
ulation: Yanusari found that February 
characterizes the beginning of the El Nino 
cycle (29), and that in February (i) the 
amplitude and variability of the principal 
interannual atmospheric mode associated 
with the SO are highest (30) and (ii) the 
tropical convection that may lead to the 
onset of El Nino-Southern Oscillation 
(31) is strongest (31, 32). 

In conclusion, we have shown that an 
equatorial climatic mechanism produces 
strong variations of PP in the Indian Ocean. 
This mechanism is directly related to inso
lation and independent from global ice vol
ume variations. It may be linked to past 
dynamics of the SO. If this mechanism 
acted over most of the equatorial ocean, the 
related PP variations could have produced a 
significant effect on global climates. 
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1 opulations of marine organisms are typi
cally much more open than terrestrial pop
ulations. The great majority of species have 
a dispersive pelagic larval stage, and many 
also disperse as eggs. Currents transport eggs 
and larvae, sometimes for long distances, 
generating interconnections among areas 
(I). Strong connectivity among areas im
plies that local populations may depend on 
processes occurring elsewhere. Consequent
ly, local management initiatives may be 
ineffective in providing local benefits (al
though they may benefit other areas), and 
thus an increase in the scale of management 
may be necessary. Large-scale connectivity 
means that populations will often straddle 
political boundaries, sometimes several, and 
identifying which nations need to collabo
rate may seem to be a daunting task. 

If a simplifying assumption is made— 
namely, that larvae are dispersed passively 
by currents—then surface current patterns 
should reveal routes of larval transport and 
patterns of connectivity (Fig. 1A). Poten
tial connections among areas of the Carib
bean (2) were mapped for dispersal periods 
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of 1 and 2 months, which encompasses 
larval duration for the majority of reef spe
cies (3). For 18 locations with coral reefs, 
"transport envelopes" were mapped from 
which larvae spawned elsewhere could po
tentially arrive and to which larvae 
spawned locally could potentially be trans
ported (Fig. 1, B and C). Measures of reef 
area within these envelopes reveal that 
from place to place in the Caribbean, there 
is an order of magnitude variation in both 
upstream and downstream reef area (Fig. 2). 

Upstream reef area provides an indica
tion of potential larval supply. At the low 
end of the scale, Barbados is almost entirely 
dependent on local larval production to 
replenish populations. By contrast, Andros 
Island, in the Bahamas, and reefs in the 
middle Florida Keys can draw larvae from 
very large catchments. Places with large 
upstream reef areas should be more resilient 
to recruitment overfishing (that is, fishing 
at intensities high enough that populations 
are limited by insufficient reproduction), 
because depletion of local populations may 
be offset by inputs of offspring spawned 
elsewhere. For example, Jamaica's reefs 
have been intensively fished since the end 
of the last century (4). Populations of many 

Connectivity and Management of 
Caribbean Coral Reefs 

Callum M. Roberts 

Surface current patterns were used to map dispersal routes of pelagic larvae from 18 
coral reef sites in the Caribbean. The sites varied, both as sources and recipients of 
larvae, by an order of magnitude. It is likely that sites supplied copiously from "upstream" 
reef areas will be more resilient to recruitment overfishing, less susceptible to species 
loss, and less reliant on local management than places with little upstream reef. The 
mapping of connectivity patterns will enable the identification of beneficial management 
partnerships among nations and the design of networks of interdependent reserves. 
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fish snecies on the  north coast are allnost 
entirely nonreprod~~ct ive .  as virtually all 111- 

divlduals are caught before sexual matuslty 
(5). Such must he maintaineci 
hv span.ning elsewhere. T h e  north coast of 
Jamaica has a relatively large upstream reef 
area, notablv containing lightly tisheci reefs 
of the  Turks and Caicos Islands (Fin. 2 ) .  In  ~. 
contrast to  Jamaica, locations with little 
upstrearn reef xvill he Inore vulnerahle to 
recr~utment  overfishme. 

