
FOIA Number: 2012-0769-F 

FOIA 
MARKER 

This is not a textual record. This is used as an 
administrative marker by the William J. Clinton 

Presidential Library Staff. 

Collection/Record Group: 

Subgroup/Office of Origin: 

Series/Staff Member: 

Subseries: 

Clinton Presidential Records 

Council on Environmental Quality 

Kathleen (Katie) McGinty 

OA/ID Number: 

FolderlD: 

2613 

Folder Title: 
Ozone and Phytoplankton 

Stack: 

S 
Row: 

61 
Section: 

5 
Shelf: 

6 
Position: 

2 



Withdrawal/Redaction Sheet 
Clinton Library 

DOCUMENI NO. 
AND TYPE 

SllB,IECT/ri I LE D.\IE RESTRICTION 

001. check tax infonnation, Katie McGinty (2 pages) 04/14/199! Personal Misfile 

COLLECTION: 
Clinton Presidential Records 
Council on Enviromnental Quality 
Kathleen "Katie" McGinty 
OA/Box Number: 2613 

FOLDER TITLE: 
Ozone and Phytoplankton 

20!2-0769-F 
ki;l928 

Presidential Records Act - |44 ll.S.C. 2204(a)| 
RESTRICTION CODES 

Krecddm of Inrormation Aet - |5 ll.S.C. S.S2(h)| 

PI National Security Classined Information |(a)(l) of the PRA| 
P2 Relating to the appointment to Federal office 1(a)(2) of the PRA| 
PJ Release wonld violate a Federal statute 1(a)(3) of the PRA| 
P4 Release would disclose trade secrets or confidential commercial or 

financial information 1(a)(4) of the PR.A| 
P5 Release would disclose confidential advice between the President 

and his advisors, or between such advisors |a)(5) ofthe PRA| 
P6 Release would constitute a clearly unwarranted invasion of 

personal privacy 1(a)(6) of the PRA| 

C. Closed ill accordance with restrictions contained in donor's deed 
of gift. 

PRM. Personal record misfile deflned in accordance with 44 ll.S.C. 
2201(3). 

RR. Document will be reviewed upon request. 

b(l) National security classifled information 1(b)(1) ofthe FOIAj 
h(2) Release would disclose internal personnel rules and practices of 

an agency 1(b)(2) of the FOiA| 
b(3) Release would violate a Federal statute 1(b)(3) of the FOIAj 
b(4) Release would disclose trade secrets or confidential nr financial 

information 1(b)(4) ofthe FOIA| 
b(6) Release would constitute a clearly unwarranted invasion of 

personal privacy 1(b)(6) ofthe F"OiA| 
b(7) Release would disclose information compiled for law enforcement 

purposes |(b)(7) ofthe FOIAj 
b(8) Release would disclo.sc information concerning the regulation of 

financial institutions j(b)(8) of the FOIAj 
b(9) Release would disclose geological or geophysical information 

concerning wells j(b)(9) ofthe F'OIAj 



Miir inc l i iology 108. 157-166(1991) 

Marine 
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Survey of mycosporine-like amino acid compounds in Antarctic 
marine organisms: potential protection from ultraviolet exposure* 
D. Karentz', F.S. McEuen ' , M .C. Land ' and W.C. Dunlap^ 

' L i iboralory of Ki idiobiology ;iiui hinviroiimciUal l lca l l l i . Ui i ivursi ly o f Cal i lorn in. Sail I raiicisco. Cal i lornia 94143-0750. USA 
- Dames & Moo ic . 500 Market i'lace Tower. 2025 1 sl Ave.. Seallle. Waslimgloi i 982121. USA 
" Depanment ol ' Mcdieal Pathology. University o l 'Ca l i lo rn ia . Davis. Cal i lbrnia 95616. USA 
•* Austral ian Institute of Marine Seieiiee. I 'MB No. 3. Townsville M . C . Queensland 4810. Australia 

Dale o f l l i ial maiuiseript aeeeptanee: September 28. 1940. t 'ommimiealed by .1. Grassle. New Brunswiek 

Abstract. To investigate the natural defenses of Antarctic 
marine organisins against exposure to Liltraviolet (UV) 
radiation (280 lo 320 nm), 57 species (1 llsh, 48 inverte­
brates, and 8 algae) were collected during austral spring 
1988 in the vicinity ol" Palmer Station (Anvers Island. 
Antarctic Peninsula) and were analyzed for the presence 
of niycosporine-like amino acids (MAAs), compounds 
lhal absorb UV radiation and may provide shielding 
from these biologically hazardous wavelengths. Nearly 
90% of the 57 species examined contained M A As, and 
eight specific M A A compounds were identified. Seven of 
these (palylhine. porphyra-334, shinorinc, mycosporine-
glycine, palythene. asterina-330, and palythinol) have 
been observed previously in marine organisms fiom tem­
perate and tropical latitudes. A new M A A , mycosporine-
glycine: valine, was Found in the Antarctic fish and in 38 
ofthe invertebrate species examined. This study confirms 
widespread occurrence of MAAs in Antarctic marine or­
ganisms and suggests that these species have some degree 
of nalLiral biochemical protection from UV exposure. 

duee under the increased UV-B fiux resulting from 
springtime ozone depletion (Lubin et al. 1989. Karentz 
and Lutze 1990). 

In tropical and temperate marine organisms the syn­
thesis or iiccumulation of UV-absorbing mycosporine-
like amino acids (MAAs) has been recognized as a poten­
tial means of minimizing structural and physiological 
damage caused by UV exposure (Dunlap et al. 1988), 
Mycosporinc is the generic name given to water-soluble, 
UV-absorbing fungal metabolites wilh a cyclohexenone 
chromophore conjugated wilh the nitrogen subslituent of 
an amino acid or amino alcohol (Favre-Bonvin et al. 
1976. Arpin and Bouillant 1981) (Fig. 1). Mycosporine-

niycosporine - Gly 

HO Of-< 

pnlyt l i ine 
X,„a, = 320nm 

COpH 
aslerina - 330 

Introdiicliun 

During the past decade, springtime ozone depletion over 
the Antarctic and lhe Southern Ocean has resulted in 
Linseasonably elevated levels of ultraviolet-B (UV-B) ra­
diation (280 to 320 nm) reaching the earth's surface and 
has led to much speculation about the ecological impact 
of the Antarctic ozone hole (Karentz 1990, 1991, Voytek 
1990). Although UV-B radiation is well recognized as a 
biological hazlird (Harm 1980, Caldwell 1981. Calkins 
1982), relatively little is known about the UV photobiol-
ogy of Anlarctic organisms or their ability lo cope with 
increases in this environmental stress. Of primary interest 
is the identification of repair and protective mechanisms 
that may allow Antarctic species to survive and repro-

* Contr ibut ion No. 502 from the Austral ian Institute o f Marine 
Seienee 
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V\^. 1. Molecular siiLicUircs and wavclciiglhs of maximum ab-
sorbance (A.^.^J of eight M A A s idci i t i l lcd in Antarcl ic species 
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Phylum: elass 
Spceies 

Common 
name 

Collection 
site 

Habital 

Protozoa: Rhizopoda 
Groniia ovi/onui.s Dujardin Rhizopod Kristie Cove Interl idal 

PorUera: 
Sponge # 1 
Sponge # 3 
Sponge # 5 
Sponge # 6 

Sponge 
Sponge 
Sponge 
Sponge 

Hero In let 
Kristie Cove 
Krisl ie Cove 
Krisl ie Cove 

Sublidal 
1 inert idal 
hi tert idal 
Intert idal 

Coclcnterata: Anlhozoa 
Anemone # 1 Sea anemone Kristie Cove Subtidal 

Ctcnophora: Teiilaeukita 
Botinopsis 11. sp. 
Catl iai i ini a iUanl ica Chun 

Ctcnophore 
Ctenophore 

Hero Inlet 
Kristie Cove 

Plankton 
Plankton 

Platyhclminthcs: Turbellaria 
OliriiiKipo.siiiiii wtiiiilcti Hallez 
Phinarian # 2 " 

Plaiiarian 
Planarian 

Krisl ie Cove 
Krisl ie Cove 

Intert idal 
Intert idal 

Nemertinea: Enopla 
Aiiiphipiinis nucluichciii Bi'irg 
Piirlwrla.sia c<irnii;ani.s Melnlosh 
P. juef^uiiui 

Serna de I ' isteban&Morclto 

Ribbon worm 
Ribbon worm 
Ribbon worm 

Kristie Cove 
Gamage Point 
Kristie Cove 

Intert idal 
Subtidal 
Inter l idal 

Annelida: Polychacla 
Ai;liiiii>luinnis iinuilii.s Marlmai i 
Ncaiu/u'.s l^crf^iu'lcn.si.s Melntosh 
Tcrehiclla clilcr.si Gravier 
Tdiiioplc.ri.s ci irpciucri Quatrefages 
Polyehaete # 2 

Polyehaete 
Polyehaete 
Polychacte 
Polyehaete 
Polychacte 

Ar thu r Harbor 
Kristie Cove 
Hero Inlet 
Hero Inlet 
Kristie Cove 

Subtidal 
Intert idal 
Subtidal 
Intert idal 
Interl idal 

Annelida: Hirudinea 
Trdclielotxiella auslralis Blanehard Leech Krisl ie Cove Interl idal 

Mollusca: Gastropoda 
Liniaciiui Iwliciiui Phipps' ' 
Mi i r j iarc l ld ii i iUirclicii Lamy 
Pdludeslriiiu aiuari licu E.A. Smith 
Tro/ihon el". ,ij('i(T.v/t«ii(.v Pallas 
Nudibraneh # 1 

Pteropod 
Snail 
Snail 
Snail 
Nudibraneh 

Palmer Basin 
Bonaparte Point 
Krisl ie Cove 
Kristie Cove 
Kristie Cove 

Plankton 
Inlert idal 
Intertidal 
Intert idal 
Subtidal 

Mullusca: Polyplaeophora 
Tditiciiici zscluuii PlelTer Chi ton Kristie Cove Intert idal 

Mollusca: Bivalvia 
Cyuiit i i i i i i el. cdiunuiiic Thiele 
Li i ini /ald ci'. dvalis Thiele 

Clam 
Clam 

Kristie Cove 
Krisl ie Cove 

Intert idal 
Intert idal 

Arthropoda: Pyenogoiiida 
Acl i r l id spicdid Modgson Sea spider Kristie Cove Intei t idal 

Arthropuda: Cruslaeea 
Caluinis propliupm.s Brady 
CyniiHldi-clla Itiliicdiidd Pfelfer 
No!d.\e/lii.s sdr.'d PlelTer 
Euplidii.sid siiperl)d Dana 
tldlirat^cs sp. 
Hovditid sp. 
Piirip/ii i i iedid sp. 
7((.v.v(/ sp. 
Pdraccraddcus sp. 
PoiUoi;ciici<i sp. 
OrchoiiiL'iic sp. 

Copepod 
Isopod 
Isopod 
Kr i l l 
Amph ipod 
An iph ipod 
An iph ipod 
An iph ipod 
Amph ipod 
Amphipod 
Amph ipod 

Palmer Basin 
Krisl ie Cove 
Krisl ie Cove 
Palmer Basin 
Krisl ie Cove 
Bonaparte Point 
Bonaparte Point 
Bonaparte Point 
Krisl ie Cove 
Ar thur Harbor 
Palmer Basin 

Plankton 
Inlert idal 
Interl idal 
Plankton 
Intert idal 
Interl idal 
Interl idal 
Intert idal 
Interl idal 
Interl idal 
Plankton 

Bryo/.oa: Gymnolaemata 
Ik'dii id livliif;.srdiici Hastings 
lin'cr.siii/d iiiilri.\- .lullien 

Bryozoaii 
Bryozoan 

Kristie Cove 
Cormorant Island 

Inlert idal 
Inlert idal 

Fchinodcrmata: Asteroidea 
Grdiiuslcr nulri.x Sluder Sea star Kristie Cove Intert idal 

Echinodcrmata: Ophiuroidea 
Aiiip/iioplii.s djfinis Studer Brittle star Krisl ie Cove Intert idal 

Tabic I. Invertebrate and fish species 
collected near Palmer Station (Anvers 
Island. Antarct ic Peninsula) for analysis ol ' 
mycosporinc amino acids 
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Phylum: elass 
Species 

Common 
name 

Collection 
sile 

Habi la l 

F.chinudcrniata: Hololhuroidea 
Ciu i i i i idrid cf. iit'(iri;idiui Lamperl 
PI<mdcULUinis slcii icni Ludwig 

Sea cucumber 
Sea cucumber 

Krisl ie Cove 
Kristie Cove 

Inter l idal 
Inlert idal 

Chactognatha 
Chaelognalh # 1 Chaelognalh Palmer Basin Plankton 

Chordata: Ascidiaceti 
Mdlsiuld eiuiilis Sluiler Sea squirt Krisl ie Cove Inlert idal 

Chordata: Thaliacea 
Sdlpd ihoin/y.soiii Fo,\lon Salp Palmer Basin Plankton 

Chordata: Osteiehlhyes 
Icefish # 1 (larvae) Icefish Palmer Basin Plankton 

Division 
Species 

Tha 11 us lype Collection sile Habitat 

Tabic I (continued) 

Rhodophyta (red algae) 
C///Y//(Y/racoi'/'^-c/c Hariol Parcnchynious Krislie Cove Interlidal 
trifled clionldid (Turner) Bory Parenchynious Gamage Point Interlidal 
Liihdiluiniiiidii cf. diiidrcliciini Calcareous Krislie Cove Inlertidal 

(.1. D. Hooker & Harvey) Foslie 
Pdlnuirid ilccipicn.\ {Rcinxh} Rieker Parenchynious Krislie Cove Interlidal 
Pliytloplutrd dppcndiciilatd Skottsberg Parenchynious Gamage Point Inlertidal 

Phacophyta (brown algae) 
Dcsiudrcsiid iiicnzic.sii S. Agardh Parenchynious Krislie Cove Subtidal 

Chlorophyta (green algae) 
Green algal mat" Filamentous Gamage Point Inlertidal 

Bacillariopliyta (diatoms) 
Diatom n i a l F i l a n i e i U o u s Krislie Cove Interlidal 

" Teiilalively identified as Pldy;id.'<loinum n. 
sp. 

Complete idenlilicalion: L.hclw.iiui ssp. 
diiuiiclicd W diiuirclicd Woodward 
" Tentatively identified as Tcldniui diunrc-
licci Odhcr 

Tabic 2. Algal species collecled near 
Palmer Station (Anvers Island. Antarclic 
Peninsula) for analysis of niyeosporine 
amino acids 

" Ulolliri.x ef. aii.strdli.s Gain. IJiospord cf. 
pcnicillifdnni.s (Roth) Areschoug 

Achininllit'.s sp.. Licmopliord sp., Ndviciild 
sp. 

like amino acids from marine organisms are imino-car-
bonyl derivatives of the mycosporinc cyclohexenone 
chromophore. Over a dozen MAAs have been reported 
from marine algae and invertebrate species (Nakamura 
el al. 1982). These substances have strong absorption 
maxima in the range of 310 to 360 nm, which corresponds 
to biologically harmful wavelengths of UV. Because of 
the widespread occurrence of MAAs in marine organisms 
of temperate and tropical communities and the increase 
of springtime UV-B levels in the Anlarctic, we have un­
dertaken a survey of interlidal, subtidal and planktonic 
Antarclic organisms lo determine whether polar species 
also contain MAA compounds wilh UV-absorbing prop­
erties. 

IVIatcrials and methods 

During late austral winter and spring (Seplember to December) 
198ii, 1 species ol' fish, 48 species of invertebrates, and 8 species of 
algae were collecled in the vicinity of Palmer Station (64°46'S, 
64°03' W). a U.S. research facility located on Anvers Island along 
the western side of the Aiilarclie Peninsula (Tables 1 and 2). The 
majorily of organisms (72%) were collecled from rocky interlidal 
areas; the remaining species were from sublidal and planktonic 
habitats. Specific dales of colleclion can be obtained from the au­

thors. A number of invertebrates have been archived in various 
permanent collections. Information on voucher specimens and 
specific depositories for the invertebrate species is available from 
F. S. McEuen. Macroalgae were pressed and mounted as standard 
herbarium specimens, and algal mat communities were preserved in 
Lugol's solution (collections maintained by D. Karentz). 

Invertebrates and fish were kept in filtered seawater for 1 to 3 d 
to allow them to void recently ingested material which may have 
contained UV-absorbing compounds. Organisms were frozen 
whole or after dissection. Lyophilized samples were ground with a 
mortar and pestle. Ground samples of 0.2 lo 0.4 g were extracted in 
3 ml of SO'/o methanol lor 2 h. Extracts werc centrifuged and super­
natant was decanted. Pellets were re-exiracted in fresh solvent twice 
more and all supernatanls were pooled. Visible-UV absorption 
spectra (200 to 750 mn) of methanol extracts were recorded with a 
Hitachi model U-3200 scanning spectrophotometer. Subsamples of 
lyophilized material have been stored at —70°C (D. Karentz). 

