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P R E FAG E

VRXIRbthty EB thc abEEBdaETccs of EIRXural populanons ovc1 BEYEc RXEd
space and thc processes Ehat cause thEs variabiHty! or set Hm11$ upon 31, are
tuxEd<IEBCBEal ccologlct3l ESSUcs. An assemblage ot popuiRE30EIS EREId! EEnpiEcEXly!
thc ccologtcai EntcractIOBS bctv,'ccn thcnI! constIxutcs R coExmIUBIty, Evhosc
central propcrtEes Rrc thc dEstIIbutEOEI rrf Rburtdanccs amon<! thc constItucnt
populations and thc degree to v< hicl3 this distribution Es maintaiEIcd at a stable
equi hb3ium, The BdnEre and number of' equilibrium states For a natural
coEImtuniiv REe related direcrly to Xhc BUIXEerical stabihty Of its populations.

My EntcBtIOB in vt<riXing Xhis SBIRH book! "!!vhich 1$ based on lccturcs
given at Ehc l Jnivcrsity of'A'ashiEIgtOEI in February f989, and on several
years of tcacl33ng %1th Bty coHcaguc, IohIE PlcE rovvan! Is E0 cn'92phasIze!
througlE examples REId pcrsoEIal opu13031$! thc coEEfluc31cc Of t5vo vvcH-
estab!ishcd Hnes of research ahned at tmderst u1dh1g vRXiabihty irE Xnarine,
pelagic populations and communities, "8'ebs" ret'ers to food v, ebs HI thc
plankton: the!mkages behvecn groups of orgamsms based on svhar CRLS
!!viIEII! v'Eth cn1phRsEs on dctcrEBU11ng rarcs Of RccEEIBUJRXEOB <End transfer ot
energy and organic caIbon. ".5calles" refers both to ranges of space <and time
and to RB enIphasis on the ecology of lREvai fish  rEEost of vvfuch are
pl<EEEktivorous 3 and their recruitrncIIt to the population ot adults.  f. gencraHy
Usc rccruBTBcnt to BEcan reproducXEOB Rnd grov'th of thc youEEg stages of
orgaxusEBS %'Erh contplcx hfc h1$10rEcs Into thc gcIEeral ecolog3c<El roles Rnd
habEtats of adults, often 9:ith a meEamorphosis, rather than m thc fishencs
sense, as defmed by the SIze at vvhEch paxticular coEmnercial gear captures
them.! Hovvever! the issues to be addressed have equaHy relevant paraHels
1B undcn3XRBdtng variable rccnEIXGIcnt Ento benthic iEIvcEYcbrarc populat30ns
txon3 313cropLIEIktomc iaEvac, Ulto subEBRXEEIc forests ot large kclps RnsEBg
f 0m spore's, Rnd UEdccd EE'3to holopian<kton3c populatEOBS.

NRXulal vartabElIh' EEI populat30BS, and its rclat10xi to clunatIC varEabIl-
Ety! has long been a souEcc of sth11ulatEon RIKl frustration f01 ccoiogists Rnd R
special, practical problem central to ttsheries research. "f'he possibility of
Rcc<cfcrated cl1il'BRXIc change BE thc next ccntEExy! cat3scd by hutnax3 Rct1vtucs,
has become a Enartcr of pubhc debate andi leg1siaEEve concern! Rnd large
research pE'og1ams RE'c bcHEg defEBcd  or BIcrcly rclabelcdi EEI scvct.al
countncs. l have Ehellcforc tl! 3ed t0 choose cxaEnpies th<EX Bot 01'Ely pI'cscnt
intercsthIg scicntif1c results REId contXEbute to general undeIstanding hut also
span thc range of if1vcsEIgat3ons that 1$ bciEIg coB$3dcxcd fox' thcsc large



prog3anls, LLB doing so, 1 have Rlso tncd lo Edelrflfy sonic fcchT,ical and
conceptual impediments that. must be ovcrconle by special eff'olt.