A corollar\. is that places 1 ~ 1 t h  large up- 
stream reef areas shoulci be less denendeni 
o n  local management to  support fisheries or 
maintain biodiversity, whereas local man- 
agement m-ill he 17er\- ilnportant tor places 
\\,lth little upstrearn reef. 01.eriisliing has 
eliminated lnanv larpe and vulnerable fish , &, 

specles from hroaii areas of the Caribhean- 
for example, groupers of the  genus hiyctero- 
p e ~ c n  (ti). If a species like this xe re  lost fl-om 
Barbados, it m ~ g h t  be a T7er\- long time 
before the  population could he reestah- 
lished hv larval input from else\\-here. .A 
lack of larx-a1 supply 1s proliahlv resk~onsihle 
tor the  slow rate of recovery of populat~ons 
of large groupers after the  establishment of a 
no-take illarlne reserve in Saha ( 7 ) .  an  is- 
land ~ v i t h  little upstream reef (Fig. ?).  

Differences 111 do\\-nstream reef area a t  
an  order o t  magnitude can be expectecl to  
affect the  performance of marine reserT7es, 
areas closed to  fishing. Larval export pro- 
vides the nlechanisln by n-hich reserves can 
enhance t ~ s l i e r ~ e ~  (ti. 8), but ~t could also 
mean that populations ln  reserves ma\- not 
be se l f - s~~s r~~ in ing .  Replen~sh~l ient  is likelv 
to <iepend, to a greater or lesser extent, o n  
larval input from other sixlrces. C inse -  
a~ient ly ,  isolated reserves will nor neiessar- 
i l ~ .  m a i r ~ t ~ ~ i n  lxoijlr-ersity ol.er the long 
term, anil there is a need to establish net- 
a-orks of in terde~eni ient  reserves. This 
study suggests that reserves located 111 areas 
\mth laree do\\-nstream reef area mav be 
lilghly effective at supporting populations 
and f~sheries elsebyhere. hfch?anus (9) and 
A~lcA~lanus and h?efiez ( 3 )  have used such 
arguments In proposing the Spratly Islands 
111 the South China Sea as a reserl-e that 
\\-ill benefit the fisheries of many neighbor- 
IIIQ co~n t r l e s .  

T h e  asscmption of pass~r-e larval dlspers- 
a1 n-as necessary to make analysis of larval 
transport routes teasihle. However, larvae of 
lllany species are likell- to actively i n i l ~ ~ e n c e  
their dispersal to some extent,  usually in the 
directloll ot greater local retention ( 12-1 5). 
Consei i~~ent ly ,  for most species the passive 
transport envelopes deiined represent upper 
bouniis to connectivitj- (maximum interac- 
tion distances) for larval durations ot 1 anil 
2 months. 

T h e  use o i  c~ir rent  patterns to lllap link- 
ages ami)ng reefs could aid the Liesign of 

reserve nctn.orks. I11 areas with nonselec- lived, late-reproducing species such as man\- 
tive, mult~species fisher~es ( that  is, most groupers (6) .  For reserves to  interact cffec- 
regiors with coral reefs), reserves may be ti\-ely in maintaining l~~odiversity,  they 
the only mealls r>f prcitectlng large, long- need to  he locateci close enough together 