MAAs were separated and quantified by reverse-phase isocratic 
high-perroriiiance liquid chromatography (HPLC) (Nakamura 
et al. 1982. Dunlap and Chalker 1986). Samples werc separated on 
a Brownlee RP-8 column (Spheri-5. 4.6 mm i.d. x 25 cm) that was 
protected by an RP-8 guard column (Spheri-5, 4.6 i.d. x 5 cm). To 
separate less polar MAAs, a 0.1% acetic acid and 25% methanol 
(v/v) solution was used as the mobile phase. For more polar, acidic 
molecules, samples were processed by "normal-phase"" separation 
on the silica bed wilh 0.1% acetic acid and 75% methanol (Dunlap 
and Shick unpublished). Absorbances of MAAs were recorded at 
280. 313. and 340 nm lo indicate the wavelength range of maximum 
absorption. 
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Tabic .3. Wavelength of niaximuni absorbaiiee (/•.,„.,>) in U V - B range for methanol extract [( — ): no peak; (?): indistinct peak], concentrations 
(/(g g ~ ' dry wt) of individual M A A s (P I : palylhine; PR: porphyra-334; S H : shinorinc; M G : mycosporine-glycii ie; M V : niycosporine-
glyeine:valine; Plr': palythene; AS: asleriiia-33(); PI..: palyth inol ; ( * ) : mosl abundant M A A ) , lo lal number of M A A s ( # ) . and total MA.A 
concentration (£) (//g g " ' dry w l ) , I'm" each invertebrate and cl iordale sample examined. Percentage of species lhat contained each particular 
M A A is also indicated al the bot tom of the table. Full genus names are given in Table 1 

Species PI PR SH M G M V PE AS PL # V 

Protozoa 
(.1. oyilorniis - (1 0 0 0 0 0 0 0 0 0 

Porifcra 
Sponge # 1 323 105 33 106 161 * 53 1 1 0 5 7 472 

Sponge # 3 '» 11 * 5 9 8 0 0 0 0 4 33 
Sponge # 5 317 "19c) * 4 6 6 6 4 0 0 6 324 

Sponge # 6 

•> 
94 18 36 124* 8 0 0 0 5 279 

Coclcnterata 
Anemone # 1 325 97 93 84 128* 57 0 0 0 .s 460 

Ctcnophora 
lioliiiop.si.'i 11. sp. - 0 0 0 0 0 0 0 0 0 0 
C. diitdraica 330 0 0 0 0 0 0 0 0 0 0 

Platyhclminthcs 
0. wdiulcti 334 93 166 392* 18 103 0 0 0 5 773 

Planarian # 2 322 13 5 100* 14 17 0 0 0 5 150 

Ncnicrtinca 
.1. nuclidclscni 330 88 47 317* 8 51 0 0 0 5 511 
P. cdrniy^aliis 329 17 78 152* 23 11 0 0 0 5 281 

P. /net;ilia 330 42 77 179* 14 10 0 0 0 5 322 

Annelida 
.4. iiiiidliis 

•) 
26 21 * 17 0 3 0 0 5 118 

.N. kcr.i;iu'lcii.si.y 328 145 47 180* 87 155 7 0 0 6 620 
1. chicrsi 330 68 4 143* 3 0 65 6 5 7 294 
T. CdipcilU'l i 328 142* 18 0 97 0 0 0 0 3 257 
Polyehaete # 2 

•) 
15 29 27 4 6 * 21 0 0 0 5 138 

7.' diisli dtis ':' 16* 16 1 1 12 10 0 7 4 6 76 

Mollusca 
/.,. Iicliciiia 331 473 566 140 941 * 620 163 0 0 6 2903 
M. dllldfi licil 25 * 2 14 0 0 0 2 0 4 43 
P. dllUin licd 334 4 1 80 * 59 27 10 3 9 0 7 291 
1'. cf. acYcr.'iiaiiii.'i 324 59 82 506 * 21 0 0 1 1 0 5 679 

Nudibraneh # 1 

•.' 
145* 5 120 6 20 0 0 0 5 295 

T. isi iidiii 333 10 15 184* 0 0 0 0 0 3 209 

C. cl. cdiuiiiiiiic 333 25 56 9 9 * 3 31 0 0 0 5 214 
L. cf. dvdii.s 327 108* 7 67 7 41 0 0 0 5 230 

Arthropoda 
.'1. spied Id •1 -̂ -)-> + 13 302 100 69 20 0 0 6 827 

('. piopiiiquus 328 63 41 262 784* 0 314 0 0 ,5 1465 
C. Iiihicdiicld 326 38 4 0 * 8 8 1 0 0 6 97 
N . siirsi 333 5 4 0 * 32 9 35 2 0 0 6 124 
I:, siipcrlni 338 146 16 633 * 363 198 34 3 7 8 1401 
I t i i t i i d f ^cs sp. 3.̂ 0 20 24 53 4 81 * 4 0 0 6 186 
li. .i;i.i;diilcd 334 4 86* 40 27 43 0 0 0 ,5 200 
P. iiilcfiricdiKtd 327 35 12 4 0 * 6 13 4 16 0 7 126 
.Iti.s.sd S|>. 333 7 31 4 2 * 4 39 24 0 0 6 147 
P d n i c c r a d o i i is sp. 336 34 2's 48 5 151 * 30 6 0 7 296 

Pdl l l t l ^CIH' id sp. 3.34 85 227* 152 42 207 36 6 2 8 757 
Ori lidiiiciic sp. - 2 15* 8 14 11 3 0 0 6 53 

Bryozoa 
H. Iiviiii;.sliiiici 0 5 1 1 * 0 0 0 0 0 16 
1. niUrw 327 189* 63 85 15 24 5 0 0 6 380 

Kchinodcrinata 
G. nulri.x 328 102 54 196* 34 6 0 6 0 6 398 
A. djliiiis 5* 0 0 0 0 0 0 0 1 5 
C cf. }^ci>riii<iiiii 330 0 0 0 I) 0 0 0 0 0 0 

/••'. .•iU'illcili - 0 0 0 0 0 0 0 0 0 0 
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Tabic 3 (continued) 

161 

Division 
Species 

PI PR SH M G M V PE AS PL # I 

Chactognatha 
Chaelognalh # 1 - 0 0 0 0 0 0 0 0 0 0 

Chordarta 
A7. ciiodis 327 104* 32 89 30 34 8 2 0 7 298 

S. ihninpsoni 328 0 0 0 0 0 0 0 0 0 0 

Icefish # 1 332 97 41 106 41 124* 21 0 0 6 429 

84 84 81 78 65 43 26 10 86 

Tabic 4. Wavelength o f maximum absorbanee (A,„.,J in U V - B range for methanol extract, concentrations ( / ( g g " ' dry wt) of individual 
M A A s (abbreviations as in Table 3). total number of M A A s ( # ) , and lolal M A A concentration (S) (/ig g ^ ' dry wt) , for each algal sample 
examined. Full genus names are given in Table 2 

Division 1 ' I PR SH M G M V PE AS PL # I 

Species 

Rhodophyta 
C. riicdvilzdc 325 7177* 0 1264 27 0 141 254 522 6 9385 

1. cliorddid 325 885* 0 582 5 0 110 72 229 6 1882 

t.. cf. ditldrclicuni 335 0 138 291 * 0 0 0 0 0 2 429 
P. dppciidiciildid 333 14 0 1298* 45 0 3 1 0 5 1361 
P. ilc'cipicii.s 336 851 * 470 263 .30 0 688 93 315 7 2709 

Phacophyta 
D. iiK'iizie.sii 333 18* 2 0 0 0 0 0 3 22 

Chlorophyta 
Algal nial 329 115 40 125* 0 0 0 15 0 4 295 

Baciilariophyta 
Diatom tnat 336 28 363 * 72 0 0 0 0 0 3 463 

l able 5. l able 5. Extraction ellicieiicies (%) ol 
Species PI PR SH M G M V PE AS PL each M A A (abbreviations as in Table 3) 

I rom represenlalive sDecies alter three 
Olirinuipdslhid wdiuk'li 99.1 98.9 98.4 99.5 98.8 0 0 0 methanol extractions 
Pdrbdi lasid curnigalD.s 98.3 97.5 98.6 99.7 100.0 0 0 0 
Linuu iiid Iwliciiid 99.1 98.8 98.8 99.2 99.0 too 0 0 
Cyiiiniiiiii cf. cdiiinninc 99.7 99.2 99.1 99.8 99.7 0 0 0 
Pdiilotiuin'id sp. 99,0 98.7 98.5 99.1 99.9 100.0 100.0 100.0 
Iiircr.siiila nulri.x 100.0 99.2 99.1 99.6 99.1 98.4 0 0 
Grdiia.sicr nulri.x 99.1 98.8 98.6 99.1 100.0 0 100 0 
Ciirdicd racdvilzdc 95.9 0 92.7 99.4 0 92.3 97.3 98.0 

M A A s were identified by co-chroniatography and comparison 
o f wavelength ratios wi lh standards. These standards were prepared 
from extracts o f organisms lhat have previously been characterized 
for M A A contenl: palylhine. mycosporine-glycine, and palythinol 
f rom the zoanthid Palyl l iod luherculo.sa (Takano el al. 1978a.b); 
porphyra-334 and shinorinc f rom the red alga Porphyrd sp. (Takano 
el al. 1979. Tsujino el al. 1980); and aslerina-33() and palythene 
from the ocular lens tissue o f the leleosl Pleclriipoinus Icopdrdii.s 
(Dunlap el al. 1989), One UV-absorbing compound (myeosporine-
glyeine: valine) could nol be identified in this way. Ils chemical 
composit ion was determined by H P L C fract ionat ion, alkaline 
hydrolysis, and identif ication o f the hydrolyzed amino acids, gly­
cine and valine, by siandard chromatographic techniques (Gardner 
and Mi l ler 1980). 

Extraction efficiencies for 80'V;j methanol were detennined for 
represciiiative species o f each type of organism collecled (Chalker 
and Dunlap 1982, Dunlap and Chalker 1986). Total content of 
specific M A A s in each sample was calculated from H P L C peak 

areas wi lh cal ibrat ion factors delermined by analysis o f standards 
and corrected by the extraction coefficient. Final eonceniralions are 
presented as micrograms of M A A per gram dry weight of tissue. 

Results 

Extracts from the majorily of species examined had ab­
sorbanee peaks in the range of 315 lo 335 nm (Tables 3 
and 4, Fig, 2), Al l extraction eiriciencies for invertebrate 
species were > 9 8 % afler three extractions (Table 5). Ex­
traction etTiciencics for algal tissues were slightly lower 
for some MAAs. Eight MAAs were identified (Figs, 1, 3), 
Seven of these compounds are known from previous 
work on tropical and temperate marine organisms: pa­
lylhine (Takano et al, 1978a), porphyra-334 (Takano 
ela l . 1979), shinorinc (Tsujino et al. 1980), mycosporinc-
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Fig. 2. Pdiilo)iuncid sp. E.xampie o f a spectrophotonietric scan o f a 
methanol extract (1:1 d i lu t ion) , with peak absorption at 334 nm 

glycine ( I to and Fiirata 1977). palythene (Takano et al . 
1978b), aslerina-3.30 (Nakamura ct al , 1981). and pa­
ly th ino l (Takano e l a l . 1978b). A n eighth M A A , which 
has no l been reported in organisms f rom other latitudes. 
Wits found in 29 o f t h e 48 Antarc t ic invertebrate species 
studied. A UV-absorp t ion max imum at 335 nm indicated 
that the chromophore is an N-substi tuted im inomy-
cosporine amino acid (Nakamura et al , 1982), Analysis 
o f the alkal ine hydrolysis products identi f ied this com­
pound as mycospor ine-glycine: valine (F ig . 1), 

O f t h e species examined, Sd'M) o f t h e invertebrates and 
all o f the algae contained at least one M A A . Only two 
crustacean species, Fiipluiusia supcrha and Pontogencia 
sp,, contained detectable amounts o f all eight M A A s , 
O f the invertebrates, KVVn had mycosporine-glycine, 
shinor inc, porphyra-334, and paly lh ine; 65"/o contained 
these four plus mvcospor inc-glyc ine:val ine. Palythene 
(43%) , aslerina-33() ( 26%) , a tu l 'pa ly th ino l (10%) werc 
less common. Mycospor ine-g lyc ine; valine was not found 
in algal extr;icts, but the other seven M A A s werc found 
in various combinat ions. 

Seven invertebrtite species had no detectable levels o f 
M A A s , Only two ctcnophore species were collected and 
neither contained M A A s , a l though the methanol extract 
o\' Cdl/ ia i i i rd antarcl ica had a distinct absorbanee peak at 
330 nm. M A A s were also absent f rom the body walls o f 
the two holothui 'o id species examined. However, the 
methanol extract o f one o f these species, Cucuinaria cf. 
gcorgiana, had an absorbanee peak o f 330 nm, ;ind ana­
lysis o f ovar ian tubule tissue f rom Fkinocucioti is .xtciiicni 
showed traces o f porphyra-334. shinor inc, mycosporine-
glycine. and mycospor ine-glycine: valine. N o M A A s 
were found in the rh izopod, the salp, or the chactognath 
analyzed; however, the methanol extract o f the s;ilp had 
an absorbanee peak at 328 nm. 

Egg capsules o f the whelk 'Froplioii cl". gcversianiis 
were also devoid o f M A A s , but five M A A s were ident i ­
fied f rom adults. The body o f the snail Margarc l la antarc-
t i a i contained porphyra-334, shinor inc, paly lh ine, and 
asterina-33(). but the shell and egg r ibbons contained 
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lMj>. ,3. Ponidi;ciicid sp. Isocratic reverse-phase separation o f M A A s 
from an invertebrate on an RP-8 column with a mobile phase o f 
25 ' ^ methanol and 0.1'Vii acetic acid 

only trace amounts o f palyt l i inc. External ly brooded em­
bryos o f the r ibbon w o r m Ainpiiiporu.s michaclscni con-
ti i ined the same complement o f M A A s as the adult sam­
ple. 

The highest concentrat ion o f a specific M A A was 
7177/(g paly lh ine g ^ ' dry wt o f the red alga Ci irdica 
racovitzdc. The highest concentrat ion found in an inver­
tebrate was 941 /(g mycosporine-glycine g~ ' dry wt o f t h e 
ptei 'opod Linuicina helicina. Most o f the invertebrates 
contained several hundred micrograms o f tota l M A A s 
per gram dry weight (Table 3). Total amounts o f M A A s 
were considerably higher in the non-calcareous red algae 
than in any other group examined, r t inging f rom 1361 to 
9385 //g g ^ ' dry wt (Table 4). 

Relative concentrat ions o f ind iv idual M A A s w i th in 
organisms varied among species for both invertebrates 
and algae, regardless o f taxonomic alTinities (F ig . 4). The 
Nemert inea were the only phylogenetic g roup that 
showed any consistency in the relative amounts o f M A A s 
found. Shinor inc was the predominant M A A in 3 5 % o f 
the species analyzed; paly lh ine was predominant in 2 2 % , 
mycosporine-glycine in l2"/n. porphyra-334 in \Q'V». and 
mycospor ine-glyc ine; valine in 6"A> o f t h e taxa analyzed. 
Astcr ina-330. pa ly th ino l , and palythene werc never the 
most abundant M A A wi th in a species and rarely ac­
counted for more than lO'Î ci o f t h e total M A A comple­
ment. 
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F i g . 4 . A m o u n t s o f i n d i v i d u a l M A A s re la t i ve to t o t a l M A A c o n t e n t w i t h i n each i n v e r t e b r a t e a n d c h o r d a t e species ( t o p ) a n d w i t h i n each 

a lga l species ( b o t t o m ) 

Discussion 

MAAs have previously been isolated from a variety of 
fungi and marine organisms (Arpin and Bouillant 1981, 
Nakamura elal. 1982) but have not been reported in 
terrestrial plants. Several unidentified UV-absorbing 
compounds have been extracted from 35 Antarclic lichen 
species, representing 85'/o ofthe lichen taxa surveyed, bul 
UV-absorbing properties were nol evident in Antarctic 
mosses (four species examined) (Karentz and Dunlap un­

published). In marine organisms, identical MAAs have 
been found in diverse species from temperate and tropical 
latitudes (Yoshida and Sivalingham 1970, Sivalingham 
et al, 1976, Ito and Hirata 1977, Takano et al, 1978a.b, 
1979, Chioccara et al. 1980, Tsujino et al, 1980, Nakamu­
ra et al, 1981, 1982, Dunlap and Chalker 1986, Dunlap 
el al, 1989), and there has been one previous report of 
MAAs in the Antarctic krill tiiipliaii.sia supcrha (Naka­
mura et al. 1982). The results ofthe current survey indi­
cate that MAAs are common in marine species from the 
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Antarctic, and widespread occurrence of MAAs at all 
latitudes suggests a conservative trait in the evolution of 
organisms. This is nol unrealistic if one considers thai 
during the origins of life on earth there was no ozone 
layer and incident UV-B intensities were much higher 
than they are today (Fischer 1965, Cloud 1968, Margulis 
1981) , The evolution of photosynthesis resulted in the 
introduction of oxygen and, consequently, UV-tHtering 
ozone to the earth's atmosphere. Therefore, protection 
from UV exposure would have been an important pheno-
typic feature in the early evolution of eukaryotic organ­
isms and in the subsequent processes of speciation and 
natural .selection (Harm 1980, Yentsch and Yenlsch 
1982) . This genetic information for biochemical defense 
against UV exposure has subsequently been retained in 
fungi and marine organisms. Other groups lhat must 
cope with more constant and direct UV irradiation, such 
as terrestrial plants, have developed more elaborate pro­
tective mechanisms, including morphological adapta­
tions (e.g. leaf shape and orienlation), pigments (e,g, 
anthocyanins, carolenoids), and other UV-protecting 
compounds (e.g. furanocoumarins. flavanols) (Caldwell 
1981, Zangerl and Berenbaum 1987, Tevini and Teramu-
ra 1989), 

The evolutionary implications of M A A distribution 
in organisms have not been addressed. In marine species 
MAAs have been reported froin algae, invertebrates and 
fish, but phylogenetic trends in the occurrence of MAAs 
have not been observed (Chioccara et al, 1980, Plack 
etal, 1981, Dunlap et al, 1989), Lack of correlation has 
been distinctly noted among tropical fish species (Dunlap 
et al, 1989) and is also apparent in the Anlarctic data set 
presented in the present study. The absence of MAAs in 
certain laxonomic groups was most obvious; e,g, it was 
characteristic ofthe few ctenophore and holothuroid spe­
cies examined in this study. 

Methanol extracts of several organisms (ctenophore, 
salp, and holothuroid species) gave evidence of UV-ab­
sorbing properties by spectral analysis, but individual 
compounds responsible for the UV-absorbing chro­
mophore were nol delected by the chromatographic tech­
niques used in this study. The majority of species ana­
lyzed in this study conlained four or more MAAs, The 
cumulative effect of having several MAAs with different 
absorption maxima between 310 and 360 nm is lhal UV-
filtering capability is broadened, thus increasing protec­
tion across a larger range of wavelengths. Only broad 
generalizations can be made about the diversity of MAAs 
found in several of the phylogenetic groups studied. All 
of the nemertinean species collected contained an identi­
cal complement of MAAs in similar proportions. All of 
the Arthropoda, Porifera, and Platyhelminthes examined 
had mycosporine-glycine, shinorinc, porphyra-334, and 
palylhine, bul quantities and relative distributions varied 
greatly. With few exceptions, these four MAAs tended to 
co-occur in the invertebrates and were always present 
wilh mycosporine-glycine: valine. 

In the algae, UV-absorbing compounds have been 
observed most commonly in the F^hodophyla (red algae) 
(Sivalingham el al, 1974a, b, Tsujino el al, 1980, and oth­
ers), and they have been reported from a few species of 

Cyanophyta (blue-green algae) (Shibata 1969, Sivaling­
ham etal , 1974b, Fia.xo etal, 1987) and Pyrrhophyla 
(dinonagellates) (Balch and Haxo 1984, Carreto etal, 
1989, 1990a, b, Vernclet al, 1989). Extracts from Chloro­
phyta (green algae) and Phacophyta (brown algae) do not 
have strong absorption in the UV wavelengths (B. 
Chalker, pers, comm,). In the present study, species from 
these groups and froin the Baciilariophyta (diatoms) had 
fewer MAAs, with much lower concentrations, than did 
the Rhodophyta. 

Biologically harmful UV wavelengths can penetrate 
to at least 20 m in the ocean (Jerlov 1950,1976. Smith and 
Baker 1979, Karentz and Lutze 1990), and even a short 
residence lime in surface waters or in intertidal areas 
could result in detrimental exposure. The invertebrate 
species with the highest M A A concentrations were from 
surface plankton samples: Linuicina helicina (2903 /(g 
g~ ' ) , Calanus propinqiius (1465 /(g g " ' ) . and Fluphausia 
.supcrha (1401 /ig g " ' ) . These species, which are mosl 
likely to have received the highest doses of UV, had al­
most twice the concentrations of MAAs as the other or­
ganisms examined. Within our data sel, correlations 
based on habitat are inconsistent, as not all planktonic 
species exhibited high M A A concentrations. Density of 
biological organisms, concentration of dissolved and sus­
pended materials, weather conditions, sea surface state 
and presence of an ice layer affect the penetration of UV 
within Antarctic marine environments (Karenlz 1990, 
1991). Hydrographic factors that control vertical mixing 
will subsequently atlect the residence lime of planktonic 
organisms in the upper layers ofthe waler column. With­
out knowledge ofthe exposure history of collected speci­
mens, it is not possible to evaluate the effect of habitat on 
M A A content within the present data set. 

Limited information is available on the biosynthesis 
and metabolic functions of MAAs. MAAs are obviously 
synthesized by algae, but we do not know if UV protec­
tion is their primary function or is instead a secondary 
role. There is no evidence yet that MAAs are synthesized 
de novo by animals, I l is assumed that they are ingested 
in plant material and accumulate in the animal tissues. 
The majority of inveriebrale species analyzed in this 
study were from inlertidal habitats, Mycosporine-
glycine: valine was not present in any of the intertidal 
algae examined; however, this M A A was very common at 
higher trophic levels. Without more coinplele experimen­
tal data, it is not possible lo determine whether animals 
synthesize these compounds de novo or accumulate and 
structurally modify them after ingestion. 

