthen—ehanglngnoun—m

environment-=-—that we can effectively address the global Conn #
environmental problems we face. Study after study tells us we/make %f
make significant galns at minimal cost with exlstlng technologies. The ﬁﬂﬁ

need for such action is clear. The ozone layer is being depleted at an
alarming rate; we need to move qulckly to end the use\ozone destroying
chemicals. We continue to experience record warmth, severe drought,
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extensive forest| fires, and inteHSE"stﬁfm*aetiwémag;\Mé need .cut our
emissions of grgenhouse gases in every sector of the economy. The
very threads of 'life are being severed as rampant deforestation drives
thousands of species to extinction; we need to preserve and protect
sensitive ecosystems and manage our forests sustainably.

So let’s get on with it. I challenge our scientists to use .
their insights and creativity to devise ways for us to live in harmony
with nature -- rather than speeding us further along.the collision
course that we have-already-begun—to—travelr—
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