Fig. 1. :A) Malor surface current paterns In the wder Carbbean reglon :2). The tall length and th~ckness of 
arrows are approxmaiely proportona to c,lrrent strength. There are !,weak nearshore countercurrent flows 
along most coastl~nes, cut olj,!lng to scae constPalnts they are only sho\,vn for a few areas on ths map The 18 
study ocaions are shotj*!n cy dots. (B) One- and 2-rr~onth envelopes of porent~al larval transport showng 
upstream areas frol-i ,fl!hlch larvae could be mpoled to s x of the 1 S locat'ons stud ed. Transpori envelopes 
!,were calculated w~ih :he use of detaed data on current patterns and strength (2) surroundng each locat~on 
and the d~srances a passvely transported a~:a  could tral.,e to or from that po~ni, calculated for 12 dfferent 
drections around the compass, using the current speeds and the areas over \which they would be exper- 
enced ;vih~:i each sector iCi One- and 2-vonth en\.,elopes of potental larval transport sho\h/ng downstream 
areas to whch larvae could ce exporied 'rom the s a r e  SIX of the 18 Iocatons studed 



that the\- can obtain larvae trom upstream Florida Keys al-out eenetlc ~ a t c h ~ n e s s  in 

to Interact treyuenrly wit11111 the ?-month 
lar\-a1 transport envelope. t l i t  d i a t a~~ces  de- 
fined 1'y the 1-month envelopes prohahly 
represent a safer maximum Interactloll ills- 
tance ( tha t  is, minimum inter-reserve dis- 
tance!. Average in te rac r~ i~n  distance'; \\.ere 
145 lini tor the  1 - n ~ o n t h  envelope (1-0th 
suppl7- and ile11ver)- o i  1ar~-ae! a r d  112 and 
119 km ior the  2-month er~velope (suppl\- 
and deli~:ery, respectively) ( I  6). 

S~u iace  currents are 1-ectors of gene tlon- 
for lliarllie species n-it11 clispersive larvae, anil 
future research into patterns o t  generic sim- 
ilarity could test the 1-alidity of the transport 
e n ~ e l o ~ ~ e s  described. Measured interaction 
distances among reets imp1)- high rates of 
gene flony leaiiiny to gelietlc s~~ni lar i tv  at a 
regional scale; this expectatloll has heen 
co~itirmed hy several stltdies ( 1  7-2 1 ) .  Sl1u1- 
Illall dliL1 Rermi~lglialll ( 2 2 )  recently folincl 
that gerietic similarity among p o p ~ ~ l a t ~ o n s  of 
eipht fish ,~>eciec f;.i>m six areas i1f tlie Ca- 
rihl.eali did not obviously retlect current pat- 
terns. T h e  llioct likely explanation ia that the 
species e ramine~ l  \\-ere gooil Llispersers. Ho\v- 
ever, a fe\v >tuL1ies lia\-e sho\vn regii,~?al ge- 
lietic dltferentlation ( 2 3 .  241, suggestill the 
existe~lce ot pcll~ulation-iiolat~~lg mecha- 
n ~ s m s  >ucll as limited larval dispersal. Genet- 
ic data are likely to reveal transport routes 
mo,t ciearly fix 5pecic.s that 1-el~al-e in xays 
that enhance local retention, thus i ~ i c r e ~ ~ s i n c  
tlie number of generatio~ii required to circuit 
tlie rezlon. 

hIapped tramport ell\-elopes provide 
nen. ilislght into pu::li~iy results from the  

poyular lo~~s o t  a damselflsh species, Srep.stss 
bici.tit~is. Lacson and h'lorlzot (75) l i~ent~i ' iec~ 
s ig~ i~f i ca~ l r  genetic dltterences liern-een p ) p -  
~ilations separated by only a ten- kilc>meters. 
They reaso~leii that these pL~pulations had 
dlr~erged as a result o t  a local gelletlc hot- 
tleneck caused bv d~s tu r l~ance .  Lq ssl~llnler 
c~lternarive is that one sample i i r~g~na te i l  
through settlement from Central X ~ l ~ e r i c ~ ~ n  
sources ~vliile the  other came fsom the Ba- 
l~amas.  Reek in the Keys call be supplied 
1v1t11 lar\.ae fr1.om either area, but connecti\-- 
itv l ~ e t \ \ - e e ~ ~  the Baliamas and C e ~ ~ t r a l  
A 4 ~ ~ i e r i c a  is limited, sl~ggesting the  rosibil-  
ity of generic difkre~ltiation o t  source pop- 
~ilations. Tmo generations later, the  genetic 
difference 1?et\vee11 ro~xilarions of this 
short-lived specles Ll~sapreared, suy~est ing 
subsequent recruitment to 13otll from a sin- 
gle source region. 