The Antarctic ozone hole is a recent annual event in 
the springtime austral atmosphere. From 1 August to 30 
November 1988, ozone concentrations over Palmer Sta­
tion and vicinity nuclualcd between 198 Dobson units 
(DU)( 14 October) and 396 DU (18 November) (Krueger 
etal, 1989), The potential biological hazard of incident 
UV-B in Antarctic during this period was more than 50"/) 
greater at the lowest ozone concentrations relative to 
UV-B nitered through a normal (>300 DU) ozone col­
umn (Karenlz and Lutze 1990), During spring, day 
lengths increased from a few hours to nearly 24 hours, 
establishing a defined gradient of increasing radiation 
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exposure. Our data represent MAA concentrations from 
organisms sampled during the period of changing UV 
regimes. The degree of variability in the actual concentra­
tion of MAAs within a species (related to age, physiolog­
ical state, colleclion site, etc,), and whether seasonal 
changes in UV exposure regulate synthesis or trophic 
accumulation, are not known. Differences in MAA con­
centrations have been related to habital depth in both 
corals (Dunlap et al. 1986) and algae (Sivalingham el al, 
1974a), Laboratory studies ofthe dinofiagellate Alcxan-
drhiin excavutum have demonstrated that MAA synthesis 
is stimulated by UV-A light (320 to 400 nm) (Carreto 
et al, 1990a), These observations suggest that an increase 
in MAA content is a physiological adaptation to UV 
exposure. 

Regardless of whether the UV protective properties 
of MAAs are a primary or secondary function, or 
whether MA.As are synthesized or bioaccuinulated, lhe 
existence of these compounds within a cell may shield 
internal components and organelles from the full impact 
of incident UV radiation. The presence of this natural 
UV filter system within such a high percentage of species 
studied implies thai Antarclic organisms have some de­
gree of biochemical protection from physiologically 
harmful UV-B wavelengths during the springtime ozone 
depletion event known as the ozone hole. 
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Evaluation of biologically harmful ultraviolet radiation in 
Antarctica with a biological dosimeter designed 
for aquatic environments 

Deneh Karenlz and Louise IL. Lutze 
Laboratory o f Radiobiology and Environmenial Health, University o f California, 

San Francisco 94143-0750 

Abstract 

A biological dosimeler bas been developed for use in aquatic environments. This mctbod is 
based on the sensil ivi ly o f a DN.A repair-deficient strain o f Escherichia coli (CSR06) lo ultraviolet 
(UV) radiation. The dosimeter permits evaluation o f the penetration o f biologically active UV 
radiation wi lh in a waler co lumn, reflecling the polcnl ial efl'ect o f exposure over selected t ime 
intervals. Wi th the use o f various fillers, the biological dosimeler can discriminate between the 
elTects o f UV-B (280-320 nm) and U V - A ( 3 2 0 ^ 0 0 nni) or other selected portions o f the solar U V 
spectrum. During springtime ozone depiction over the Antarctic in 1988, a general relationship 
was observed between slralospheric ozone concentration and the contr ibut ion o f incident solar 
UV-B radiation lo lethality o f dosimeler cells. The use o f dosimeters wi th in the waler column 
indicated lhat significant amounts o f U V - B can be transmitted lo a depth o f 10 m and biological 
cITecls o f U V could be delected lo 20 and 30 m. Biological dosimeters may provide a means o f 
standardizing in-waler U V measurements across all types o f aquatic habitats and at any geographical 
location. 

The intensity and spectral distribution of 
radiation at the earth's surface are depen­
dent on factors such as solar output, weath­
er, and spectral absorbanee of atmospheric 
gases and particles (both naturally occurring 
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and as pollutants). Ozone difTerentially ab­
sorbs UV-B (280-320 nm) wavelengths, and 
the spectral quality of incident UV-B ra­
diation is directly correlated with ozone 
concentrations in the stratosphere. Global 
changes in incident UV radiation have been 
predicted as increased concentrations of 
pollutants in the atmosphere continue to 
destroy ozone (Cutchis 1974; Rowland 
1989). The Antarctic "ozone hole" is a 
unique ozone depletion phenomenon that 
accentuates the potential effects of this eco­
logical problem. 

UV-B radiation is biologically harmful 
(WHO 1979; NRC 1984). UV-B wave­
lengths are strongly absorbed by DNA and 
proteins, causing structural changes in these 
molecules that can interfere with vital cel-

549 
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lular processes of growth and reproduction 
(Harm 1980). Exposure lo UV-B also re­
sults in various observable responses, such 
as the erythema (sunburning), tanning, and 
carcinogenesis of human skin. Within the 
40-nm range of UV-B wavelengths, there is 
a distinct gradient of biological efTect, with 
shorter, higher energy wavelengths causing 
greater damage al equivalent intensities. For 
e.xampie, light at 295 nm has 1,000 times 
the eryihemal efrect on human skin as light 
at 320 nm (Moseley 1988). Changes in the 
spectral distribution of radiation emitted 
from a light source (solar or artificial) will 
alter the biological response. Integrated ir-
radiance values do not provide information 
on the intensity of specific wavelengths 
within the integrated range. Any measure­
ment of UV radiation that is to be applied 
to biological systems must lake into account 
the wavelength-dependent elTects described 
above (Calkins and Blakcfield 1986). 

At present, there is no standard meth­
odology for quantifying the subsurface 
transmission of UV radiation in aquatic en­
vironments. Direct, in-water measurements 
of UV radiation are difTicult lo make. Most 
estimates of in-waler UV intensities and 
spectral distributions have been derived 
from models based on solar output, atmo­
spheric ozone concentration, hydrographic 
parameters, and latitude (Zaneveld 1975; 
Baker and Smith 1982). Aclinometry (Zepp 
and Cline 1977; Wood 1987; Karentz un-
publ.) and waterproofed, broad-band UV 
photodclectors for radiometric measure­
ments (Smith and Calkins 1976; Karentz 
unpubl.) have been used by only a few re­
searchers. These measurements have an in­
herent bias because actinomelric solutions 
and photodeteclors do not have 100% re­
sponse across the UV-B wavelength range, 
but usually follow a normal distribution 
function. 

An in-water UV speciroradiometer has 
been designed and used in natural waters 
(Smith and Baker 1979, 1981, 1982; Smith 
el al. 1980). Data obtained have been ana­
lyzed in conjunction wilh various biological 
weighting functions and hydrographic pa­
rameters to model the penetration of UV 
radiation through the water column. At 
present, because of the expertise and cost 

required in design, construction, and use of 
this instrument, there is only one in exis­
tence. Therefore, it is not a generally avail­
able approach to monitoring UV radiation 
in aquatic systems. Even with direct data 
from this instrument, weighting functions 
need lo be applied to estimate biological 
doses resulting from wavelength-dependent 
effects. 

For any organism, changes in the molec­
ular structure of DNA are primary biolog­
ical consequences of UV exposure, and the 
DNA damage spectrum shows distinct 
wavelength dependency (Setlow 1974; Peak 
and Peak 1982). Pyrimidine residues in the 
DNA molecule arc involved in the forma­
tion of most DNA-UV photoproducts. They 
include dimers, adducts, and DNA-protein 
cross-links (Harm 1980). At least three 
major cellular mechanisms interact with 
U V-damaged DNA to restore the original ge­
netic code: photoreactivation, excision re­
pair, and recombinational repair (Cleaver 
and Kraemer 1989). Photoreactivation is a 
single-enzyme system activated by visible 
light that corrects one elass of cyclobutane 
pyrimidine dimer in DNA. Excision repair 
is a syslem that corrects a range of DNA 
damage by removal and replacement. Re-
combinational repair is a complex process 
in which damaged DNA is reconstructed 
through DNA replication and strand ex­
change. DNA repair mechanisms work most 
efficiently at low levels of damage. There is 
a level at which the number of DNA lesions 
will be lethal, preventing the cell from main­
taining ils metabolism at the minimal rate 
necessary for growth and reproduction. 
Therefore, quantification of cell survival can 
be used to evaluate biologically active UV 
radiation in a natural environmeni (Harm 
1969, 1980; Rupert 1982). 

In this report, we describe a biological 
dosimeter for monitoring the transmission 
of biologically active UV radiation in aquat­
ic environments. The dosimeter was used 
in Antarclica to evaluate the biological ef­
fects of incident and in-waler U V radiation 
during the development and dissipation of 
the ozone hole in spring 1988. The dosim­
eler is based on the U V sensitivity ofa DNA 
repair-deficient strain of bacteria that can­
not correct changes in DNA molecular 
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structure caused by UV radiation. When 
these cells are exposed to UV light, DNA 
photoproducts accumulate, and cell death 
occurs at relatively low numbers of such 
products within the genome. Quantification 
of survival after exposure to ambient light 
at selected depths can be used as a dosi­
metric method to evaluate U V transmission 
in aquatic environments. 

Methods 

Origin and genotype of dosimeter—The, 
organism selected for the dosimeter was 
E.scfierichia coli strain CSR06. This cell line 
contains the following mutations of the wild-
type strain (K-12) from which it was derived 
(Sancar and Rupert 1978): F", thr-1, leuB6. 
proA2, phr-1, hisG4, argEJ, l / i i -L uvrA6, 
ara-14, lacYl, galK2, xyi-5, mil-1, rps-
L31(strep'^), tsx-33, X', and supE44. Most of 
these mutations are related to nutritional 
requirements (Bachmann 1983), and two are 
relevant to its use as a UV dosimeter. The 
cells are deficient in the DNA repair mech­
anisms of photoreactivation (phr-1) and 
excision repair (uvrA6). These genetic de­
fects prevent the excision of pyrimidine di­
mers from DNA, making cells more sensi­
tive to U V exposure than the wild-type. Cells 
can be made maximally sensitive by in­
cluding a recombinational repair mutation 
rec~, but cells that are uvr~ rec~ are killed 
by 1-2 photoproducts per genome (Lewin 
1974) with 0.1% survival of a population 
after 30 s of exposure to sunlight (Harm 
1979). This degree of sensitivity makes these 
cells too difficult to handle under both field 
and laboratory conditions. The uvr~ rec^ ge­
notype can survive up to 50 photoproducts 
per cell, corresponding to 1 per 80,000 base 
pairs of DNA. 

The CSR06 cell line is resistant to the 
antibiotic streptomycin [rpsL3l{strep'^)], and 
the addition of streptomycin to the medium 
reduces the possibility of contamination by 
wild-type bacteria that are streptomycin 
sensitive. 

Dosimetric procedure—Samples (0.1 ml) 
from an ovemight culture of CSR06 grown 
at 37°C in Luria-Bertani (LB) nutrient me­
dium containing 50 fig ml"' streptomycin 
(Maniatis et al. 1982) were diluted in 10 ml 
of fresh LB (I : 100 dilution). Cell suspen-

wavelength (nm) 
Fig. 1. UV-absorption spectra of various materials 

lhat can be used to partition lhe solar UV spectrum 
(thicknesses range from 0.4 lo 3.2 mm): a —polyeth­
ylene (Whirlpak bag); b—acrylic (Plexiglas UVT); c— 
cellulose acetate (Calalina Plastic and Coaling Corp.); 
d —polyvinyl chloride (Koroklear); e—polyester (My­
lar); f—acrylic (Plexiglas 55); g—polycarbonate (Lex-
an); h—acrylic (Polycast UF3. similar to Plexiglas UVF). 

sions for UV exposure were made up in LB 
containing 20% glycerol by adding 1-2 ^1 
ofthe 1:100 diluted culture for each milli l i­
ter of the required total volume. The final 
cell concentration was 1-3 x lO''cells ml"' . 
Two milliliters of this cell suspension were 
heat sealed (without air bubbles) in the mid­
dle o f a 6-oz (177.4 ml) Whirlpak bag to 
form a 35- x 65-mm packet. Whirlpak bags 
are made of polyethylene, are sterile, and 
are transparent to UV-B wavelengths (Fig. 
1 a). The packaged cell suspensions were 
placed under the desired exposure condi­
tions for a specific interval. After exposure, 
cell suspensions were transferred to sterile 
tubes, and 10 ^il from each treatment was 
spread onto a 10-cm Petri plate containing 
25-30 ml of LB agar with 50 Mg nil" ' strep­
tomycin. Plates were inverted and incubat­
ed at 37°C. Eighteen to 24 h after plating, 
colonies were large enough to count, and 
numbers per plate were recorded. Control 
plates were set up from unexposed samples, 
which were packaged and handled in the 
same manner and at the same temperature 
as exposed cell suspensions. Calculations of 
the percentage of survival of cells after each 
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treatment were made relative to the unex­
posed controls. I f culturing equipment is not 
available at the field site, samples can be 
refrigerated at 4°C for several days or frozen 
at -20°C, or preferably -70''C, for several 
months and plated at a later date. 

Data presented here are from triplicate 
plate counts. In our hands, and with the 
dilutions indicated above, 10 /ul ofthe unex­
posed LB-glycerol cell suspension results in 
100-500 colonies per plate. This number is 
reasonable to count by hand and sets a lower 
limit of sensilivily between 0.2 and 1% sur­
vival. 

Effects of temperature on dosimetric re-
suits—/Ks described below, the work pre­
sented here was conducted in Aniarctica at 
ambient water temperatures of - 2 ° to 1°C. 
When not in the water, cell suspensions were 
kept refrigerated until plating. Under these 
conditions cells do not divide. To determine 
the effect of warmer water temperatures, 
packaged cell suspensions were incubated 4 
h in the dark at 0°, 10°, 20°, and 30°C. Four 
replicate samples were plated for each tem­
perature. 

Dose response of CSR06 — CSR06 cells 
were exposed to 0,10,50,100, 500, or 1,000 
J m"2 of UV-B at a rate of 12.5 J m - s"' 
(1,250 |iW cm"-). The light source was a 
bank of 5 UV fluorescent lamps (BLE-
8TB02, Spectronics Corp.). The intensity of 
wavelengths emitted approximated a nor­
mal distribution from 275 to 350 nm with 
an accentuated emission peak at 313 nm. 
The lower limit of wavelength emission was 
due to the spectral properties of the phos­
phor and a sharp cutoff filter was used to 
remove wavelengths above 320 nm. UV in­
tensity was measured with a Spectronics 
DM-300N radiometer, a broadband pho-
todetector designed for quantifying UV-B 
radiation from artificial lamp systems. 

Response of CSR06 to sunlig/it —Field-
work was conducted at Palmer Station 
(64°46'S, 64°03'W), a U.S. research facility 
at Arthur Harbor, Anvers Island, along the 
Antarctic Peninsula. Times are recorded as 
Greenwich mean time (GMT). Local ap­
parent noon at Palmer Station occurs at 1600 
GMT. The time-course of survival during 
daylight was monitored on 4 and 13 Oc­
tober 1988. Cell suspensions were exposed 

to total ambient sunlight for 12 intervals of 
I h each from 1 100 to 2300 GMT. 

To determine the spectral response of 
CSR06 cells to various portions of the solar 
UV spectrum, we exposed cell suspensions 
lo incident sunlight and sunlight filtered 
through various UV-absorbing materials. 
Exposures were made at sea level on 10 dates 
from late September through November 
1988. Incubations were started at 1530 
GMT and samples were collected at 1-, 2-, 
and 3-h intervals. Mylar polyester film (Fig. 
1 e) was used to remove UV-B wavelengths 
below 316 nm, and Plexiglas 55 acrylic plas­
tic (Fig. 1 0 was used to remove wavelengths 
below 360 nm. These two materials selec­
tively screen out major portions ofthe UV-
B and UV-A wavelengths present in solar 
radiation. Additional filtering materials can 
be used to further partition the solar UV 
spectrum (Fig. 1) or neutral-density screen­
ing can be used to modify the rate of the 
biological response by reducing radiation 
intensity. 

A similar experiment was conducted on 
2 December 1988. Cell suspensions were 
exposed from 1500 lo 1600 GMT under 
Schott glass filters with wavelength cutoffs 
of 290, 305, 320, and 365 nm. 

Use of the dosimeler for waler-co/umn 
measurements —Jo determine the vertical 
profile of biologically active UV-B within 
the water column, we attached packets of 
cell suspensions by plastic cable ties to 
frames made of polyvinyl chloride tubing 
(Fig. 2A), and the frames were connected to 
each other by fixed lengths of line. A weight 
was used to stabilize the line in the water 
as it descended from a surface buoy. When 
deployed, cell suspensions were parallel to 
lhe water surface and received directly 
transmitted light as well as reflected and 
scattered radiation. The frames remained al 
fixed depths (0, 1, 5, 10, 20, or 30 m) during 
the incubation (Fig. 2B). To discriminate 
between lelhalily caused by UV-B vs. longer 
wavelengths of sunlight, we incubated cell 
suspensions al each depth with or without 
Mylar. During deployment and retrieval, cell 
suspensions were protected from exposure 
to extraneous sunlight by transport and 
storage in light-proof plastic bags. The do­
simeter was used routinely in Arthur Har-
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Fig. 2. A, Sample frame made of PVC pipe to which cell suspensions are attached for incubation al depth 
(dimensions in cm). Two lengths of 2-cm-o.d. pipe are inserted through a 6-cm central support. Segments o f 2-
cm pipe arc cut in half lengthwise and used as clamps lo hold bag edges flat. Plastic cable ties (37 cm) arc woven 
through holes in the frame and easily pierce the double layer o f polyethylene bag. B, Sampling array deployed 
for moni tor ing to 30 m. Frames are clipped together with fixed lengths o f line for easy deployment and retrieval. 

bor during the 1988 Antarctic spring. Com­
plete results of seasonal studies wil l be 
reported elsewhere. Data from two different 
days are presented here. These incubations 
were made on 6 October 1988 for 3 h (1600-
1900 G M T ) and on 11 November 1988 for 
8 h (1300-2100 GMT) . 

Results 
Where zero survival values are nol crit­

ical for data interpretation, semilogarithmic 
plots are presented, and occurrence of zero 
values is noted. In some instances it was 
considered more important to include the 
zero values in the figure than to use log 
transformation. 

There was 4% or less difference in sur­
vival among cells incubated at four tem­

peratures (Table 1). With vigorous agitation 
of medium, optimal growth o fE . coli occurs 
at 37°C. Cell suspensions for dosimetry are 
in a 20% glycerol solution and sealed in air­
tight polyethylene bags. Without constant 
aeration, cell growth is inhibited at tem­
peratures up to at least 30°C. Therefore, this 

Table I. Mean number o f cells per dish, standard 
error (SE) for four replicates, and percent survival rel­
ative to 0°C for Escherichia coli CSR06 cells incubated 
al four temperatures under standard conditions used 
for dosimetric measurements. 

°c Mean SE % survival 

0 496 10 100 
10 481 7 97 
20 480 3 97 
30 477 6 96 
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• 

exposure (J m' ) 

Fig, 3, Survival of Escherichia coti CSR06 cells ex­
posed to lluoresccnl UV-B lamps (cell survival at an 
exposure of 500 J m"- was 0), 

method can be used in most aquatic habitats 
without temperature eflTects. As a standard 
precaution, dark controls should be incu­
bated at the same temperature at which 
samples are exposed. 

The survival curve for E. coli CSR06 
demonstrates a linear dose response of this 
cell line to artificial UV-B exposure (Fig. 3). 
Regression analysis of these data gives a cor­
relation coefficient of 0.97. At exposures of 
500 J m"' and higher, no survival was de­
tected (lower limit of sensitivity for this ex­
periment was 0.5% survival). The UV flu­
orescent lamp system used does not simulate 
natural sunlight. This experiment was de­
signed to demonstrate the dose response of 
CSR06 cells to a UV-B light source that has 
a constant flux and fixed spectral output. 
Neither of these properties remains con­
stant during natural sunlight exposures. 