1 have not aftempted to dcscribc thc cvi lencc that suggesYs that such
cli YIRtic change YviH occurr Ykor Lhe YEIodcls Rnd predictions of' specific
alterations m global circulati IB. 1 have, hov, ever, used the. cxakrkples I chose
as R bRsks foY' spcculRtlon concerf7 Hlg thc 3H'lpllcaLlons of chxBRtlc change foE
the food vvcbs leadkng Lo larval and juvenile fish.

lXs ls all cadv cvldcklf, 1 15 [vc 'A'T3 Ltcrk for 1cadcrs %ho RY'c kaxll313ar 'vvlfi I
the basic Lcrlnirkology of ecology, biological an� fisheries occaliography,
alid physical ocelulography. 1 have included libera! references to research as
oriailla!lv pl3lb13shcd boih fo RCE B0%1cdoe sonic 03L those vvho hRvc done
5vork 1 f!EId sfhYEUlatlng a ld to allorrv thc TcadcT to assess Iriy BIEck'prctations
Indcperk tcntlv. FoT pedagogic reaso3Ys, ! have also 3AcBLlollcd shortcornkrkgs
hi SOHIC of these Studies, bnt 1 have chosen the exalnples tor their posiYive
colifnbunons akid orlgkna!Ifv ol c!anty, 1 f kllv lccogBEzcthat pl'acticR1
]EBBLR lolls, cspcclally those posed by fhc ocean lfsclf, lnlpcdc thc colrkplcke-
Elcss, scope, Rnd dcflnifivcBcss thaiL rcscal'chcxs sYrivc to achieve. For sin3ilar
reasorks, 1 have shovvn acYUal data by using figures as origikially published
svhcTC possIMc, rather tha31 clarltynlg the concept bin sUppl esslng the
mensural variabHify through sketches.

To the extent that a conlplete piculrc of Yvcbs and scales emerges. it
%vill bc a IYIBBtagc COBsfrUctcd k1'OEB these cxaH  pl .s RB t Bryr oplnlons, rather
than E3 scRH  icss vvho/c OT Unlf lcd thcoE v dcrEvcd froEB 63ndalneEItal prEH-
clples 01 dcducccll fro&k coll plctc and UIYNBbiguous cvldcYKc. 1 hope Yhaf
tile montage vviH nevertheless provide ne'v m»igbts and pel spcctives and
Evkll clakkfy fhc Yernis of Lhc ongonlg dcbRtc Rs Eo tile Qiosf effective vvRvs to
UY'Edcl sfluld bkrg]0HEcal VRE IabllEfv Hl Ihc ocean.

EBcouragcrncnt, guldRBcc. Rnd as»ksfance f3'onl A'a3rcB %� lstcr and
thc  .rnivcrsify 0' tVashlngt YY5 Sca 61'RYEf. Prograln vrrcre essential fo both thc
03'Eg3xi Yuid Ehc colllplefkon of th3S bo lk. Thrcc rcvlcivcrs provkdcd crltlcEsnl
thIE Yvas both c�ns Y'Ucfkvc an«1 BistEY3cfivc, alid Alnia 30hns031 Br pA.v d thc

text ln Blany viays.

Although the phrase 'another small block ill Lhe caYhedral ol science"
is used. rather cynically by researchers, it expresses thc Llndenlable truth that
sc3encc !s a. Comnnlnal, cunlulRLlvc cntcEprisc, acconiplkslkcd tl H'0Ugh �3
occasionally m spite 0A interactions of real people, Yvirh their real foibles
aBd strcIYgths. 1 acknowledge the coEIYHbutlonsr sonic of vvluch 1 do Bot
cvcn. Tecog tizc conscloUsly, of Lcachcl"s, shkplBRtcs, lab Blates, Rnd Bly
helpmate.
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lxi tlshcry OccaJKEgraphy QT' fishcTy lecl'uitrncnt ecology, Rs 111 bio]ogicai
oceailography generally, the choice of a sca]e of invcstigati031 is Usna]ly based
on an investigator's strong intnitiion Rs to what knowledge ls most needed to
advailce the science at a given tixne or to rectify inadequacies in an cxiisting
paradigfn. For example, if we cannot exp]ain vai~ation in recruitment solely
bv vari RL30B XB spawning stock axld irl 8niniai Blcan tcn1pcratUrc, do wc Bccd to
Understand variabi]iXy ln feeding 03' prcdatloB Rl &lie ilfdividnai lcvcl Lo fnakc
progress on the larger problem'>

Re]ared Lo this ls Lhc investigator's pcrsof la] sclcnufic sitvic�Bionvh-
tion, or SQUicc of cfnployn3CBt, ivhich O'My require R choice; either Xryilfg to
dcvclop 8 societal]y useful prcdiction m 8 short tUBc QI strivuig fox Uis! ght lEltA
causarion at a f3lnd33menfa], Tnechm3isric level, h Ewever 1 EBg lt t;6.es. lf largc-
scale., ongoing prcdiction is Xhc goal, thc kinds of daX8 that can be Used are
often restricted to those that wi]1 contiriue to be readily availab]c or arc paid for
b5 other elements of socieh  c,g,, con%merc]a] catches}, sixfcc 8. plcdiction
based on a lalique data set may not have ongoing Utility.