Patterns of i n t e r c o ~ ~ r ~ e c t i o n  among ma- 
rlne resource, have long been recog11i:ed 

a11 1lllCOl.tdlit Illdlia~elliellt COl iCt? l . l l ,  hlit 
little act1~)11 llac been t a k e ~ i  any~vliere to 
11nk u13 managerne~it  iliitiatlves acrobs 111- 

t e rnc~ t io~ ia l  houndar~ea.  Tile taak of ~ c l e ~ i -  
tifving linltages has seemed Llauntlng, a1ic1 
the  problem ot reachi~ig  a n  agreemenr 
al3out ma~iagement  among a plethora o t  
d~t tere l i t  n ~ ~ t ~ o ~ i e  almost intractable. Map- 
ping conliectil-~tv patterns will enable tlie 
~ d e n t ~ f i c a t i o n  i>f key mallaeelliellt partner- 
clilpq tliat ~ h o ~ i l i l  1-e fi>rged alllong Carib- 
hean atatec. Kurnl3er. i>f core upstream 
pc~r tne r  nations-that is, those locateLl 
\ v ~ t h i ~ i  the  1-11lonth envelope of larvCd 
trc~nspi~rt-vary bet\\-eel? 2 a ~ i i l  6 ,  ~v l t l i  '111 

average of 1 .1  liatic,ns (22.4 SE) per reef 

Fig. 2. Cofnoar~scn ct ' -  Andros 1s.. Bahamas 
mcnt- :sol~cl bars: ancl i- 
,nor-th i:oen bars! anal  
transport envelopes sh:>::- 
n g  ~lpsirealn and clov~n- 
streafn reet area for each c i  
t-e 18 ccaticns st.:diecl. 
ranked I -  crcler ot clecreas- 
I -g  uostream ree' area. 
Reef area IS calculated as 
an nclex sR:v,ng ihe nLlfn- 
be( of 1'4'  ai~t.:de !ao- 
proxil~ately 28 cy 28 kml 
c e s  C:I-tainng coral ree's 
t-at lie n s ~ d e  eat,- enve- 
cpe,  ~pst rear? fee' area Flovier Gardens 
prcv~des an ncl~cai~on of 
ihe likely I-Yignli~de c' ar- Banco de Serranilla 
\;a in1p:li i o  a ccailc". 
Co:.,nsireaii reef area oro- 80 70 60 50 40 30 20 10 o 10 20 30 40 50 60 70 80 90 
\ides a n-easure ciii-le l i e  Upstream Downstream 
iiiood cf a aria spa:..ned reef area reef area 
a i  a oartcular ocaion find- 
ing a reef :n :.,hch to settle al-d 1i.e. Bciii upsiream ancl clo,::nsirean reef area ?a? a1n:ng ccatcns b!< al- order 
of lnagntude. Alth:.:g'i areas :.,thn dynamc current feids tend to b a e  arger .losirean- and Uc?~nstreani reet 
area iiian tii:se n *;,!ea.ter ci,r:ent f~elcls t i e  sil-;.iar-ity in size :f areas of oc ienta l r p c ?  an:: exo:ti IS *;,!ea.c 
~Spearlnan s rank correlate- cf uostream "!ersus d::.,nsirealn ree' area = C.49. F = 0.823: 