On 4 and 13 October 1-h sunlight expo­
sures made at local apparent noon resulted 
in lower survival of CSR06 cells than ex­
posures o f l bin early morning or late after­
noon. There were significant diflferences be­
tween dates. From 1600 to 1700 GMT, 40% 
of cells survived on 4 October and 7% sur­
vived on 13 October. When survival data 
for each hourly interval from both dates are 
plotted against integrated irradiance values 
from the UV-B region of the solar spectrum, 
a generally linear response of CSR06 cells 
to the gradient of solar radiation exposure 

o 4 October 

• 13 0clobor 

5* 

irradiance 290-320 nm (nW cm ) 

Fig, 4. Survival of E.scherichia coli CSR06 cells af­
ter l-h exposures lo total ambient sunlight on 4 and 
13 October 1988, Irradiance values are instantaneous 
measurements taken al the start of each exposure pe­
riod. 

is evident (Fig, 4). Incident light data were 
obtained from the U.S. National Science 
Foundation U V-monitoring program. Data 
are collected by a scanning speciroradi­
ometer. Measurements are made once hour­
ly during daylight. The speciroradiometer 
scans from 290 to 700 nm in -20 min. 
Changes in weather, cloud cover, and solar 
zenith angle occur during the scanning pe­
riod and add indeterminable bias to the data 
set. Irradiance values presented here rep­
resent the sum of instantaneous measure­
ments made at 0.5-nm increments from 290 
to 320 nm during the initial portion ofthe 
hour of incubation. Light values were not 
integrated over time. (Not all survival val­
ues obtained for 4 October are presented 
because corresponding light values are not 
available.) 

Clustering of 4 October survival data on 
one side ofthe plot is due to the much lower 
maximum in incident light intensity mea­
sured on that day than on 13 October. The 
highest intensity of integrated UV-B irra­
diation measured on 4 October was 21.2 /uW 
cm"2 (1700 GMT); on 13 October the max­
imum was 90.1 nW cm-- (1700 GMT). 
Hourly changes in radiation intensity follow 
a distinct diurnal pattem (Fig. 5A). How­
ever, irradiance levels increase differentially 
across wavelengths with decreasing solar ze­
nith angle (Fig. 5B). On 13 October there 
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Fig. 5. A, Integrated hourly irradiance for 290-320-
and 320-360-nm wavelength regions on 13 October 
1988 at Palmer Station, B, Hourly ratios o f integrated 
irradiance. 

was a 10% change in the ratio of UV-B to 
higher wavelengths from sunrise to noon. 

Cloud cover was lighter on 13 October 
than it was on 4 October (when it also 
snowed during the middle of the day), and 
vert ical ly integrated atmospheric ozone 
concentration was 25% lower. I f we com­
pare incident light data collected on these 
two dates at times of day with similar solar 
zenith angles, so that light was passing 
through approximately equivalent cross-
sectional areas of the atmosphere, 13 Oc­
tober (1400 G M T ) was 1.7 times as bright 
as 4 October (1600 GMT) for the visible 
portion of the solar spectrum, but differ­
ences in UV-B wavelengths were much 
greater (Table 2). In the 5-nm interval 
around 300 nm, sunlight intensity was 750 
times higher. 

CSR06 exhibits a differential response to 
selected portions of the solar UV spectrum 
(Figs. 6 and 7). As progressively larger seg­
ments of the solar UV spectrum were re­
moved from the light field, survival of 
CSR06 increased. Removal of wavelengths 
below 305 nm increased survival at least 
100% on 2 December (Fig. 7). Filtering out 
wavelengths below 320 doubled the number 
of surviving cells. 

A comparison of cell survival made on 
the 10 different dates for only 1 h of solar 
exposure (1530-1630 G M T ) indicates a 
range of responses in both level of ki l l ing 

Table 2, Atmospheric data and integrated values for incident irradianees ( M W cm"-) o f 5-nm wavelength 
intervals in the U V - B region and visible range (400-625 nm) o f the solar spectrum measured at Palmer Station 
on 4 October 1988 at 1600 G M T and on 13 October 1988 at 1400 G M T , Ratio o f UV-B lo higher wavelengths 
in the U V - A region on each date and the magnitude o f difference (Mag) between irradiance values o f the two 
dates is also indicated. 

4 Oct 13 Oct Mag 

Ozone concn' 280 DU 214 DU 
Sky conditions snowing partly cloudy 
Solar zenith anglef 60,09° 60.29° 

Wavelength intervalf 
290 nm 0,00006 0.00060 10.0 
295 nm 0,00037 0.03477 94,0 
300 nm 0.00081 0.61647 752.2 
305 nm 0.07294 4.76791 65,4 
310 nm 1.34029 16.04590 II.9 
315 nm 6.21313 32,09697 4,9 
320 nm 15.08970 47,32005 3,0 
400-625 nm 4,586.359 7,679,115 1.7 
290-320 nm: 320-360 nm 0.037 0.122 

* Data i rom Krueger et al. 1989. 
t Data f rom NSF U V - m o n i l o r i n g program. 
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Fig. 6. Survival curves of Escherichia call CSR06 
cells exposed to full sunlight (>290 nm), sunlight >316 
nm, and sunlight > 360 nm. (Pointson A -axis represent 
observed survival of 0.) These data are representative 
ofthe general spectral response observed in 10 repe­
titions of this experiment made during spring 1988, 

by total sunlight and enhancement of sur­
vival by removal of UV-B wavelengths low­
er than 316 nm (Fig. 8A). Cell survival after 
1 h of exposure to noon solar radiation var­
ied from 0 (6 October ) to 64% (10 Novem­
ber). Enhancement of survival by removal 
of UV-B wavelengths ranged from 1 (30 No­
vember) to 51% (26 September). Daily 
stratospheric ozone concentrations over 
Palmer Station during spring 1988 were ob­
tained from the 1988 Antarctic Ozone Nim-
bus-7 TOMS Atlas (Krueger et al. 1989). 

2 60 

260 305 320 365 

wavelength cutoff (nm) 

Fig. 7. Survival of t^scherichia coli CSR06 cells af­
ter l-h exposures under Schott glass sharp-cut fillers 
on 2 December 1988. 
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Fig. 8. A. Survival of Escherichia coli CSR06 cells 
on indicated dates in Seplember, October, and No­
vember 1988 after 1 h of exposure to full sunlight and 
sunlight > 3 16 nm. (Survival on 6 October in full sun­
light was 0.) B. Comparison of percenl enhancement 
of survival by removal of UV-B wavelengths to strato­
spheric ozone concentration over Palmer Station on 
indicated dates. 

When differences in survival between total 
solar exposure and sunlight without UV-B 
are plotted against ozone values, a generally 
linear relationship is evident (Fig, 8B). As 
ozone increases, enhancement of survival 
decreases. 

Dosimeters incubated at various depths 
in the water column of Arthur Harbor 
showed decreases in cell survival to 20 m 
on 6 October 1988 and to 10 m on 11 No­
vember 1988 (Fig. 9). Up to 25% enhance­
ment of survival by shielding from UV-B 
occurred on 6 October at 10 m after 3 h of 
exposure. No enhancement was observed at 
10 m or below on 11 November after 8 h 
of exposure. Incident light levels were com-
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Fig. 9. Survival of Escherichia coli CSR06 cells from 
the surface lo 30 m afler total sunlight exposure and 
exposure to sunlight >316 nm in Arthur Harbor on 6 
October and 11 November 1988. 

parable on these two dates (Fig. 10). At 1600 
GMT solar zenith angle was 59.2° on 6 Oc­
tober and 47.1 ° on 11 November, and ozone 
levels were 222 and 296 Dobson units (DU), 
respectively. 

Discussion 

In UV-photobiological studies, responses 
to a gradient of radiation exposure are char­
acterized by survival curves. In the simplest 
form, a survival curve represents a loga­
rithmic function, 

-cF (1) \og{S/S,) = 

where SQ is the original number of cells ir­
radiated, S is the number of survivors after 
irradiation, c a constant quantifying the sen­
sitivity of the organism, and F Xhe UV flu­
ence (energy received per unit area) (Harm 
1980). The large majority of survival curves 
published are based on laboratory expo-

400-625 nm 

290 320 nm 

time (GÎ T) 

Fig. 10. Integrated irradiance for 290-320, 320-
400, and 400-625 nm on 6 October (dashed lines) and 
1 I November (solid lines) during incubation periods 
for dosimeler results presented in Fig, 9, 

sures to a fixed light source so that flux (flu­
ence rate) and spectral quality are constant. 
In this situation, cellular responses will fol­
low a logarithmic curve that will be modi­
fied by the repair capabilities of the organ­
ism. Closest fit to Eq. 1 will occur in cases 
where there is little or no repair of UV-
induced damage. 

Incident and in-water solar radiation does 
not necessarily have a constant flux or fixed 
distribution of wavelengths, which is the 
primary reason why this dosimeter system 
was developed. A measure of 100 cm"-
of UV-B does not indicate the contribution 
from each wavelength, and various spectral 
distributions could yield this irradiance. Be­
cause of the wavelength dependency of bi­
ological responses, equal values of total ir­
radiance obtained from integration across 
wavelength ranges can have different bio­
logical consequences. For this reason, it is 
very difficult to assess the biological rele­
vance of measured radiation. The linear re­
sponse of CSR06 cells to a UV-B lamp 
source verifies that survival data accurately 
quantify relative doses of UV received. Un­
der natural sunlight, differences in survival 
of dosimeter cells will indicate differences 
in the biological harmfulness of incident ra­
diation during exposure. 

Variations in UV intensity and spectral 
quality occur during the course of a day as 
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the sun moves across the sky. As solar ze­
nith angle decreases, light passes through a 
thinner layer of ozone, more UV-B reaches 
the earth's surface, and the ratio of UV-B 
to higher wavelengths increases. Clouds can 
affect the intensity of incident light without 
altering its spectral distribution in the UV-
B wavelengths (Lubin et al. 1989); therefore, 
changes in weather will alter atmospheric 
transmission of radiation, and incident in­
tensities can vary on a time scale of minutes 
or less. Results presented here were solar 
exposures made over periods of one or more 
hours. During these incubations both inten­
sity of irradiance and spectral quality varied 
on an indeterminable time scale. The scan­
ning speciroradiometer did not monitor 
short-term changes (<20 min) in the inci­
dent light field, but the biological conse­
quences are integrated in the response of the 
dosimeter cells. 

The biological dosimeter can discrimi­
nate between lethality caused by specific 
wavelength ranges of the solar UV spec­
trum. Non-U V-B radiation also causes det­
rimental biological effects. Mortality was 
caused by wavelengths >316 nm, and to a 
small extent by exposure to wavelengths 
>360 nm. In recent tests conducted in San 
Francisco with sunlight filtered through 
Polycast UF3 (Fig. 1 h), we established that 
this residual lethality is due to UV wave­
lengths between 360 and 400 nm and not 
to wavelengths of the visible spectrum. 
Harm (1978) has established that the sur­
vival o f f . coli cells after exposure to solar 
radiation of wavelengths >360 nm is par­
tially dependent on DNA repair. Therefore, 
these longer wavelengths also produce DNA 
lesions, even though it takes several orders 
of magnitude increase in fluence to cause 
the same level of damage as from shorter 
UV-B wavelengths. In addition to DNA 
damage, non-UV-B wavelengths interfere 
with other cellular processes. This dosim­
eter will reflect all of the lethal biological 
hazards of the radiation field to which it is 
exposed. 

Cells irradiated by unfiltered sunlight for 
1 h at noon on 10 dates during the Antarctic 
spring showed a range of survival responses. 
Each of these data points reflects the bio­
logical effect ofthe total irradiance and spec­

tral quality of solar radiation during each 
exposure period. These results can be in­
terpreted as a relative measure of the bio­
logical harmfulness of the radiation re­
ceived by each sample. Sunlight reaching 
the earth's surface at noon on 6 October 
caused greater biological damage than light 
received at noon on 10 November. By fil­
tering out wavelengths <316 nm, the con­
tribution of this portion of the solar spec­
trum to lethality was observed. 

Differences between dates are related to 
the spectral composition of the incident light 
and the corresponding fluence of each wave­
length. Because ofthe dramatic changes that 
occur in the stratospheric ozone concentra­
tion over Antarctica during spring, it has 
been possible to establish a generally linear 
relationship between the percent enhance­
ment of survival by removing UV-B and 
the daily ozone concentration. As ozone 
levels increased, the fluence of UV-B wave­
lengths decreased, altering the ratio of UV-
B to longer wavelengths. Consequently, we 
observed a corresponding decrease in the 
contribution of UV-B wavelengths to cell 
death. 

The survival of cells at six depths reflects 
the vertical profile of UV light transmitted, 
reflected, and scattered from the surface to 
30 m. Differences in survival between sam­
ples incubated with and without Mylar in­
dicate mortality caused by the transmission 
of UV-B wavelengths within the water col­
umn. At 0- and 1-m depths, little or no 
difference between total sunlight and UV-
B-filtered exposures was evident. These ob­
servations are related to radiation effects of 
wavelengths > 316 nm that have caused sig­
nificant lethality, obscuring UV-B effects. 
Increased sensitivity under higher UV ex­
posures can be achieved by reducing ex­
posure times. 

Prolonged incubations were used in the 
present study to assess UV-B eflfects at great­
er depths receiving low levels of light. On 
6 October 25% of cells were killed after ex­
posure to unfiltered sunlight reaching 10 m. 
When cell suspensions were shielded with 
Mylar, removing wavelengths below 316 
nm, no cells died. Therefore, biologically 
harmful wavelengths of UV-B were present 
at 10 m in the water column during the 3-
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h incubation. On 11 November, with lower 
zenith angles and more than twice the ex­
posure time, no effects of UV-B were ob­
served at 10 m. Hourly intensities of UV-
B and UV-A were fairly similar, and the sea 
surface received much higher UV irradiance 
during the 8-h exposure on 11 November 
than during the 3-h exposure on 6 October. 

Diflerences in survival on these two dates 
represent differences in the transmission 
(penetration and scattering) of UV-B within 
the water column. On 6 October mean chlo­
rophyll concentration from 0 to 30 m was 
0.5 liter"', whereas the spring bloom 
reached its peak during the week of 11 No­
vember (24.5 fig liter"'). The reduced depth 
of detection of UV-B on 11 November, even 
with a longer exposure time, is at least in 
part related to changes in the spectral ab­
sorbanee characteristics of the water col­
umn caused by development ofthe phyto­
plankton bloom. 

The dosimeter system described here pro­
vides a means of evaluating biologically ac­
tive wavelengths within aquatic environ­
ments and of comparing exposure levels 
between selected wavelength ranges, depths, 
times (daily and seasonal), and geographic 
locations. This biological dosimeter has 
several advantages over radiometric instru­
ments. 

First, all depths can be monitored si­
multaneously. Owing to logistical require­
ments and cost, in-water UV radiometers 
are not usually equipped with multiple pho­
todeteclors, and different depths cannot be 
monitored simultaneously. Furthermore, 
the light field can change appreciably within 
the time it takes to scan a range of wave­
lengths, to switch sensors, or to move to 
another depth within the water column. 
With the biological dosimeter system, an 
array of samples can be deployed at any 
number of selected depths and exposed un­
der various filters during the same time pe­
riod. 

Second, results of the dosimeter reflect 
total exposure over a selected time interval. 
Some radiometers used with in-water UV 
photodeteclors have continuous monitor­
ing capability, but the logistics of setting out 
the photosensor and maintaining a fixed po­
sition can be difficult. With radiometric data, 

exposure levels over a given interval are 
usually interpolated from instantaneous 
measurements. Under clear-sky conditions 
this interpolation can be made relative to 
changes in solar zenith angle and strato­
spheric ozone concentration. Because 
weather conditions greatly affect the inten­
sity of incident UV, estimates from instan­
taneous data must be carefully corrected. 

The biological dosimeter registers total 
exposure at each depth, regardless of changes 
in weather, providing an accurate record of 
UV dose over a designated period. There­
fore, cellular responses ofthe dosimeter can 
reflect a higher degree of accuracy relative 
to the biological effect of solar exposure than 
is possible to obtain from a conventional 
radiometric data set. In addition, low levels 
of UV at a given depth may not be detect­
able by electronic instruments that are re­
cording an instantaneous signal. Prolonged 
exposure ofthe dosimeter permits high sen­
sitivity in UV detection. In shallow waters 
or high light intensities, 100% mortality can 
occur very rapidly, and lethal effects of non-
UV-B radiation may be significant. Careful 
selection of filters and exposure times should 
be made in these eases. 

Third, results indicate direct biological ef­
fects. Radiometric results must be analyzed 
relative to selected biological weighting 
functions to account for the wavelength-de­
pendent action oflight on living cells. The 
DNA damage spectrum is most commonly 
used for this lype of analysis, bul plant re­
sponse and erythemal functions can also be 
applied. The use ofa DNA repair-deficient 
organism to monitor UV exposure levels 
eliminates the necessity of a weighting func­
tion. 

There is very little (if any) information 
published on the rates of DNA damage and 
repair in aquatic organisms under natural 
light conditions. Owing to several charac­
teristics, the E. coli dosimeter provides di­
rect data on the upper limit ofthe biologi­
cally active UV dose received by aquatic 
organisms. Escherichia coli CSR06 cells ac­
cumulate DNA damage because of the ab­
sence of photoreactivation and excision re­
pair systems and reflect damage that can be 
incurred by any organism in the monitored 
aquatic environment. In repair-proficient 
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organisms, photoproduct induction and re­
pair occur simultaneously. Instantaneous 
measurements of biological responses or 
photoproduct concentrations thus do not 
provide valid data on exposure. Escherichia 
coli cells are at the small end of the size 
range for aquatic cells. Larger cell or body 
size provides an advantage by internal pro­
tection of organelles or organs. The longer 
the path length through which the UV ra­
diation must pass, the greater the absorp­
tion of UV, reducing the exposure of nuclei 
and thus protecting the DNA from UV 
damage. Because of the small size of E. coli 
cells, the dosimeter records a maximal level 
of exposure of genetic material. 

Escherichia coli cells are nonpigmented. 
Many species of aquatic organisms are pig­
mented, contain UV-absorbing com­
pounds, or may have a cell wall or other 
external covering that acts as a filter for UV 
radiation. The dosimeter therefore registers 
a higher absorbed dose than would most 
likely be sustained by natural organisms in 
theenvironment. Dosimeter data can, how­
ever, provide a valid basis on which to eval­
uate the UV photobiology of species relative 
to their natural environment. When used in 
conjunction with radiometric instruments, 
the biological dosimeter can provide data 
required for calculation of biological 
weighting functions needed to assess the bi­
ological relevance of in-water UV measure­
ments. 

Fourth, the method involves relatively 
low cost and minimal logistical support. The 
dosimeter requires the use of standard bac­
teriological culture facilities. Major expend­
able items are incubation bags, Petri dishes, 
and nutrient medium. Field deployment and 
retrieval can be managed from a dock or a 
small boat and do not require ship support, 
although the system has been used easily at 
sea. There is very little chance of malfunc­
tion (no electronic components or moving 
parts). We routinely sampled at six depths 
from 0 to 30 m, but the number of samples 
and maximal depth can be selected for each 
individual study. When properly tethered 
or anchored, the sample array can be left 
unattended. Once samples are collected, 
colonies can be plated and data processed 
within 24 h, or, i f necessary, exposed sam­

ples can be stored for culturing at a more 
convenient time. 

Fifth, the biological dosimeter can be used 
as a standardized measure for UV trans­
mission within aquatic habitats. The do­
simeter is designed to assess biological ef­
fects of UV that are quantifiable relative to 
cell survival. This system can be used in 
any field situation and may also be useful 
in conjunction with laboratory experi­
ments. During exposure periods the dosim­
eter response is independent of tempera­
ture. Because dark controls are run with each 
set of exposures, no calibration is involved 
in the interpretation of results, as is rou­
tinely required of radiometric detectors. 