Further, there is the issue of tcchnica] fcasibihty. New Xnethods�ofte»
dcpcndulg on lcchiloiooical advHBces 3B other disciphizcs~ faicihfate suldics  En
Bc'A' scRlcs  c,g., the liblllty to lcaT iaxvai tish RBd siUd5' individual behavior, ox'
XQ detcDBine daily growth late froln ofoi! Lh Angs OT RNA/l3NA ratio,f. There is
also ti foulth consldcl'anon, Rnd it is soDMtintcs HB ionob]c one: gt what. sca]e

Bfust QBc 'w'oxk to cnsurc tinfshing R Pl'1.0. thesis, Justifying the next' gxant.
proposal. Qx cannng  cnUi'c.

Finally, wl'lcn axi urvcstigaitor has dctcABiilc� t0 do fickd Wvoik on 8
particular scale in the ocean, there is the fritfndtule but essential proMem of
safnpliflg. Since QBc Usual]y extTapo]ates 03' 3Btclpolafcs fr Etn fhc scale on
which Xrfeastfremenfs are made  c.g., samples taken on one day each month} Lo
8 dlffci ciit. sca]e Qi interest  c,g,, thc scasQBHl cycle!, 8, pi'occss Qiil sonic thixd
scale cail inrroducc bias. contaimnating the data record, For example, a sxrfa]1,
Hnoma]ous patch that happens to be present Qn one sampling day may hc
interpreted Hs lndica31ng 8 seas EBR] phcnonlcnon. Akso, Xhc i31vcsfigaror Biust
be carcfU] Bot to alias the data by periodic sa33>p]ifig; the hitersecLioBs b"hveen



one sc<3]c of p rcdom Giant cnv EX03xnkenta] vckxk ability cknd another sea] c Of
saxEilpHxEg can glvc thc cntircly erroneous ullpxcsslon of R different scR]c Of
variabHiity. This means that even though a particular scale is oi interest, arl
lllvestkgafol BIEESF sa np]c so Hs fo detect HG l correcF toE p]kcnon Ecna on othcl!'
scales.

Both EBLUEFIon En� possib]e cRUscs Of vanatioTI Hl'Ed thc nccd 'iol predic-
hons have ]cd to LxlvcsFlgations 0B ]HI'gc scale, m whkch soTGc 3l7ecksure of
I'ecxtutnlcllt  oftekl. RCFURHy, catch of fhc vou3lgesf f 3s]k 3'cfNncd by conllncrclR]
geN! ls corre]RFed wit]k one or several enviIonlrkental parameters, UsEERHy v, ith
s03rlc conslant ]Hg EB Lixllc  that ls, Lfle success of recrUEFBFcnt ks Lholkghf kl lle
x'elated fo cnvu'OGBlcnfai events cHE'llcT EB fhc ]Etc cyc]c!, UEIfoxFEEGHtc]y, fhe
parametels Rre. somethnes chosen mere because data arc available than
because those parckkncters have the most likely causal potcTEtia]. Even when
care Es t<31 cn I!TF ch kosu3g paranlctcl's p]ausF]k]y knf]ucikckng Erccr E3ti Gcl!It, these
are often themselves so intcrconclatcd on large scale that it is impossible, on
sFcktlsFICR] pounds, to E icntkty R UTEI iuc c IBFTO] of li'cck'uktlncnt.  E.c., R vEEXERF30TE
FB H FLGIC sc3'I!cs of IccxUEFBlicGEdata t]kat 3S largely CE p]HEBcd bv ox3]y OI3c
parameter!.