partners-that is, t l ~ o s e  n-ithin the  2 -  
month  e n v l e - i ~ c r a s e s  the  average 
number o t  partner llatlolls ti) 3 . 5  ( k 2 . 4  
SE) ~ v i t h  'I range of 1 to  7 .  For example, 
core m a ~ ~ a g e m e ~ ~ r  partners for the  C.S.  
L.irgi~i 1~1~11iLls 1vo~11d i ~ l c l ~ ~ d e  P ~ ~ e r t o  Rico 
and the  British Virgin Islands; inclusion o t  
partners n i r l ~ i n  the  ?-month transport ell- 
velope ~vo~ilcl  ailil St .  A'larrin, L q ~ ~ g ~ ~ i l l a ,  
anil t he  N e t l ~ e r l ~ ~ r ~ d s  Ar~rilles (Fig. 1 ,  E 
and C). A regloll like the  Caril.l.ean ail1 
c~111tain many such local ~ ~ e t ~ v o r k s  of man-  
agement partners, each overlappiry oth-  
ers. For a region so politically diverse, the  
numbers of narrller natii>ns \virhin local 
lllallagelllellt ner\\,orks are actualll- rather 
sniall anii lie ne l l  within the  bour~ils o t  
pract~calit \- .  

A great deal more research \vill be need- 
eil to clerermine iust 11011- much influence 
species 11~1\-e over their Liisrersal as larvae. 
Thiq studv suggests that ,  ~ \ ~ e 1 i  n ~ t h  pacsive 
di,persal, interactioli d ~ s t a ~ i c e c  amon? 
reefs are gerierallv r e l a t i ~ e l ~  short,  and for 
~ n a r i n e  recerves to  he effective tllev 1leeL1 
to  1.e estc~blislieii iri ilen>e netnixks  span- 
l i ~ n z  in ternat lo~ial  coalitions of m ~ ~ r i ~ ~ e e -  
merit p~Irtners.  For those cases n~here  ac- 
t ~ \ - e  clisper5,il enli,ilices local retelition, 
e f i ' ec t i~ ,~  Interactloll i l ~ s t a ~ l i e s  \\.ill beco~ile 
smaller, and tor recervec tc, eftectivelv sup- 
port populat~onc in  i3tller reserves, tliey 
n.111 need to  be e v e ~ i  Inore clo,selv spaced. 
T h e  mo>t  i ~ n p o r t ~ ~ ~ i t  i ~ l i p l i c ~ ~ t i o n  of yreater 
local r e t e~ i t lon  ic that  li>cdl m a ~ i a e e m e ~ i t  
action< are likely to  generate larger local 
benetits. Thic ic ci)oL1 rie~vs tor tliose hop- 
111g to Ixliet'it local t l s l ler ie~ h\- creation i>t 
no-take reserve>. It  is good neu-s alee for 
places u - ~ t l i  vex\- llttle upstrecIm reef area. 
It meana that in  >ucll areas, lilcal manage- 
ment  inlt iatl \~es cc,ul~l achieve lastilig se- 
curity for reet resources. 
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Crystal Structure of Methyl-Coenzyme M 
Reductase: The Key Enzyme of Biological 

Methane Formation 
Ulrich Ermler,* Wolfgang Grabarse, Seigo Shima, 

Marcel Goubeaud, Rudolf K. Thauer 

Methyl-coenzyme M reductase ( M C R ) ,  the enzyme responsible for the microbial for- 
mation of methane, is a 300-kilodalton protein organized as a hexamer in an a2P2y, 
arrangement. The crystal structure of the enzyme from Methanobacterium thermoau- 
totrophicum, determined at 1.45 angstrom resolution for the inactive enzyme state 
MCR ,,,~,,,,,,, reveals that two molecules of the nickel porphinoid coenzyme F,,, are 
embedded between the subunits a, a', P, and y and a', a, P', and y', forming two identical 
active sites. Each site is accessible for the substrate methyl-coenzyme M through a 
narrow channel locked after binding of the second substrate coenzyme B. Together with 
a second structurally characterized enzyme state (MCR,,,,,,) containing the heterodi- 
sulfide of coenzymes M and B, a reaction mechanism is proposed that uses a radical 
intermediate and a nickel organic compound. 