The response of the dosimeter varies with 
the spectral quality and intensity of U V light. 
Observed results are an integrated response 
that quantifies the potential biological 
harmfulness of ambient sunlight. The use 
of various filters permits evaluation of the 
potential effects of specific wavelength in­
tervals. Survival data can be compared 
among varying incubation times and loca­
tions to quantify the relative biological im­
pact of ambient UV levels. Although the 
development of this dosimeter was prompt­
ed by observations of the Antarctic ozone 
hole and associated increases of UV-B in 
the Antarctic marine ecosystem, ozone de­
pletion is a global problem. There has been 
an increased interest in determining the ef­
fects of UV-B in natural environments at 
all latitudes, and standard methods of mon­
itoring UV-B in aquatic habitats need to be 
established. The dosimeter registers lethal 
doses of UV relative to a repair-deficient 
organism, providing a direct measurement 
of UV exposure within the water column. 
We propose that biological dosimeters can 
provide a means of standardizing in-water 
U V measurements across all types of aquat­
ic environments and geographical locations, 
either in conjunction with radiometric data 
or in situations where radiometric tech­
niques are not available. 
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Aniiunl springtime ozone depletion over Antarctica has re­
sulted in an increase in the intensity and spectral distribution 
of solar ultraviolet-B (UV-B) radiation reaching the Earth's sur­
face (Frederick and Snell 1988). UV-B is known to have many 
harmful biological effects (Harm 1980). This range of wave­
lengths (280-320 nanometers) is absorbed by DNA and pro­
teins, causing conformational changes in molecular structure 
that interfere with the normal functioning of these molecules 
in cell metabolism. The anlarctic ozone hole has boon in ex­
istence for over a decade, and ecological changes that could 
be caused by increased UV-B have already been initiated. Long-
term efl'ecls have yet to be identified, but the consequences of 
increased UV-B levels in the antarctic marine environment arc 
a primary concern. 

The project described here examined several aspects of ul­
traviolet radiation related to the photobiology of antarctic or­
ganisms. Field studies and collections were made in the vicinitv 
of Palmer Station (64°46'S 64°03'W) at Arthur Harbor, Anvers 
Island, on the Antarctic Peninsula. 

Quaiitificntioii of UV-B in the aquatic environment. Biological 
dosimetry, actinometry, and radiometry were used to study 
the vertical transmission of UV-B within the water column of 
Arthur Harbor from September to December 1988. This period 
coincided with the opening and closing of the 1988 ozone hole 
(October to November). The biological dosimeter used a DNA 
repair-deficient bacterial coll line to measure relative levels of 
biologically active UV-B within the waler column. Aclinometry 
is based on the UV photolysis of specific compounds. Paran-
itroanisole vvas used as an actinometer (Dulin and Mill 1982) 
in conjunction with the biological dosimeter. Instantaneous 
measurements of UV-B were made with a w aterproofed broad­
band UV-B photodetector. An example of results obtained wilh 
these three methods is presented in figure 1. 

Atmospheric factors such as the angle of the Sun, ozone 
concentration, and cloud cover affect the spectral distribution 
and intensity ol UV-B that reaches the Earth's surface. Hy­
drographic factors such as dissolved matter, particulates, and 
phytoplankton concentration affect the transmission of UV 
wavelengths through the water column. Chlorophyll concen­
trations and total DNA content of the waters of Arthur Harbor 
were determined during this study. Complete analyses of light 
nnd hydrographic data are under way. 

DNA repair in antarctic or^anisni>. Eight species of planktonic 
diatoms isolated from Arthur Harbor and maintained in culture 
were studied to characterize DNA repair mechanisms and the 
effects of UV-B exposure on population development (figure 
2). Preserved samples from additional experiments conducted 
during the 1988 season are being analyzed to determine specific 
molecular characteristics of DNA damage and repair in ant­
arctic phytoplankton species. 
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Figure 1. Measurements of In-water ultraviolet-B (UV-B). A. Biolog­
ical dosiinetry: Lethal effects of ambient in-water UV radiation ex­
posure to a bloassay organism. Filled circles denote full-light 
incubations; open circles denote samples exposed to ambient light 
from which UV-B wavelengths were filtered out; and bars denote 
mean ± SE. Cells were exposed at the Indicated depths for 3 hours 
on 6 October 1988. B. Actinometry: Photolysis of paranitroanisole 
(PNA) caused by UV-B exposure within the water column. Incu­
bation conditions were the same as for A. C. Radiometry: Instan­
taneous UV-B measurements made with a broad-band photodetector 
at local noon, (m denotes meter, j i W/cm' denotes microwatts per 
square centimeter.) 
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Figure 2. Survival of cultured diatom cells after irradiation by 1,000 
joules per square meter of UV-B light (peak emission 313 nano­
meters) and 8 days of growth under light conditions that supported 
or prevented photoreactivated repair of DNA. 

Idcnt i j ic i i l ion ol LIV-B-iih:iorltin<^ coinpouiul>. D u r i n g the s p r i n g 

ot 1988, e ight macroa lga l species, 34 l i chens , s e \ e n mosses, 

a n d 114 inver tebra tes we re screened for the presence o t UV-

B abso rb ing c t i m p o u i i d s . E igh t y - f i ve percent of these samples 

s h o w e d d is t inc t absorbanee peaks in the U V - B w a v e l e n g t h 

range ( f i gu re 3). These samples are be ing a n a h z e d by h i g h -

p ressu re l i q u i d c h r o m a t o g r a p h y to i d e n t i f y spec i f i c c o m ­
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inan t p a t h w a y for D N A repa i r in antarc t ic d i a t o m s a n d ob­
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conc lus ions lhat the m a j o r effect ( i f any ) o l increased U V - B in 

the antarc t ic in the antarc t ic e n v i r o n m e n t ma\- be changes in 

the t a x o n o m i c s t ruc tu re of p l a n k t o n c o m m u n i t i e s . It also ap­

pears that m a n y an la rc t i c species are able to s\ n thes ize c o m ­

p o u n d s that act as n a i u r a l " s u n s c r e e n s , " p r o v i d i n g p ro tec t i on 

f r o m U V - B e x p o s u i e . 

I w o u l d l ike lo t h a n k f ie ld pa r tv m e m b e r s M . C . b a n d and 

F.S. M c E u e i i lo r the i r assistance; a n d the Pa lmer staf f f r o m 

CD 
o 
c 
n3 

o 
CO 
.a 

2 5 0 3 0 0 3 5 0 4 0 0 

wavelength (nm) 
Figure 3. Example of a spectrophotometric scan of a cell extract 
(1:100 dilution) that has UV-absorbing properties. These data are 
from a red algal species {Curdiea racovitzae). (nm denotes nano­
meter.) 
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SCIENTIFIC CORRESPONDENCE 

Delayed density-
dependence -
SIR — Population ecologists have frequently 
failed to detect significant density-depend­
ence, the pivotal prediction of the theory of 
population dynamics, in natural populations 
of animals. Various statistical techniques for 
demonstrating density-dependence have 
been described and tested (for example see 
refe 1,2), but many difficulties still remain'-̂  

closely for moths, but we found less delayed 
density-dependence than expected by 
chance for aphids (the model is not very 
appropriate for aphids with several over­
lapping generations per year). 

We are not suggesting that the delayed 
density-dependence demonstrated by 
Turchin is not real or important, but we do 
suggest that the high incidence detected by 
him is due to the selection of forest pest 
species with a tendency towards outbreak 
dynamics. More generally, the kind of data 

DELAYED DENSPTY-DEPENDENCE IN INSECT POPULATIONS 

Taxon Number of Significance Observed )P P 
species series level fraction 

Moths 357 4,306 0.05 0.045 1.13 0.287 
0.01 0.014 2.84 0.092 

Aphids 92 1.405 0.05 0.022 15.62 <0.001 Aphids 
0.01 0.004 3.22 0.073 

Lengths of the time-series are from 10 to 24 
Turchin has pointed out̂  that most current 
techniques are unsuitable for detecting 
delayed density-dependence. Therefore, if 
population regulation with time lags is 
common, the overall level of density-
dependence may be underestimated. 

Turchin demonstrated this problem with 
an analysis of 14 sets of time-series data on 
forest insects, eight of which showed clear 
evidence of delayed density-dependence. 
We have analysed a large set of time-series 
data on annual abundances of moths and 
aphids using the light-and suction-trap net­
works of the Rothamsted insect surveŷ  (our 
full analysis will be published dsewfaere). 
We have looked at the occurrence of delayed 
density-dependence using Turchin's method', 
and present our results in the table. 

We counted the fractions of time-scries 
that showed significant delayed density-
dependence at S and 1 % levels. (By chance, 
one would expect that 5 and 1% ofthe time-
series would show a delayed effect at these 
levels.) The observed fractions of significant 
delayed effects match the expected values 

Scientific Correspondence 
SCIENTIFIC Correspondence is a relatively 
informal section of Nature in whicfa matters 
of general sdentiiic interest, not necessarily 
those arising from papers appearing in 
Nature, are published. Because there is 
space to print only a small proportion of the 
letters received, priority is usually given 
according to general interest and topicality, 
to contributions of fewer than SOO words 
and S citations, and to contributions using 
simple language. 

If new results are being described, 
priority is generally given to coomiunica-
tions that do not describe work in which the 
author is involved. Authors of contributions 
of this nature should explain in a covering 
letter why tlieirs has a particular claim on 
Natures space. Contributions may be sent 
to referees and, in the case of matters aris­
ing from material published in Nature, are 
sent to the author of that article for com­
ment A more detailed guide to authors is 
available from Washington or London. • 

years. 
typically analysed by population ecologists 
are biased towards the most abimdant and 
outbreak species, which means that the cur­
rent population-dynamic conclusions based 
on these data should be viewed with cau­
tion^. Our data consist of 'ordinary' insect 
populations, without any bias with respect to 
their abundance or dynamics. 

DNA damage in 
the Antarctic 
SIR — The Antarctic ozone hole represents 
a cycle of annual qningtime depletion of 
stratospheric ozone ava tbe oontinent and 
surrounding ocean areas, witb consequent 
increases in levels of ultraviolet-B radiation 
(UV-B, 280-320 nm)*. The ecological im­
pact of this increased radiation is of particu­
lar concem for Antarctic marine com­
munities, which depend on the productivity 
of phytoplankton at the base of short food 
chains. There has been much speculation 
about ecological effects based on a priori 
assumptions about unique photobiologi­
cal properties of Antarctic organisms. A 
common misconception is that because 
these organisms inhabit an area of relatively 
low ambient ultraviolet intensity, Antarctic 
spedes may be more sensitive to UV-B 
exposure than their temperate or fropical 
coimterpartŝ . But Antarctic species are 
derived from temperate and tropical stocks 
and should therefore retain a capacity for 
biochemical protection from ultraviolet 
exposurê  and for repair of radiation-
induced damage. 

Ehiring 1987 and 1988 we carried out one 
of the first on-site evaluations of ultraviolet 
exposure and photobiological responses of 
nine phytoplarikton species at Anvers Island 
in the Antarctic*. We discovered that biol­
ogically effective UV-B can be detected as 
deep as 20 m during springtime ozone deple­
tion' and noted that the morphology of the 
cells influenced the amount of initial DNA 
damage*. The nine diatom species, which 
spanned nearly three orders of magnitude in 

-• Our results strongly suggest that delayed 
density-dependence is rare in these insects 
and, by implication, in most insect popula­
tions. Although delayed density-depend­
ence is tmconmion in British moths and 
aphids, we do find non-delayed density-
dependence to be common (manuscript in 
preparation). 
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cell volume with considerable variation in 
surface area: volume ratios, exhibited a 
nearly 100-fold range in the total number of 
photoproducts induced. All species investi­
gated showed evidence of both photoreacti­
vation and excision repair at ambient Ant­
arctic temperatures, but with considerable 
species variation. Chaetoceros aeglectus, for 
example, removed 31% of cyclobutane 
dimers in 6 h but did not repair any (6-4) 
photoproducts; Coretbroa cryophilum re­
paired 46% of the dimers induced and 94% 
of the (6-4) photoproducts*. 

The ozone hole has existed for more than 
ten years. Obvious catastrophic events have 
not been noted. Our results indicate that 
Antarctic phytoplankton have diverse capa­
cities for sustaining and repairing UV-in-
duced damage to DNA and as a group are 
not defenceless against this environmental 
stress. Cumulative biological effects of the 
ozone hole arc apparentiy subtie alterations 
in species interactions, and it may take 
longer than a decade for these perturbations 
to have an observable effect Tbe UV photo­
biology of individual species needs to be a 
key focus in future research efforts. 
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OREGON RESEARCH AND DEVELOPMENT CORPORATION 

April 8, 19 91 ^ , . C^'^^'^ 

Senator A l Gore 
U n i t e d S t a t e s Senate 
Washington, DC 20510-4202 

Dear Senator Gore: 

Thank you f o r your l e t t e r dated March 13, 1991. I a p p r e c i a t e your 
t a k i n g t i m e enough t o w r i t e . 

I wanted t o p o i n t out t o you at t h i s time t h a t I am e x p e r i e n c i n g the 
d e f o r e s t a t i o n problem l o c a l l y . I own an e s t i m a t e d 130 acres o f 
f o r e s t l a n d which i s p r i v a t e . A l l around me everyone has s o l d t h e r e 
f o r e s t lands ( w i t h i n 5 minutes o f the c i t y I might add) t o p r i v a t e 
l o g g e r s . I n t u r n these l o g g e r s are c u t t i n g the lo g s and s h i p p i n g 
them overseas. 

A c c o r d i n g t o the U.S. Department o f I n t e r i o r , l o g s are being e x p o r t e d 
t o Japan and o t h e r c o u n t r i e s from p r i v a t e and S t a t e l a n d s . My o f f i c e 
i n Tokyo i s p r e s e n t l y r e p o r t i n g l o g s being s t o r e d i n and around 
Tokyo. I t i s my u n d e r s t a n d i n g as w e l l t h a t they are s i n k i n g t h e l o g s 
i n Tokyo Bay f o r p r e s e r v a t i o n . 

Please be aware t h a t we must have some type o f a law t h a t p r o t e c t s 
p r i v a t e l a n d s . F i r b e a r i n g t r e e s are being c ut c o n s i d e r a b l y , 
however, v e r y l i t t l e oak i s b e i n g c u t . The scrub oak i n Oregon grows 
q u i t e r a p i d l y and w i l l grow around and overcome the new f i r t r e e s . 
Of course, keep i n mind t h a t a t t h i s time 92% of the o l d growth and 
45% o f t h e new growth have been c u t . The f i g u r e s p r e s e n t l y out t h e r e 
are not c o r r e c t . The r e s e a r c h o u t t h e r e i s ve r y f a l s e . 

A l s o , keep i n mind t h a t the weather i s changing r a p i d l y and drought 
s i t u a t i o n s are o c c u r r i n g t h r o u g h o u t the w o r l d . T h i s i s caused by the 
massive amounts of f o r e s t d e s t r u c t i o n s on p r i v a t e and p u b l i c l a n d s . 
D e f o r e s t a t i o n i s a l s o e f f e c t i n g our water shed and f i s h (salmon) 
p o p u l a t i o n . 

Laws must p r o v i d e p r o t e c t i o n f o r b o t h the p r i v a t e lands and the 
p u b l i c l a n d s . Just because i n d i v i d u a l s own p r o p e r t y does not mean 
t h a t they can b u t c h e r i t . 

S i n c e r e l y , 

OREGON RESEARCH AND DEVELOPMENT CORPORATION 

W i l l i a m C u r t r i g h t 
President/C.E.O. 

1895 16TH ST. S.E. • SALEM, OREGON 97302-1561 • (503) 588-7000 • TOLL FREE USA (800) 345-0809 • Fax (503) 588-2075 



United States Department of the Interior ASBBS! 

BUREAU OF LAND MANAGEMENT 
WASHINGTON, D.C. 20240 

IN REPLY REFER TO: 

MAR 29 1991 ôoo (230 
Mr. William Curtright 
Chief Executive Officer 
Oregon Research and Development Corp. 
1895 16th Street, SE 
Salem, Oregon 97302 

Dear Mr. Curtright: 

Thank you f o r your l e t t e r of March 11, 1991, to Secretary of the I n t e r i o r 
Manuel Lujan, Jr., conceming deforestation of the old growth. The Secretary 
has asked the Bureau of Land Management (BLM) to respond to your l e t t e r . 

I t i s true that many logs are being exported to Japan and other countries._but) 
the^ logs are being_exE.ar.tjed_from private and_ State lands,.^ I t i s unlawful to 
export any unprocessed timber originating from Federal lands. The Forest 
Conservation and Shortage Relief Act of 1990 was enacted on August 20, 1990, 
and prohibits export of unprocessed timber or i g i n a t i n g from Federal lands 
(export of unprocessed timber from Federal lands has been banned since 1974 
by a provision i n annual appropriations b i l l s ) . This Act also prohibits 
substitution of unprocessed timber originating from Federal lands f o r 
unprocessed timber originating from private lands that was exported. The 
Act also prohibits export of unprocessed timber o r i g i n a t i n g from State lands, 
except f o r 25 percent of the annual sales volume from State lands i n 
Washington. The Act also defines "unprocessed timber" by specifying the 
types of product that are considered as processed. This Act when f u l l y 
implemented should decrease the amount of unprocessed timber that i s exported. 

We are not aware of any s i g n i f i c a n t problems with reforestation due to 
companies going bankrupt. To the contrary, data published i n the RPA 
Assessment of the Forest and Rangeland Situation i n the United States, 1989 
show that softwood timber inventory and growth on forest industry lands have 
been increasing since 1952. The timber industry i n the Pacific Northwest i s 
doing a very good job of planting trees to ̂ replace those harvested. 

I t i s not p r a c t i c a l to stop logging, as you suggest, because there i s a 
great demand for wood and paper products i n t h i s country and any decrease 
i n domestic production would~have~to be replaced~by^importS"~from-'other 
countries or replaced by substitute materials that are nonrenewable, less 
energy e f f i c i e n t , and much more environmentally harmful. Increased imports 
of wood products would l i k e l y be from nations that do not manage t h e i r forests 
as well as we do i n t h i s Country; therefore, the world environment would be 
damaged more. 



There are steps being taken at t h i s time to improve the conditions of our 
forests and the environment, for example, President Bush's "America the 
Beautiful" i n i t i a t i v e and the American Forestry Association's "Global ReLeaf" 
program. Protection of the environment i s a major concern of the 
Administration and the industry i s also concerned. 

I f you have any further questions on t h i s matter, please l e t us know. 

Sincerely, 

\ 
Chief Di^^ision of Forestry 



Antarctic Science 3 (1): 3-11(1991) 

Review 

Ecological considerations of Antarctic ozone depletion 
DENEB KARENTZ 

Laboratory of Radiobiology and Environmental Health, University of California, San Francisco, CA 94143-0750 

Abstract: Springtime ozone depiction over Antarctica has been observed for over a decade. Associated with 
ozone depiction is an increase inthelcvclsofbiologically harmful ullraviolct-B (UV-B) lhat reach the earth's 
surface, a situation that has prompted much controversy about the ecological effects of this atmospheric 
phenomenon on Anlarctic ecosystems. A major hindrance to assessing the ecological impact is lack of 
appropriate data on Antarclic systems before the present ozone depletion cycle began. In addition, certain 
physical features of the Antarclic environment (clouds, snow and ice) and the UV-B photobiology (repair 
processes and protective strategies) of endemic species can alter the potential biological effects of this 
environmental stress in, as yet, undetermined ways. Increases in incident UV levels will most likely result 
in changes in the taxonomic structure of communities. The effects of these changes on nel productivity and 
trophic dynamics cannot be accurately assessed without quantifying ambient doses of UV and characterizing 
the UV photobiology of individual species. Both the physical features of the springtime environment and the 
biological responses of endemic species must be considered in future research efforts to evaluate the 
biological consequences of the Antarctic ozone hole. 
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Introduction 

An annual pallem of ozone depiction over Anlarclica has 
resulted in increased ultraviolei-B (UV-B) intensities each 
spring for the past decade and has led to much concern and 
discussion as to the effects of elevated UV-B levels on 
Antarctic ecology (Roberts 1989, Karenlz 1990, Voylek 
1990). Thecxtentof ecosystem modification thathasalready 
taken place or that may be caused by future ozone depiction 
events is not known. There are certain physical features of 
the Antarctic environment (clouds, snow, ice, etc.) thai may 
modify UV-B exposure, so lhal incident intensities and in-
water transmission may nol be accurately assessed from 
atmospheric models. In addition, little is known about the 
UV-B photobiology of endemic species. Organisms may 
have repair proces.ses and protective mechanisms lhat can 
alter potential biological effects. These physical and biological 
factors must be taken into account if we are to accurately 
assess the effect of springtime ozone depletion on Antarctic 
ecosystems. 