A Blorc ccoiogkcHHV EntcresFkng qucstlori, Es Kvhethck such R corrc]cLFEOTE FG
data sets takcil ov I' one period of iiEI3c or hl onc rcgloG, cvcn lf above 3 cpl oach
SERFiislicRHy, will be eqURHy satisfactory RL fntFEre tixkkcs or hl other regions. The
rclauons co'UM wcH bc RhcT'cd by genetic xkdlkptatiorks of Fhc p kpu]ati kns L0
their O'Iany ultcxachons Iln HBy ccosvsFcnl  Rot]ksc]k]M 1  kg6!.

The other cxtrckxke is to synthesize an understanding of popldatiions and
cokkkmlknitles from studies of individual behaviora] or physio] kgica] ecology
of "representative" organisms Ht smHH scale, T]xls approach has obvkolls
appeal for those v;ho favol' controlled experirkkekktation F'v:hich Es feasible on
Ehts scale,i, 03" 'ccvho llchcvc !hat the sclcBfdlc Blctl'iiod requires sUch COYIFXO] Bl
ordcl fo test faisiifkable hypotheses, or who are ]nfe]lectual]y unsatisfied by the
frequent ambiguity in pxovulg causatiokk from correlation. Fkufhcr, it is sonle-
tilncs argued that onlv pcncFTRflon to thc Tllost ]UBdcuil'lcklital, sxYERHcst scalc-
Eedlkcfionis n � v«'l]l pcGniF extrapo]HF30EI to H pile hctlon f M' cllvlronmeBFH]
situations beyond those yet encotuktcredc shlce the predictive capacity of
correlaliions is often, hmited, at best, Lo irktelpo]ation kvithi E the rarkge of'
previous]y ck pc33 aced situafkons.

iElvestigators oftekk focus on. snka]] scales tok' coiilvcBEcncc, saving the
]Hrgcl' scR]es foT' ll'kc dlscusslon sccnoBs of then' BMBuscrkpFsc RBd sol'Elckullcs
ratloGH]kzc this choice by conlpanillg kf fo file physFclsF. s search XOE' UHBBHFc
parlicles or Forces. F'FortEEnate]y. CkkgikkecriEkg so]UFions to real problems have



Bot had to wait for the physicists' work to be completed,'! But there is Inore
than convenience or physics envy here. Ecosystenis are complex and Ixicrar-
chicRI En SITUCXQTc, RIEd what Es k330%B ot tlic gcI'icI'al behavioi of such sysltcins
Rlso Indicates thc 31ccd to study sn.iaH scales. AB ecologist interested En fhe
stafc of 33. large-scale systcnl caxl 0FXcB Egnoxc or Rvcxagc 01Ef. variaf30ns 03'1
smaHer scales as long as the large-scale system is slable.

WVheII thc systeEB Es pcTIExrbcd, Imwcvcr'  Rs in thc case of RBthropogcnic
charige in cHmateI, the rapid dynanXIcs of thc srnaH-scale compoilenfs can
become critiical in determining how the larger system wiH respond. This is
cspcciaHy trUc as tlic dystcGE approaches a blfllrcatlon polrlt of ma]or,
Iclatlvcly rapid, large-scailc change � KcEII 1988~>, whcxc I'cslllencc breaks
down. Thus, predicrion of the large-scale change may require uriderstanding
ot crltlcaI, sIBRH-scale va! EabEIEry, 1 hc trick ls then to dctcxininc which of flic
multitudinous smaH-scale processes is critical, Rnd how to concatenate the
dcdUcuons conccxnlng difFercnf scRjcs.

it can be argued that smaH-scale processes may a/so have the opposite
effect; that is, they may siabihze larger systems. For exalnple, Steele and
Henderson �98 I! were stimulatexl by obsen atlons that pelagic corluruimtles
in CIEclostlres�eveIE large ones, tended to valg in a quasi-dctenniixistic Fashion,
wh! Ic tl'lc coBEmuBEty En thc SUITOUIEdEIEg water was borh rliorc stable sBld Inorc
pr013ablllstic. They coilsidcrcd that thc vancty of sfochastlc �3 cvcn cychcaHy
varying! smaH-scale processes in the uilenclosed vvater cohumi buffer the
system, preventing extreme changes in community coinposhion. This theory
OF stability of planktonic coBuniunitlcs has bccn. tcmicd coutcinp03ancoiEs
dlseqmllbnum' E,REcherson et al 19 03