Methyl-coenzyme M reductase is the key 
enzyme of lnethane formation in methano- 
genic Archaea. It catalyzes the reduction of 
meth\-1-coenzyme M (methyl-CoM) [CH3- 
S-CoM, 2-(meth\-lthio)ethanesulfonate] 
with coenzyme B (CoB) (COB-S-H, 7-thio- 
heptalloyl-threo~~inephosphate) to meth- 
ane and the heterodisulfide of CoM (CoM- 
S-H, 2-thioethane sulfonate) and COB un- 
der strictly anaerobic conditions ( 1 ,  2) .  

About 10"ons of CH4 are produced per 
year by the reaction in Scheme 1. Part of it 
escapes to the atmosphere and acts as a 
potent greenhouse gas (3). Meth\-1-Cohl 
reductase was first characterized by Ellefson 
and Wolfe (4) as a yellow protein of an 
apparent molecular mass of 300 kD con-  
posed of three different subunits arranged in 
an ct2P2y2 configuration. The hexameric 
protein contains two molecules of the tight- 
ly but not covalently bound coenzyme FJ3? 
(4), which is a Ni porphinoid (5). 

Spectroscopic investigations of meth\-1- 

U. Ermler, Max-Plancklnstitut fur Bophysk, Henrich- 
Hoffrnann-Strape 7, 60528 Frankfuri. Germany. 
W. Grabarse. Max-Planck-lnstltut fur Blophyslk, Heln- 
rich-Hoffmann-Strape 7, 60528 Frankfuri, Germany, and 
Max-Panck-lnstitut fljr Terrestrische Mikrob~ologe and 
Laboratorum fljr M~krob~oloa~e der Phlirsrss-Unlversltat. 

CoM reductase have revealed several Ni 
electron paramagnetic resonance (EPR) ac- 
tive and inactive states of the enzyme (6) .  
After harvest of Hz-CO, grown cells, the 
enzyme is present in an inactive EPR silent 
state designated as MCRSlleIIt. In this state, 
meth\-1-CoM reductase contains bound 
CoM (7) and COB (8) and can only be 
partiall\- reactivated by enzymatic reduction 
(9) .  When cells are gassed with H2 before 
harvesting, the enzyme is present in an 
active MCR,,L,I state whose characteristic 
Ni(1) F43L7 EPR spectrum, designated red 1, 

.matic ac- can be correlated with the en,) 
tivity in the enzyme (1C). Even under 
strictl\- anaerobic conditions, the activity 
of the enzyme is completely lost within a 
few hours, and the enzyme enters an inac- 
tive EPR-silent Ni(I1) state denoted as 
MCRrsJI-s,leI,r. When cells are gassed with 
C02-N2 before being harvested, the enzyme 
enters into the MCRox, state, which exhibits 
a Ni EPR spectrum, designated 0x1, substan- 
tially different from that of the MCRreLI1 
state. The MCR,,, state has onl\- very low 
activity but can be activated in vitro by 
reduction with Ti(II1) citrate (1 1 )  into the 
MCR ,e,l state. Preparations in the MCR,,, 
'state slowlv turn into an inactive EPR silent 

Karl-"on-Frsch-Strape, 35043 Marburg. Germany state, referred to as MCR,xl.b,l,,,t. 
S. Shma, M. Goubeaud, R. K. Thauer. Max-Planck-nst- M e t h \ . l - ~ o ~  reductase (isoenzyme 1) tut fur Terrestrische Mkrobologe and Laboratorlum fhr 
Mkrobiooge der ~ h p p s - ~ n i v e r s i t i t ,  Karl-von-Frlsch- was aerobically cr\-Stallized in the enzymat- 
Strape, 35043 Marburg, Germany. ically inactive enzyme states MCRoxl .q,l,,,, 
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