The Antarctic ozone hole 

The ozone hole was first observed in the late 1970s and has 
become a predictable event in the springtime atmosphere 
over Antarctica (Farman el al. 1985, Solomon & Schoeberl 
1988). Air pollutants and lhe physical properties of the 
springtime Antarctic atmosphere such as lhe polar vortex. 

unique characteristics of polar stratospheric cloud formations, 
cold temperatures, and other physical factors combine to 
produce the ozone depiction that creates the ozone hole 
(Hofmann 1989). 

Depletion takes place within the polar vortex during 
September and October, and minimum levels can be sustained 
for .several weeks. The depiction zone disappears when the 
polar vortex dissipates and ozone concentrations equilibrate 
with surrounding air masses. The exienl of ozone depletion 
and the area of the depletion zone vary greatly from year to 
year. Decreases of over 50% in column ozone and up to 90% 
at specific altitudes have been measured (Hofmann et al. 
1987). Before 1978, springtime ozone levels for the south 
polar regions averaged 300 Dobson units (DU) or higher. 

. During 1987, lhe year of the lowest ozone values recorded 
over Antarctica, an ozone layer wilh minimum values of less 
than 125 DU covered nearly 50% of the continent, and the 
edges of the 250 DU zone reached the southem tip of South 
America, extending beyond the northem boundary of the 
Polar Front (Antarctic Convergence) (Fig. 1). Thus, the 
entire Southem Ocean was subjected to increased levels of 
incident UV-B radiation. 

General aspects of UV-B photobiology 

U V wavelengths are subdivided into four categories (Jagger 
1985): vacuum UV (<200 nm), UV-C (far UV, 200-280 
nm), UV-B (middle UV, 280-320 nm), and UV-A (near UV, 
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Fig. 1. (A) Map of Am;irclica, the Soiilhcm Ocean, and 
surrounding continents. (B) Atnio.splieric ozone profiles over 
Antarctica from October ."i, 1987 (modified from Krueger t( 
al. 1989). 

32(M(X) nm). Vacuum UV and UV-C are completely absorbed 
in lhe atmosphere and do not reach the earth's surlace. UV-
A is biologically both harmful and beneficial, but the 
transmission of these wavelengths through the atmosphere is 
not significantly affected by ozone concentrations. UV-B is 
a biological hazard, and UV-B wavelengths arc differentially 
ab.sorbed by stratospheric ozone (Dahlback e; rt/. 1989). It 
has been calculated thai with a 65% decrease (from 315 to 

110 DU) in column ozone, radiation at 315 nm is increa.sed 
2.2-fold, whereas radiation at 305 nm is increased by 14-fold 
(Frederick & Snell 1988). The biological effects of UV-B 
arc strongly wavelength dependent, even within a range ofa 
few nanometers. For example, light al 295 nm has 1000 
times the erythemal (sunburning) effect on human skin as 
light at 320 nm (Moseley 1988). Therefore, small changes 
in ozone concentration result in di.sproponionale changes in 
the biological harmfulness of incident UV-B radiation. 

Direct mutagenic and lethal effects of UV-B exposure 
result from damage to DNA (Harm 1980). There are three 
known cellular repair mechanisms for UV-damaged DNA: 
photoreactivation, excision (dark) repair, and recombination 
repair (Cleaver & Kraemer 1989). In addition to genetic 
dajTiage, other effects of UV exposure are related to absorption 
by RNA, proteins (enzymes, histones, hormones etc.), pigmenti; 
and other biologiail molecules (Caldwell 1981). UV absorption 
can initiate changes in membrane suucture and/or the chemical 
environment of cells, interfering with normal metabolic 
proces.scs (respiration, photosynthesis, etc.) and resulting in 
decreased growth, impairment of reproduction, or death. 
The degree of UV .sensilivily exhibited by an organism is 
related to the number and efficiency of its repair systems as 
well as the existence of avoidance strategies (behavior 
modification and physical protection from UV exposure). 
Dose rates and duration of exposure must also be considered 
in assessing biological damage and capabilities for repair. 

Incident UV-B in Antarctica 

Because of large solar zenith angles, light travels a longer 
path length through the atmosphere in polar regions than al 
other latitudes, resulting in less radiation reaching thcearth's 
surface. The ozone layer is usually thicker at lhe poles than 
at equatorial latitudes, further reducing the intensity of 
incident UV-B wavelengths. Antarctic ozone depletion is 
initiated in early spring when the sun begins to rise above the 
horizon and day lengths south of the Antarctic Circle begin 
to increase from a winter minimum of 0 hours to the summer 
maximum of 24 hours. 

Through the use of radiative transfer models with inputs of 
ozone concentration, solar output, surface albedo, and other 
physical factors, it has been estimated lhal springtime levels 
of incident UV-B under the ozone hole arc comparable to 
Anlarctic midsummer intensities that are filtered through a 
normal ozone column (Frederick & Snell 1988). Actual 
measurements of incident U V irradianees in Antarctica were 
not made until early in 1988, when the U.S. National Science 
Foundation installed UV spectroradiometcrs at South Pole 
(90° S), McMurdo (77° 51'S 166° 40E), and Palmer (64° 
46'S 64° 03'W) stations. Incident UV-B irradianees can now 
be quantified and wavelength ratios calculated (Lubin et al. 
1989a, b). 

Day-to-day variations in UV-B irradianees are related to 
changes in weather (cloud.s) that reduce the total amount of 
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solar radiation that reaches the earth's surface. During 
spring 1988, there was considerable fluctuation of daily 
irradianees of UV-B wavelengths (Fig. 2A); however, elevated 
values were evident during October and November, coinciding 
with the period of maximum ozone depletion (Fig. 3). 
Ozone depletion over the Antarctic was nol as severe in 1988 
as in 1987; however, the distinct temporal pattern of changes 
in ozone concentration was evident. Ozone gradually increased 
from mid-October through November. These data represent 
the repetitive seasonal pattern that has occurred since lhe 
late 1970s. Under constant ozone values of 300 DU or 
higher, UV-B irradianees would have increased monoionically 
wilh time, conelaling closely to daily decreases in solar 
zenith angle. 

When the ratio of high energy UV-B (298-303 nm) to 
longer wavelengths (342-347 nm) from the UV-A region are 
plotted against time, the temporal shift in wavelength 
distributions is more clearly apparent (Fig. 2B). These data 
reflect the spectral absorption characteristics of ozone. As 
ozone concentration increases, the ratio of UV-B to longer 
wavelengths decreases. This aspect of ozone depletion is 
critical in terms of an increased biological hazard, as the 
wavelength complement of incident UV shifts towards the 
shorter, more biologically harmful wavelengths. 

There are no data available to compare ground-level UV 
intensities from previous decades with present-day irradianees. 
However, lhe new data set is providing valuable information 
for development of atmospheric models that will permit a 
more precise estimate of historical U V fluxes based on the 
existing long-term data sets of ozone concentrations and 
weather observations. 

Antarctic life forms 

There is little terrestrial life in Antarctica (Laws 1984, 
Bon ncr & Walton 1985). Yeast and bacterial species are 
found in all habitats, whilst the distribution of mosses and 
lichens is more limited; endolithic bacteria, fungi, algae, and 
lichens have been found even in the extremely harsh 
environment of the interior Dry Valleys (Wellcr al. 1987). 
Unicellular algae are the basis forcommuniiiesinandon the 
snow, creating patches of pink, yellow, or green and supponing 
a variety of associated bacteria and microfauna. Visible 
terrestrial life in Aniarctica is mostly concentrated on the 
Antarctic Peninsula, an area that has a relatively warmer, 
maritime climate compared with the rest of the continent. 
Lichens and mosses flourish, and two species of vascular 
plants can be found on in a few areas ofthe Peninsula and ils 
related maritime islands (Longton 1985). Hidden wilhin 
the.se pliint communities are a variety of primary and .secondary 
consumers that include protozoans and small invertebrates 
(Clarke 1985). 

There are no terrestrial vertebrate animals native to 
Antarctica; ihose found on land come from the .sea. Aside 
from the largely coasuil vegetation and the breeding visits of 
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Fig. 2. a) Integrated noon UV-B irradianees (298-303 nm) al 
Palmer Station, Anvers Island, Antarctic Peninsula, during 
spring 1988. Data were obtained from the U.S. National 
Science Foundation UV Monitoring Program. Filled symbols 
indicate 1 October, 1 November and 1 December. 

b) Ratio.s of UV-B (298-303 nm) lo UV-A (342-347 nm) 
wavelength bands for noon data collected al Palmer Station 
during spring 1988. 

birds and seals, Antarctic biology also has an important 
aquatic component. Freshwater and saline lakes on the 
continent support a variety of organisms and go through 
seasonal freezing and thawing cyclas; however, most Anlarctic 
species are marine. 

There are four major marine community types in Anlarclica: 
intertidal, benthic (bottom), epontic (ice), and pelagic (water 
column). The marine organisms that make up these 
communities arc similar to inhabitants of marine systems at 
other latitudes, although there is a high degree of endemism 
of Antarctic species (White 1984). The epontic community 
is a unique association of microalgae, bacteria, protozoans, 
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Fig. 3. Slralospheric ozone concentrations over Palmer Station 
during spring 1988. Data were obtained from Krueger et al. 
(1989) and Krueger (pers. comm.). Filled symbols indicate 1 
October, 1 November and 1 December. 

and invertebrates that inhabit the interstitial brine-filled 
spaces between crystals of sea ice. In the spring, ice 
communities can form extensive patches of high productivity 
in areas where there is little biomass or productivity in the 
water column. 

Environmental factors that affect U V exposure in 
Antarctica 

Clouds 

Cloud estimates in Antarctica are difficult lo make and data 
are unusually subjective in comparison to olher parts of the 
world. Nevertheless a clear general problem is obvious. 
During much of the year, skies over m uch of Antarctica and 
ils surrounding seas are overcast (Schwcrtdfeger 1970) bul 
there are both seasonal and geographical differences. The 
mean percentage cover in early spring varies from 39 lo 50%; 
on the plateau, and 67% in coastal East Antarctica lo 83% in 
coastal West Antarclica. In general the circumpolar band of 
maximum cloud is north of the bell of lowest pressure al sea 
level and south of the belt of strongest westerly winds. 
Coastal areas have the highest cloud cover, as for instance al 
Palmer Station where the average number of cloudy days per 
month al Palmer Station during August, September and 
October 1987 was 21, and an additional 8 days per month 
were partly cloudy (U.S. Nalional Science Foundation 1987). 
These weather conditions are typical for springtime skies. 
This extensive cloud cover serves to mitigate the impact of 
UV stress on Antarctic communities which are mo.slly 
coastal, by reducing radiation intensity but has little effect 

on spccu-al quality (Frederick & Snell 1988, Lubin et al. 
1989a, b). 

Snow 

During spring when ozone levels are al their lowest, terrestrial 
communities are buried under several cenlimctres lo several 
metres of snow. Although white light is transmitted through 
snow layers and can support a low level of photosynthesis 
(Curl et al. 1972), UV wavelengths are rapidly attenuated 
and snow provides U V protection. Snow surfaces have very 
high albedos, and as waler content and density of snow 
increase, the absorption of radiation decreases, so lhal age 
and weine.ss of snow can significantly influence reflectance 
and transmission of solar radiation (Curi el al. 1972, Blumthaler 
& Ambach 1988). Without snow cover, the snow algae, 
moss, and lichen communities have direct solar exposure 
and are subjected to the highest UV doses. 

Ice 

The Southern Ocean accounts for 10% ofthe world's ocean 
area (Hey wood & Whitaker 1984). Eighteen percenl of the 
Southem Ocean is permanently covered by floating glacial 
ice sheets, and an additional 55% can be covered by sea ice 
at the end of winter (Heywood & Whitaker 1984, Foster 
1984) (Fig. 1 A). The presence of an ice layer is an importani 
factor in mediating the effect of UV-B on Antarctic marine 
ecosystems. 

Under 1-2 m of ice the euphotic (visible light) zone can 
extend to at least 3 m (Palmi.sano et al. 1986). Few 
measurements of UV intensity and spectral distributions 
have been made under ice, but transmission of visible light 
through sea ice has been measured (Weller 1969, Buckley & 
Trodahl 1987a, b, Trodahl et al. 1987). Scattering and 
absorption oflight by sea ice is a function of albedo, salinity, 
and the vertical heterogeneous structure (grain size, density, 
and water content) ofthe ice layer. The special distribution 
and intensity of light reaching the water column is further 
modified by ice communities. Mathematical modeling of 
UV light transmission through sea ice suggests that the 
physical characlcrislics of new ice during early spring enhance 
the transmission of UVwavelengthsby about 20% compared 
wilh older ice, which is more turbid (Trodahl & Buckley 
1989). This calculation is based on an ice layer without snow 
cover. Considering the high albedo of snow surfaces, sea ice 
wilh snow probably provides a substantial filter for UV-B 
wavelengths. Indirect evidence for UV protection by an ice 
layer can be inferred from observations made by Palmisano 
et al. (1986), who studied the photosynthetic physiology of 
Phaeocystis pouchetii, a common Anlarctic phytoplankton 
bloom species, as populations were transported from open 
water to under the annual ice shelf. While under the ice, 
Phaeocystis was more efficient in using lower light levels 
for photosynthesis without increasing cellular chlorophyll 
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content. This response may be due lo reduced exposure to 
hannful U V wavelengths lhal were filtered by lhe surface ice 
layer. 

The fomiation of sea ice around the continent is irregular 
and varies greatly from year to year. Also, the circumpolar 
ice pack is not continuous. Fractures of various sizes occur, 
ranging from leads of 1-lOkm in width lopolynyas (ice-free 
areas) that can encompass hundreds of thousands of square 
kilometers (Gordon & Comiso 1988). Polynyas are considered 
to play a major role in the transfer of heat energy between the 
ocean and the aunosphere, affecting both global temperatures 
and mixing processes in the Southem Ocean. The formation 
of polynyas results in exposure of large areas of the ocean 
surface to direct solar radiation. 

Initiation of spring phytoplankton blooms has been associated 
with certain hydrographic characteristics of open water 
areas adjacent to ice edges (Smith & Nelson 1985, Sakshaug 
1989). Sea ice organisms may be .seeding the water column 
to produce the spring bloom; alternatively, the bloom may 
be initiated by the low concentration of cells that have 
wintered under the ice. Regardless of the mechanism, 
extensive patches of phytoplankton are found in eariy spring 
in the open waters of the marginal ice zone, polynyas, tidal 
cracks, and other gaps wilhin the ice pack. The localization 
of this concentrated food source can attract herbivores and 
their predators, bringing a wide variety of organisms into 
open waler areas and exposing them to higher UV levels. 

Coastal polynyas can extend up to 100 km from the coast 
(Gordon & Comiso 1988). These polynyas expose interlidal 
areas where the fast ice pulls away from the shoreline. Daily 
tidal changes and winds can cause a scouring of intertidal 
habitats as ice moves back and forth across intertidal surfaces. 
Therefore, in the early spring, as organisms begin to colonize 
the resulting bare areas of the intertidal zone, they are fully 
exposed to maximum UV levels, especially al low tide. 
During the period of the ozone hole, elevated U V doses may 
disrupt the established temporal pattems of intertidal species 
succession and population development. Once a macroalgal 
community develops, many organisms benefit from the 
protection provided by this canopy layer, but the initial 
effects of direct exposure may be critical. 

Water column 

The transmission of U V wilhin the ocean has nol been well 
documented even though evidence of U V transmission to a 
depth of at least 20 m was reported forty years ago (Jerlov 
1950). Since that time few actual measurements of in-water 
UV intensities have been made (Smith & Calkins 1976, 
Smith and Baker 1979, Smith et al. 1980); most estimates of 
UV penetration have been calculated through the use of 
mathematical models that require inputs of incident radiation 
and various hydrographic parameters (Zaneveld 1975, Smith 
& Tyler 1976). Although a number of studies have pointed 
out the biological effects of UV on marine organisms (Calkins 

1982), UV radiation has only recently been considered a 
significant environmental .stress in biological oceanographic 
studies. The classic example of this oversight is the standard 
methodology used for estimates of in situ photosynthetic 
carbon production. These measurements have traditionally 
been carried out in bottles made from borosilicate, a form of 
gla.ss lhal screens out UV-B and thereby provides an 
overestimate of productivity. Up to a 65% decrease in 
production was observed when phytoplankton were incubated 
in UV-transparent vessels instead of UV-B-filtering glass 
(Lorenzen 1979, Maske 1984). 

A major reason for the lack of in-waler UV-B measurements 
is lhat standardized instruments are nol generally available, 
and the wavelength dependency of biological responses 
requires lhal data on spectral quality be collecled within the 
waler column (Kullenberg 1982, Smith 1989). Broadband 
photodeteclors do not provide adequate information for 
complete biological assessment. During the spring of 1988, 
the transmission of biologically active UV-B wavelengths 
was routinely monitored in coastal Anlarctic waters by 
means of a dosimeler syslem based on a UV-sensitive 
bacterial cell line (Karenlz & Lutze 1990). The results from 
this work indicated thai during the springtime period of 
ozone depletion, biologically active wavelengths of UV-B 
consistently penetrated to depths of 10 m. On some sample 
dates, biologically harmful wavelengths of UV-B were 
delected lo 20 m. 

The initial limitation to the pcneuation of light in the 
Southern Ocean, especially al wavelengths greater than 
310 nm, is the large solar zxjnith angle that results in an 
equally large angle of incidence, increasing reflectance and 
minimizing the amount of light entering the water column. 
Atmospheric and sea surface conditions affect the intensity 
and spectral composition of the incident light, and many 
hydrographic factors affect penetration through the water 
column. These include the spectral characteristics of dis.solved 
substances, the concentration of particulate matter, and lhe 
density and composition ofthe plankton. During the period 
oftheozone hole, Antarctic waters areextremelyu-ansparent 
owing IO low concenuations of cells, particulates and dissolved 
substances; therefore, UV penetration is maximized. 

Two U.S. expeditions lo the Antarclic have measured 
carbon uptake of phytoplankton to assess the effect of 
UV-B on photosynthesis and primary production in the 
Southern Ocean. In one set of experiments, natural 
phytoplankton populations were held in large outdoor tanks 
under UV-B light regimes of ambient UV, enhanced UVor 
no UV (El-Sayed et al. 1990a, b). Results indicated that 
ambient and enhanced UV levels decreased carbon uptake 
relative to u-eaunents lhaidid not include solar U V radiation. 
Changes in pigment concenuations resulting from the various 
UV exposures were also investigated; it was found lhat the 
phytoplankton do respond to UV sU-ess by shifting pigment 
contcntof cells (Bidigare 1989). A second study of natural 
phytoplankton populations incubated at specific depths within 
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the water column under ambient light with or without 
filtration of UV-B showed that UV-B inhibited photosynthetic 
production most significantly in the upper few meters ofthe 
water column; no effects were detected below 20 m (U.S. 
National Science Foundation 1989). 

Mixing is an important factor to be considered in determining 
the UV do.se received by an individual organi.sm within the 
waler column (Kullenberg 1982, Bidigare 1989). Except for 
a few buoyant organisms and floating eggs and larvae that 
remain al the surface, most pelagic organisms do nol remain 
at fixed depths but are carried up and down through the waler 
column by various physical processes. Shallow mixing 
layers are established wilhin 30—50 km of the ice edge as 
melt water stratifies and stabilizes the water column. This 
phenomenon facilitates the development of the ice edge 
phytoplankton bloom (Sakshaug 1989, Smith & Nelson 
1985). The depth of the mixed layer affects the availability 
of light for photo.synihesis as well as the duration and 
intensity of UV exposure. Estimated limes for mixing from 
the surface to the bottom ofa lO-m surface layer can range 
from 30 minutes to several hundred hours (Denman & 
Gargell 1983). Furthermore, many zooplankion species 
undergo an active vertical migration in and out of the 
euphotic zone on a diurnal basis. Therefore, UV exposure 
cannot be delermined by single-depth assessments of UV 
influence, and residence time within the range of the UV 
photic zone must be taken into account. The mixing a.specl 
may greatly modify the effect of U V; certainly, reduced and 
intermittent exposure times are le.ss harmful than con.suint 
irradiation. Transport to lower depths during daylight hours 
allows time for repair without additional accumulation of 
photoproducts, thus minimizing instantaneous levels of 
damage. 

The tran.smission of U V radiation through the water column 
catalyses a variety of photochemical reactions that can 
significantlyalterwater chemistry. Chiefamong these is the 
generation of peroxidesand free radicals. Laboratory studies 
in mammalian cell systems have shown thai UV irradiation 
of liquid medium near cells reduces the rale of DNA synthesis 
and that this effect can be reversed by the protective action 
ofcatalasc(Dendyeia/. 1967). Research into UV effects on 
aquaticorganisms has focused ondircctcxposurc; ihecffecis 
of UV-relatcd changes in water chemisu^ have been overlooked 
and need to be investigated (Mill et al. 1990). 

Biological factors that mitigate UV stress in Antarctic 
organisms 

Sea birds, penguins, and seals receive the full impact of U V 
exposure when on land, and time spent out of lhe waier is 
usually related lo breeding habits. Nests are built on the 
ground among rocks, and nesting birds have full exposure to 
solar UV. Eggs are protected by the body of the incubating 
parent and a UV-opaquc shell. For birds and .seals, feathers 
and fur should provide adequate protection of the skin from 

UV exposure, bul eyes and noses may be affected. UV 
thresholds for comeal damage in Antarclic birds (penguins 
and skuas) are higher than those of domesticated fowl 
(chickens and ducks) and this has been attributed to adaptation 
for prevention of snow blindness (Hemmingsen & Douglas 
1970). Little information is available for speculation on the 
effects of increased UV levels. There is evidence of UV-
induced carcinomas in agricultural livestock that have been 
translocated from temperate to tropical areas where they 
receive higher daily doses of U V (Daniels & Johnson 1987); 
however, extrapolation to Antarctic mammals and the ozone 
hole phenomenon is tenuous. 

Algal, inveriebrale, and olher vertebrate marine species 
also have various degrees of protection provided by outer 
cell layers, exoskeleions, skin, and scales. These protective 
features are species-specific. Under equivalent UV exposures, 
actual biologiail doses received will depend on the differential 
U V screening properties of extemal layers. A recent survey 
of Antarctic invertebrates and algae (Karentz et al. 1990) has 
shown lhal these organisms contain UV-absorbing mycosporinc 
amino acids (MAAs) similar to those of u-opical and lemperaic 
marine species (Dunlap et al. 1989). UV-absorbing substances 
have also been observed in Antarclic marine phytoplankton 
(Mitchell fl/. 1989, 1990, Vemcte/a/. 1989). These 
compounds may act as natural sunscreens, protecting inlemal 
organs and/or organelles from excessive doses of U V. There 
is some indication that the concentration of MAAs in corals 
and algae is related to UV exposure history since decreased 
concentrations have been measured in organisms collected 
at lower depths (Sivalingham et al. 1976, Dunlap et al. 
1986). A similar trend has been recorded for Anlarctic 
phytoplankton (Vemele/a/. 1989). Biochemical protection 
from UV exposure appears lo be a common strategy, but 
relatively little work has been completed on the ecological 
aspects of UV-blocking compounds. 

Preliminary work on the responses of Anlarctic bacteria 
and phytoplankton species lo UV exposure suggests that 
photoreactivation is a primary means of repairing UV-
induced damage to the DNA and ensuring survival of these 
organisms (Karentz 1988, 1989, Karentz et al. 1990). In 
Antarctic marine diatoms, a wide range of UV sensitivity 
occurs between species and laboratory studies have shown 
lhat there is nearly a 100-fold variation in the amount of 
DNA damage induced by UV exposure. No information is 
available on photoproduct induction and repair under ambient 
U V levels in natural systems. A major obstacle to this line 
of research is appropriate methodology. Most laboratory 
experiments on U V photobiology are not suitable for transfer 
into the field. New approaches and modifications of current 
methods arc required to address this problem properiy. 

Antarctic communities have high species diversity 
comparable to other geographic areas, and species are widely 
disu-ibuted (Clarke 1985, Weller et al. 1987). Marine 
animals arc large and abundant; they have long life-spans 
with slow growth and maturation (White 1984). Antarclic 
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species arc derived from temperate slock populations; it is 
estimated that marine biota of the Southem Ocean have 
evolved over 50 million years. During this lime they have 
responded to the gradual cooling of ocean waters and have 
developed adaptations to ensure survival under low temperature 
stress (Clarke 1985). Many Anlarctic marine fauna are 
brooders and do not have pelagic larval stages like many of 
their temperate and tropical counterparts. This particular 
evolutionary adaptation to the cold polar environment also 
offers considerable protection to eggs and embryos from 
excessive U V exposure. Because polar species have evolved 
from organisms originally inhabiting lower latitudes, genetic 
information required for repair and protective mechanisms 
related to UV exposure may have been retained within lheir 
genomes. 

In conlra.si to the marine ecosystem, ice and snow have 
receded from coastal terrestrial areas of Anlarclica only in 
the last 12,000 years. This is a short time on an evolutionary 
scale, and wc can presume that terresu-ial organisms have 
retained UV defenses found in the more northerly organisms 
from which they were derived. Weller et al. (1987) have 
summarized the general aspects of biological adaptation in 
Antarctic species relative lo evolution from eariier 
environments. 

Conclusions 

A major consideration (that generally goes unmcntioned) in 
evaluating the ecological impact of springtime ozone depletion 
is that the ozone hole has now been in existence for over a 
decade. Any biological and subsequent ecological effects 
lhal can result have already been initiated. This is especially 
true for organisms with short generation times such as the 
bacterioplankton and phytoplankton, in which population 
response to environmental stress can occur on the order of 
hours loa few days. Springtime phytoplankton communities 
in the Southem Ocean follow classic .species successional 
patterns found in olher ocean areas. Dominance is continually 
shifting between species, and the taxonomic structure ofthe 
plankton community undergoes major changes during the 
course of bloom initiation, maintenance and decline. The 
ozone hole has added an environmental stress that has mo.sl 
certainly already modified exisiing successional sequences. 

Analyzing the genetic and ecological effects lhat increased 
UV exposure may have had on Antarctic organisms is 
hindered by the lack of UV photobiological research conducted 
before the development of the ozone hole. An intensive 
literature search may be warranted lo determine possible 
u-ends or differences between data sets from the 1980s and 
those from previous years, but variations in locations of 
research, annual pattems ofspecies succession,and methods 
used by different researchers greatly complicate a study of 
this type (Heywood & Whitaker 1984). What is really 
needed is a molecular indicator of U V exposure history that 
could be used on paleological samples collected in ice and 

.sediment cores. Even here, resolution may be a significant 
problem, as we are dealing only with a ten year old perturbation 
rather than changes spanning geologic lime. 

An exciting new development here has been the work by 
Markham et al. (1990) on historical levels of flavonoids in 
mosses. Levels of flavonoids in dried moss samples (Bryum 
argenteum) from the Ross Sea area, collected between 1957 
and 1989, were compared wilh stratospheric ozone 
concentrations over South Pole. Flavonoid concentrations 
increased as ozone levels decreased. Since flavonoid synthesis 
is directly related to UV-B exposure, this approach might 
allow extant herbarium material to provide more 
comprehensive coverage of ozone depiction patterns over 
all of Aniarctica. Indeed, Markham and his co-workers have 
identified a mid-1960's anomaly with unexpectedly high 
levels of fiavonoids which corresponds to a short-term fall in 
ozone concentration over South Pole. 

It must also be emphasized thai the springtime increase in 
UV over Antarclica is a relative temporal shift, not an 
increase in the maximum UV irradiance that has ever reached 
the surface. Therefore, the biological consequences of 
increased UV-B in Antarclica do nol rest entirely upon the 
ability of organisms to cope wilh UV exposure, but on their 
ability to cope with summer levels of U V occurring during 
spring. Wilh the occurrence of the ozone hole, the seasonal 
gradient of increasing UV levels no longer exists; the full 
summer complement of UV can be experienced during the 
initial period of illumination that occurs right after winter 
darkness. This is an important consideration because, although 
there is a large body of literature on the effects of UV on 
organisms, extremely little is known about the adaptive 
responses of marine organisms in the field. Nor do we know 
how much damage is sustained and how much can be 
repaired under Antarclic conditions of ozone depletion, 
short day lengths, and freezing ambient water temperatures. 
The effect of shifted ratios of UV-B to higher wavelengths 
on the balance of biological damage lo photoreactivation 
repair is also nol known. These aspects of UV photobiology 
need to be studied in field populations. We have very liltle 
information about the range of possible UV protective and 
repair mechanisms that can occur in nature or about the 
possible adaptive responses of marine populations to UV 
stress. And we know the least about Anlarctic organisms. 

A large degree of interspecies variation in the efficiency of 
DNA repair, dose responses, and occurrence of UV-absorbing 
substances has been observed in the responses and protective 
mechanisms of the few Anlarctic species studied. Interspecies 
differences in the ability to cope with UV are perhaps the 
most crucial factor in assessing the ecological implications 
of ozone depletion al any latitude. Increased UV-B will 
cause shifts in the taxonomic struclure of communities that 
may be accompanied by changes in the availability and 
nuUi tional value of primary food sources, ultimately altering 
the transfer of energy between trophic levels (Worrest el al. 
1978). We do not have sufficient information to model any 
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such scenarios. At this lime it is as likely that UV-sensitive 
species will be replaced by more resistant taxa that have 
comparable food value and are as easily captured and eaten, 
as that shifts caused by UV stress will result in inedible 
replacement species or a significant decline in productivity. 
To evaluate the ecological implications of continued springtime 
UV-B stress on species associations and trophic interactions, 
research effons need to focus on the quantification of UV 
exposure as modified by the Anlarctic environmeni and on 
the UV photobiology of individual species. Direct investigation 
of UV-B effects on tenesirial, freshwater and marine 
ecosystems and species is a feature of current US, UK and 
Swedish programmes. 
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SCIENTIFIC CORRESPONDENCE 

Delayed density-
dependence 
SIR — Population ecologists have frequently 
failed to detect significant density-depend­
ence, the pivotal prediction of the theory of 
population dynamics, in natural populations 
of animals. Vanous statistical techniques for 
demonstrating density-dependence have 
been described and tested (for example see 
refs 1,2), but many difficulties still remain' 

closely for moths, but we found less delayed 
density-dependence than expected by 
chance for aphids (the model is not very 
appropriate for aphids with several over­
lapping generations per year). 

We are not suggesting that the delayed 
density-dependence demonstrated by 
Turchin is not real or important, but we do 
suggest that the high incidence detected by 
him is due to the selection of forest pest 
species with a tendency towards outbreak 
dynamics. More generally, the kind of data 

DELAYED DENSITY-DEPENDENCE IN INSECT POPULATIONS 

Taxon Number of Significance ObsePi/ed X- P 
species series level fraction 

Moths 357 4.306 0.05 0.045 1.13 0.287 
0.01 0.014 2.84 0.092 

Aphids 92 1.405 0.05 0.022 15.62 <0.001 
0.01 0.004 3.22 0.073 

Lengths of the time-series are from 10 to 24 
Turchin has pointed out̂  that most current 
techniques are unsuitable for detecting 
delayed density-dependence. Therefore, if 
population regulation with time lags is 
common, the overall level of density-
dependence may be underestimated. 

Turchin demon.strated this problem with 
an analysis of 14 sets of time-series data on 
forest insects, eight of which showed clear 
evidence of delayed density-dependence. 
We have analysed a large set of time-series 
data on annual abundances of moths and 
aphids using the light-and suction-trap net­
works of the Rothamsted insect survey" (our 
full analysis will be published elsewhere). 
We have looked at the occurrence of delayed 
density-dependence using Turchin"s method\ 
and present our results in the table. 

We counted the fractions of time-series 
that showed significant delayed density-
dependence at 5 and 1 % levels. (By chance, 
one would expect that 5 and 1 % of the time-
series would show a delayed effect at these 
levels.) The observed fractions of significant 
delayed efiects match the expected values 

Scientific Correspondence 
SciENTinc Correspondence is a relatively 
informal section of Nature in which matters 
of general .scientific interest, not necessarily 
those arising from papers appearing in 
Nature, are published. Because there is 
space to print only a small proportion of the 
letters received, priority is usually given 
according to general interest and topicality, 
to contributions of fewer than 500 words 
and citations, and to contributions using 
simple language. 

If new results are being described, 
priority is generally given to communica­
tions that do not describe work in which the 
author is involved. .'Authors of contributions 
of this nature should explain in a covering 
letter why theirs has a particular claim on 
Nature's space. Contnbutions may be sent 
to referees and. in the ca.sc of matters aris­
ing from material published in Nature, are 
sent to the author of that article for com­
ment. A more detailed guide to authors is 
available from Washington or London. • 

years. 
typically analysed by population ecologists 
are biased towards the most abundant and 
outbreak species, which means that the cur­
rent population-dynamic conclusions based 
on these data should be viewed with cau­
tion''. Our data consist of 'ordinary' insect 
populations, without any bias with respect to 
their abundance or dynamics. 

Our results strongly suggest that delayed 
density-dependence is rare in these insects 
and, by implication, in most insect popula­
tions. Although delayed density-depend­
ence is uncommon in British moths and 
aphids, we do find non-delayed den.sity-
dependence to be common (manuscript in 
preparation). 
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Department of Zoology, 
University of Helsini<i. 
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SF-00100 Helsini<i, Finland 

IAN WOIWOD 

Department of Entomology & 
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DNA damage in 
the Antarctic 
SIR — The Antarctic ozone hole represents 
a cycle of annual springtime depletion of 
stratospheric ozone over the continent and 
surrounding ocean areas, with consequent 
increases in levels of ultraviolet-B radiation 
(UV-B, 280-320 nm)'. The ecological im­
pact of this increased radiation is of particu­
lar concern for Antarctic marine com­
munities, which depend on the productivity 
of phytoplankton at the base of short food 
chains. There has been much speculation 
about ecological effects based on a priori 
assumptions about unique photobiologi­
cal properties of Antarctic organisms. A 
common misconception is that because 
these organisms inhabit an area of relatively 
low ambient ultraviolet intensity, Antarctic 
species may be more .sensitive to UV-B 
exposure than their temperate or tropical 
counterparts-. But Antarctic species are 
derived from temperate and tropical stocks 
and should therefore retain a capacity for 
biochemical protection from ultraviolet 
exposure' and for repair of radiation-
induced damage. 

During l9S7and 19S8 we carried out one 
of the first on-site evaluations of ultraviolet 
exposure and photobiological responses of 
nine phytoplankton species at Anvers Island 
in the Antarctic''. We di.scovered that biol­
ogically effective UV-B can be detected as 
deep as 20 ni during springtime ozone deple­
tion^ and noted tliat the morphology ofthe 
cells influenced the amount of initial DNA 
damage''. The nine diatom species, which 
spanned nearly three orders of magnitude in. 

28 

cell volume with considerable variation in 
surface area: volume ratios, exhibited a 
nearly 100-fold range in the total number of 
photoproducts induced. All species investi­
gated showed evidence of both photoreacti­
vation and excision repair at ambient Ant­
arctic temperatures, but with considerable 
species variation. Chaetoceros neglectus, for 
example, removed 31 % of cyclobutane 
dimers in 6 h but did not repair any (6—4) 
photoproducts; Corethron cryophilum re­
paired 46% of the dimers induced and 94% 
of the (6—4) photoproducts''. 

The ozone hole has existed for more than 
ten years. Obvious catastrophic events have 
not been noted. Our results indicate that 
Antarctic phytoplankton have diverse capa­
cities for sustaining and repairing UV-in-
duced damage to DNA and as a group are 
not defenceless against this environmental 
•Stress. Cumulative biological effects of the 
ozone hole are apparently subtle alterations 
in species interactions, and it may take 
longer than a decade for these perturbations 
to have an observable effect. The UV photo­
biology of individual species needs to be a 
key focus in future research efforts. 
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PLANKTON AT BASE OF ANTARCTIC FOOD CHAIN VARY NEARLY lOO-FOLD 
IN SUSCEPTIBILITY TO ULTRAVIOLET-LIGHT-INDUCED DNA DAMAGE 

Global loss Of protective ozone in the stratosphere allows 

more ultraviolet radiation to reach Earth, and has raised 

concerns about increased human ris k for skin cancer and immune-

system suppression. But s c i e n t i s t s are also worried about l i f e 

forms, including the plants and animals that make up the highly 

productive marine-based food chain o£ Antarctica, where seasonal 

ozone depletion i s greatest. 

In a l l l i f e forms, the genetic material, DNA, can be damaged 

by ult r a v i o l e t radiation, but organisms differ in the amount of 

damage they receive end in their a b i l i t i e s to repair this damage. 

Ecosystem-wide effects of UV radiation in Antarctica may not 

be predictable any time soon. Nonetheless, laboratory studies at 

the National Science Foundation-managed U.S. Palmer Station on 

the Antarctic Peninsula reveal nearly one-hundred-fold differen­

ces in the amount of genetic damage sustained when various 

phytoplankton species are exposed to certain wavelengths of UV 

light 
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i t i s possible that the timing and intensity of the ozone 
hole and the associated increase in penetration by UV-B radiation 
may reduce populations of some phytoplankton species, Karentz 
said, allowing other species more resistant to UV-B damage to 
opportunistically expand their niches. 

I f this happened, the incidence of secondary, domino-like 
effects on the health of animal populations higher up the food 
c h a i n - - k r i l l , f i s h , penguins and whales, for example might 
depend on how choosy k r i l l and other phytoplankton--eating 
animals are about the species they graze upon. 

TO combat DNA damage, phytoplankton, like higher plants and 
animals, including humans, possess DNA repair mechanisms. By 
this measure, too, the diatom species examined by Karentz and 
Mitchell exhibited d i s t i n c t responses. "The capacity of 
individual diatoms to excise damage ranged from negligible to 
near complete removal within six hours," Karentz and Mitchell 
reported. 

Though UV radiation i s damaging to organisms, longer 
wavelength UV-A light also i s required by phytoplankton for one 
type of DNA repair, called photoreactivation. This mechanism 
appeared to play an important role i n the varied rates of DNA 
repair achieved by the diatoms, Karentz said. 

Because phytoplankton also require v i s i b l e light to drive 
photosynthesis and to mend damage to their photosynthetic 
systems, many biologists believe that i t i s important to consider 
the amounts of a l l three of these wavelength bands of electromag­
netic radiation when examining biological impacts of the ozone 
hole. The ozone hole does not affect penetration by UV-A or 
v i s i b l e wavelengths. 

"There i s a growing recognition that we should not Just 
consider direct damage due to increased UV-B radiation," 
according to John J. Cullen, who also studies UV effects on 
phytoplankton as a research s c i e n t i s t with Bigelow Laboratory for 
Ocean Sciences in West Boothbay Harbor, Maine. "In examining the 
ozone hole's effect on biological processes, we should also look 
at the ratio of UV-B to v i s i b l e light and UV-A, and the combined 
effects of a l l three," Cullen told NSF. 

Besides having the a b i l i t y to repair DNA, many antarctic 
organisms produce their own UV sunscreens, as do their temperate 
and tropical water counterparts, Karentz said. Working with 
Walter C. Dunlap Of the Australian Institute of Marine Science, 
Karentz found that 86 percent of 57 species studied produced from 
one to seven previously known UV-absorbing compounds. These 
species included i c e f i s h larvae, algae and invertebrates such as 
k r i l l Karentz and Dunlap alao discovered a new UV-absorbing 
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--^I^J^I^^^^^^S^-conoentrations "''j^^^J^as the ozone shifted 
could change greatly over a period of houre ae rne 
position. 

The average daily UV-B r.diation f^^-^o j . ^ ^ ^ ^ ^ ^ ^ ^ 
64 degreee 46 minutes south latitude, ^ ^ of the 
reaealchers to experience ^ ^ ^ ^ ^ i f J'^J^^^CJ^e during the height o£ 
year, i s about 200 ^ ^ ^ ^ ^ I f ^ f tSrwIn^er Ired^ said. 

summer compared to winter, he added. 

The laboratory experiments of Kar n̂ ^̂^ 
intended to " i ^ ^ ^ ^ " ^ ^ i ^ ^ ^ i ^ ^ J i S J n g r a i o ^ the relative 
column, but Karentz said " J ^ i ^ S d penetrance of UV-B 
eenaitivittes of apeoies to^i!J°'®*^*° 
radiation due to the oasone hole. 

according to Greta -r^V-n 
Texas A & M U^ivereity, who studies marine P y »î aboratory 
associated with antarctic J'^e.J^'^ H I B B . Thire are many 
and field work together make the ^̂ ^̂ ''Ĵ y X t to foous on. 
^Sriabies in the field; lab work can t . i y ^ ^^3, 
The lab work on these species gives a gov 
look for." 

This f a i l . Karentz « i " P^^tVirion 'o"f Vhl'NSrr»rrcr 

r i S r a ^ r ^ d r i r e d n S S ^ t r r i r ^ r impact of the «on. 
hSle on the antarctic marine ecosystem. 

smith will use a underwater spectrophoto^^^^^ M « 
design to obtain the f i r s t IJ^f^i.^^^J^^Joped a portable 
anta?Ctic waters. K;Sr5»m^ae ?o a b!c?e?ium as a proxy for UV 
rnrid2nre.^^?L^ractrr^uS^?e^l l l . l n T , , , , ^ ^ ^ ^ ^ - - ^ 

-more-
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lacking DNA repair mechanisms. Karentz hopes to calibrate her 

l l l l V t I t l l l : ^ T ' . l r s r i r t r S r i e f e l f ini?uliion3^:;here nc 

underwater spectrophotometer i s available. 

Researchers taking part in the expedition will make 
measurements of visible and UV light at "'^^Y^^^Pt^^' ^J®^ 
will study how water circulates and transports Pl^^^^ton. The 
scientists will examine photosynthesis, P̂ 9'"̂ '̂ ^ 
production and DNA damage for a variety of species. 

October stratospheric ozone levels over Antarctica have been 
on a declining trend for at least 10 years, the period for which 
ava?lab?e ozS?e data has been analyzed. "We're ^J^^i^JQ f / ^ ^ i ^ ^ , 
ecosystem that already may have been affected by the hole, Smith 
said. 

-end-
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INTERVIEW 

Barbara Prezelin: 

Taking On 
the Challenges 

Barbara Prezelin is professor of biology at the 
University of Califomia, Santa Barbara (UCSB). Last fall 
she was co-chief scientist on "Icecolors 90," a research expe­
dition to Antarctica funded by the National Science Founda­
tion. Its puipose was to study the effect ofthe ozone hole on 
the growth of ocean plants—the phytoplankton that form the 
base ofthe ocean food chain. The Icecolors team gathered 
groundbreaking measurements ofthe ozone hole's effects. 
These measurements will form an important data base for 
use by other scientists. A highly respected biological 
oceanographer, Prezelin has participated in many ocean 
research cruises and has authored many papers on ocean 
productivity. Editor Mary Batten interviewed Dr. Prezelin in 
her office at UCSB. 

What is meant by ocean productivity? 
Primary production is the measure of the rate at which 

ocean plants grow. 

What role do ocean plants play in the food chain? 
They're the base of the ocean food chain. In the open 

ocean they are free-floating; therefore, they're called phyto­
plankton. They're mostly small, single cells that live in just 
the upper reaches of the ocean where the light penetrates. 
They're productive only in the sunlight region, which is a 
very small lens at the top of the ocean. Their ability to grow 
successfully in that sunlit lens determines how much new 
organic carbon, or foodstuffs, are available for grazers that 
live throughout the entire ocean. 

What is the depth ofthe light lens? 
It varies. Near shore, in very turbid waters, it could be 

just a couple of meters (6.5 ft.) thick. In the clearest open-
ocean waters, it could be 150 meters (493 ft.) at the most. 

Biological oceanographer Dr Barbara Prezelin is in the 
forefront of scientists using a new research technology called 
bio-optics. By examining the colors ofthe wavelengths of 
light coming into the ocean, it is possible to determine the 
rate at which ocean plants grow. 

Compared to the 3,750-plus meters (12,303 ft.), which is the 
mean depth of the ocean, it's very thin, but it's the most bio­
logically dynamic area. It's the activity in that thin, sunlit 
lens between the depths of the sea and the atmosphere that 
supports much of the biological activity in the ocean. 

How does the process work? 
Basically, carbon dioxide (CO2) from the atmosphere 

comes into equilibrium with the water. Then, the plants 
take up this gas and convert it—^wii h the aid of sunlight— 
into an organic form that can be simply consumed. This is 
the process of photosynthesis. The rate at which this carbon 
is fixed, as we call it, is often directly proportional to the 
amount of oxygen that phytoplankton put out. 

How do you measure the productivity of ocean plants? 
You can measure it in two simple ways. First, you can 

measure the rate at which carbon dioxide (CO2) goes into 
a phytoplankton cell and becomes fixed or you can measure 
the rate at which oxygen comes off. We're also working on 
a new way of measuring production by determining the rela­
tionship between the amount of light that goes into the 
water column, the amount of light that is absorbed by the 
phytoplankton to be used in photosynthesis, and how effi­
ciently that light is used to form organic carbon. This is 
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what we call a bio-optical model; and we already have a few 
that are quite successful in Umited regions of the ocean 
where they've been tested. Our goal is to have bio-optical 
models to predict carbon production,throughout the ocean. 
Second, because this is an optical technique, we can use all 
kinds of optical sensors, whether they're on satellites or 
moorings, to get much greater coverage than we can obtain 
by taking a one-bucket sample out of the ocean. With bio-
optics we can look over large areas of the ocean and see 
how much light is going in, estimate how much is being used 
to drive photosynthesis, and how much carbon would be 
fixed at different locations. Then we'd have a beautiful 
aerial map of production, which could change day to day. 

Is this what inspired the name of your previous project called 
"Watercolors"? 

Yes. My colleague Ray Smith from UCSB's Center for 
Remote Sensing and I have a longstanding collaboration on 
field expeditions. The purpose of all of our expeditions has 
been to better understand how water optics—the colors of 
wavelengths of light coming into the ocean—effect phyto­
plankton growth and, in tum, to be able to predict the effect 
of phytoplankton growth on the ocean color, which can be 
routinely "seen" by remote sensing from moored optical 
instruments or a variety of aerial flyovers, including satel­
lites. Our initial work off Califomia was so encouraging 
that we received funding again from the National Science 
Foundation to apply the same approach to Antarctic phyto­
plankton. Thus, our "Watercolors '88" became our "Icecol­
ors '90" expedition to Antarctica. 

What was the goal of this project? 
We wanted to look for the effect of increased ultraviolet 

(UV) light—due to a loss of ozone—on the water-column 
dynamics of production, without being misled by the natural 
variability in the ecosystems. Our experience in "Watercol­
ors '88" and "Fronts '85," another earlier study, was very 
important because both of those projects were carried out 
in highly variable regions of the ocean where you have 
water boundaries between a warm-water mass and a cold-
water mass; and we would look at how you could predict the 
variability across that region. But the ozone area is really an 
atmospheric front. There is a very sharp boundary marking 
the inside of a hole, in which the ozone has been severely 
depleted, and the outside of a hole, where it has not been 
depleted. Since this hole is not a stable feature of the 
Antarctic, but rotates and wobbles, we could approach it the 
same way we had approached a water front. Basically this 
involved staying at a single location, letting the ozone hole 
move around us and then following the variability, taking 
measurements inside and outside the hole, and comparing 
the differences. It's the difference that gives you the real 
sense of how much effect the diminished ozone has. 

What was the status of the hole when you were in Antarctica 
lastfall? 

The surprising thing was that last year the ozone hole 
formed earlier, was deeper than ever reported before, and 
lasted longer. This enabled us to see several cycles of the 

ozone hole oscillating over us. We could repeat our experi­
ments two to three times on both sides of the hole so that 
we could have some sense of replication of our observa­
tions. We weren't taking single observations and mnning 
with them. 

What were some of the first-time-ever types of measurements? 
An instmment called LUVSS, which stands for Light and 

Ultraviolet Submersible Spectroradiometer, allowed us for 
the very first time to clearly measure how much ozone-
dependent UV light is actually getting into a water column 
at any given time. This optical instmment measures all the 
colors of light coming into the ocean, which can be divided 
into three spectral regions. The visible region (colors we 
see with our eyes) is called photosynthetically available radi­
ation (PAR), as this light is used by plants to drive photo­
synthesis. Ultraviolet (UV) light is of higher energy than 
PAR and is capable of dismpting biological activities inside 
living cells. UV-B radiation is part of ultraviolet light, and it 
is this light which strikes the Earth in increasing amounts 
when the ozone thins. UV-A radiation, also part of ultravi­
olet light, has an energy between UV-B and PAR and is not 
affected by the thiiming ozone. Depending upon the organ­
ism, UV-A light that strikes cells may be absorbed by natu­
ral sunscreens, used for photosynthesis, and also do biologi­
cal damage. Before our fieldwork was done, we didn't know 
the balance of light colors that the phytoplankton were see­
ing on a moment-to-moment, day-to-day basis. This work is 
very important for characterizing underwater light fields, 
and the information can be used to assure that laboratory 
studies are done in the realm of environmental reality. 

The LUVSS instmment, which is a one-of-a-kind optical 
instmment designed and built by Ray Smith's group, was 
attached to an ROV (remotely operated vehicle) with a 
video camera and deployed at sea with a tether. We were 
thrilled to see instantaneous readouts of all of the underwa­
ter light-field data as the ROV was brought to depth and 
then allowed to rise to the surface. We could take light 
measurements for several kinds of water that you encounter 
in the Antarctic ocean in the spring: clear, open water; 
water covered with many kinds of patchy ice; and right up 
imder the ice, where often a lot of phytoplankton are con­
centrated. So Ray Smith's group will now be able to get the 
precise color exposure rates for different kinds of Antarctic 
marine environments. 

The other new instmment was an on-site mooring system 
that we call MATWINGS in honor of my technician Allen 
Matlick, who designed it. At a given depth, you can deploy 
three wings, which are incubation containers with phyto­
plankton samples from that same depth. You can see how 
fast they grow, what kind of pigment changes occur and 
what kind of damage takes place. The difference between 
the three wings is that one wing will let in all the UV-A, 
UV-B, and photosynthetic light; another will let in only 
UV-A and photosynthetic light; and the third will let through 
only photosynthetic light. So we can use that data and plot, 
as a ftmction of exposure, how much inhibition of plant 
growth we actually observed on site. 
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Icecolors 
Oct-l.V90 

During the "Icecolors '90" expedition to Antarctica (September-
November, 1990), the scientists and crew of the research vessel Polar 
Duke repeatedly crossed the marginal ice zone of the Bellings­
hausen Sea. The multidisciplinary team measured the effect ofthe 
ozone hole on ultraviolet penetration into the Southem Ocean and 
its impact on the growth of springtime phytoplankton. 

What effect does the increased UV-B, due to the thinning ofthe 
ozone hole, have on ocean productivity in Antarctica? 

Comparing results from inside the hole to outside the 
hole, there is definitely a negative impact on the production 
rates of the phytoplankton inside the hole. I'm a little cau­
tious right now about saying how much, but even a small-
percentage impact is significant when you take into account 
that similar areas surround the entire Antarctic. It's harder 
to extrapolate from that what the food-chain consequences 
will be because a lot of the food-chain dynamics aren't 
clearly sorted out for the Antarctic. Our major job was to 
get a data base that's objective and unrefutable and, there­
fore, useful for trying to make a policy decision. 

How can the study of these very tiny plants—the phytoplank­
ton in Antarctica—help us to gain a better understanding of 
global warming? 

Phytoplankton are considered one of the primary sinks 
for atmospheric carbon, in part because they tum it over so 
fast. In fact, cities that want to reduce their carbon load are 
advised to set out rapidly growing plants that can be clipped 
frequently and renourished. In that sense, phytoplankton 
play a really important role, but it's difficult to put a number 
on it. I don't think the solution to global warming is to 
increase the carbon sink of production in the ocean. It's 
clearly been shown that increasing global warming—^while 
increasing the inorganic carbon potentially available to phy­
toplankton—^will not enhance a rate of production suffi­
ciently to do away with more than a very small part of the 
problem, naturally or artificially. Instead of looking at the 
ocean as a potential future sink of more and more carbon, 
we're better off trying to do what we can to curb the 
sources, reduce the emissions and conserve on that level. 

We'd have a much larger impact on global warming by 
controlling the beginnings ofthe problem rather than trying 
to find a garbage pile to dump it in at the end where the 
consequences are unknown. Nature has an incredible heal­
ing capacity, but in the case of global warming, unlike many 
other environmental threats, the rate of change is so fast 
that it is an imminent threat. Therefore, we have to pro­
ceed as if the worst-case scenario exists because the rate of 
change could be so quick that it could get beyond us. 

Can you relate your data on reduced productivity to the argu­
ment for stopping the production of chlorofluorocarbons 
(CFCs)? 

At this point it is a verifiable fact that when the ozone 
hole opens over the Antarctic, there is a stress on phyto­
plankton vitality which results in a reduction of productivity. 
It's in our best interests to reduce the output of chemicals 
that reduce the ozone, but I am also very aware that Third 
World countries may pay a higher price than we do; and I 
have trouble with how you make that all happen fairly. 

You 're now well established in your field, but did you 
encounter difficulties along the route? And do those difficul­
ties still confront women who go into science? 

The nature of the difficulties has changed, and the 
opportunities are better than they've ever been, but they're 
certainly not on an equal par with those available to men. 
It's not a sex-blind business, and until it is, women will 
always face special limitations that they'll have to leam to 
deal with in addition to all the other job skills that go into 
this business. In my particular case, I always did very well in 
my classes; so on a competition scale, I could always hold 
my own. Where I felt limited was in the eyes of the behold­
er. The expectations of me were limited. The considera­
tions to include me were generally afterthoughts, if they 
even occurred as afterthoughts. The initial kinds of job 
offers that came my way were definitely a scale below those 
offered my male colleagues; and to my disappointment, 
many of the professors whom I admired felt that those 
lower-scale offers were really wonderful for me—to take a 
teaching position, for example, because I could have my 
children in the summer. I don't think I would have entered 
this business if I weren't naturally comfortable in the com­
pany of men and enjoyed things such as technology and sci­
ence and pragmatism and making things happen. Those are 
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things I've always enjoyed, so I was comfortable; but the 
clear feeling that people are not comfortable with you— 
particularly if you maintain your femihinity—^was bother­
some. 1 couldn't see sacrificing my femininity, and I never 
have. 

Before I left for Antarctica, my daughter Christine drew 
a picture of our ship, the Polar Duke. At the bottom, in big 
bold letters, it says, "MY MOM." I felt very proud to put 
this picture on the door of my cabin. I felt proud because 
that was my daughter's view of me, and it seemed rare that 
a daughter can have this view of her mother. I also felt very 
comfortable with my own position as a leader and a deci­
sion-maker, while at the same time being a woman in the 
minority in a field that's usually dominated by men. I felt 
very comfortable displaying this picture, which is very femi­
nine and very personal. I was also highly rewarded by crew, 
colleagues and students who just loved the picture. And it 
cheered me on lots of days. So it was sort of my emblem, 
and I will always treasure it. 

What advice would you give young women who want to go into 
the sciences? 

The best preparation is an enthusiasm for the subject 
because that's what keeps you going through thick or thin. 
On top of that, you need a willingness to put in very long 
hours and to know that success will require you to be in the 
upper reaches of your class, not the mid-reaches. You also 
need to persevere, to study, to help each other, and to try to 
become sex-blind as quickly as possible. It's much more 
rewarding to become sex-blind in your work so you're not 
contributing further to sex barriers. Women also need to be 
willing to speak up clearly when something is not working 
well for them. 

You \e been an educator for 15 years. How would you assess 
the state of science education at the college level? 

It's certainly getting better, in part because of the heavy 
emphasis on the science program and the quality of enter­
ing students, at least in the environmental sciences. The 
average knowledge about the environment and break­
throughs in science and medicine strike me as far more 
sophisticated than when I was that age. People seek out 
scientific information. The media has a lot to do with it 
because the media personalizes science. It shows people 
how science relates to them and how it could impact their 
health and well-being. If we raised our expectations of sci­
ence knowledge publicly and in schools, the students would 
be able to meet them. We need to increase our expecta­
tions of what people should know, rather than compromis­
ing it in order to meet an average interest level. 

How does the instantaneousness of communication impact 
you as a scientist? 

With the ability to keep society as a whole up-to-date 
on a day-to-day or hourly basis, there is pressure to give 
an opinion before you've had the time to process the data. 
You're aware of the urgency, and you're aware of your 
responsibility, but you risk making a terrible mistake if you 

don't get the time to consider the information. Everything 
would be better if we were allowed time for consideration 
before we had to give conclusions—^whether it's science or 
politics. We're going to pay a price for giving conclusions 
without fully considering a subject. 

What does the public need to understand about the scientific 
process with respect to communication of conclusions? 

They should be very skeptical of sweeping generaliza­
tions that come out in the media. The public should have a 
wait-and-see attitude before they incorporate any findings 
into their personal choices and their political action, partic­
ularly if the findings are meant to politically motivate. Most 
of the public is sophisticated enough to know that the pur­
suit of scientific fact takes time. I really put the burden of 
responsibility on the science writer because that individual 
has a tremendous influence. Science writers need to know 
enough about science to understand when they have a com­
plete story or when they just have a fancy headline. 

What do you try to achieve with the teams that you take on 
expedition? 

The kinship that we feel with each other is a key ingredi­
ent in our success because it keeps us working together, 
keeps us consistent. During "Icecolors '90," my goal was to 
help the group become interdependent in a good way, to 
constantly raise the challenges and the responsibilities of 
everybody. When the cruise came to a close, I tried to 
make some notation to myself as to how successful I 
thought it was. Clearly it was technically successful—in 
terms of taking complex, state-of-the-art equipment into a 
challenging environment and making it all work at once, 
which was one of the big demands. There was the personal 
satisfaction in doing what many said couldn't be done, and 
doing it well with a group of people who were great going in 
and were even better coming out. 

My feeling for my own students, as well as for many of 
the other people I got to know on the expedition, is a sense 
of pride in being on the same team with them. I will always 
be very proud of my students because I feel that they've all 
shown that they have the capabilities to be really fine 
explorer scientists. What I noticed in them that I admire 
personally, is that they not only reaped benefits and advan­
tages from being a team, but that they recognized it and 
have made personal choices as to how they would set up 
their own research programs where talented, interdepen­
dent people, working together cooperatively—rather than 
competitively—can do excellent science and enjoy it and 
have a lot of personal growth at the same time. Science can 
be so good in all aspects, and that is not necessarily the his­
tory of science; but it could be the future and we would all 
benefit if it were. I enjoy going to sea, both for the science 
and for the sense of growth. The beauty of Antarctica made 
me feel very overwhelmed and very joyful. It was as if I had 
been blind and was given the gift of sight for the first time. 
I like to be challenged and to see what I can do; and there's 
nothing like success to make you want to try again. 
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