Tllus, RrgUBlcnts can be Blade that btifh. stability and chdlngc RTc gov-
emed by processes on scales ul space and tune that are smaH relative fo the
populRtlons of iiitcxest, thoiigh Bot necessarily of 1 fhc scale ot intcxactioiis
bciwccn uldlviduals. Ill spite ot thEs !ustlfEcatloB, fhc gcIEcxRI weakBcss ot
manv sBERH-scale, carcfuHv controHcd sllxEdlcs ls thaf. wlulc thcv otXCII give
conslde3'able EBslghf. Blljo what cQI'I 0T 33My hRppcn on larger scales, they tuc
usuaHv ulconlplcte ln cxplauung what Eiocs 0T Evi/3 happcB ln thc FUH conlplcx-
ity of a natural ecosysteni because they are inadequately Hued to thc larger
scale. Obviously, studies of behavior and pllysiology have validifv and sig-
IEXFEIciuicc wlthui Ehcix 0A'B sphere. However. Ehc isslEcs Eil FEsIEcncs usuRHy
concern local populations or larger units that inhabit areas ranging t'roni large
embayments to major cEIxrent systems. It is fhe extension of smaH-scale
studies 10 IRTgcl scale---the abilitv Io predict the dcnio~raphic CEid pl'oduct of
behav303 or physiology � that is Rt issue.



l have, ot coulse, just described Lhe extremes oF a range of approaches,
Many excellent studies Nc hybilds, NEd ln thc best of fhciri, conclnsioEls
drawn ft'OIQ onc scale of studv Brc rcUEForced by supportnl«~ cvideriicc fronl
«lulte Bllothcr scale..%SO, lt ls by Qo nicans Lhc case EhaX only lrirgc-scale
analyses are based on. corrclati03ES bcfvveetl parameters the hivestigator does
Qot or catinot control: processes on quite small scales are profnalbly studied al
this way. AEEalytical or sixllulatioii models thai. are independent ot actual data
can be apphed Lo processes on many scales, provided the physical processes
dominating each scale are correcrly rcprcsented.

Arguincnt ovcl' the applopE'IBtc, 01' Eriost proclluctivc, scales of stutly ls
Qot. Qcvv Ul ecology, and it snll COQL3nucs. As I'eccnt cxRQEp/cs, Hasscll Rnd
May �983! shovv throligh makhcinatlcal niodcls holv Exldlvidual lorBgnlg
bchavlol' IEE Bxl clrvn'oinncnt Of pBtchv 1esourccs CRQ intel'Rct vvilll Lhe dcgI'cc
Rnd Iiature OF patchEQcss n5 Rtfccf. thc sfablhly Of Lhc User+I'csolix'cc system,
8chocncT �986l, using cxaniplcs of sncccssftll plcdlcfions of ilichc scparR-
tions Bnd other conEEQQEIiry properties froEQ studies of iridividuals  though
lnvolvlxlg onl v R fesv species!, RI'gucs that comQMGtty Bnd popU!ation ecology
N e, in pi inclplc, 3 cduc3hlc to IQ«ilvidt3al ecology. Hovvcvcr. hc docs rior BI'guc
that such rcductioxnsln ls Qccessanly lhc Inosf. CfFicicnt vvay to Bchicvc R Uscf UI
plcxlicLion, Qol that variabi1lity ls best slutllcd tn this % ay.

c debate also has B loEIO hisfolg~ lvltllnl Bquatlc ccoloay AB EIQpoXtant
fcatnrc of lhc pioncclnEg studies of 6'ordon Riley �946! wvas his specific
contrast bebvcen B co3rclativc approach to piedicfion of phycop]BTEkton bio-
mass, based on large-scale field srudies Rnd one denved from the physiological
ecology OF those species that had been studied in the laboratory  'very fed, at
that Ernie!,  rood, Tcccnf dlsctissloiis I'clcvant. to Rqllafic ecology Brc given In
books by Harris  l986! and Catpentcx  l988!.

54ultiple enclosures of large poltions of natural aquatic comrnunihcs-
mesocoslns contanring lens to hundreds of cubic mctcis  e.g., E iricc and
Reeve !982Mhave been Used iEE anempting to -.Onlbiilc the advantages of
cxpcEhnclltatioEE vvilh those of observation 31'E B setting of near-natural coln-
plcxity  Lhough critics allege that ihe worst Features of both Bppioaclics Nc
acflicvc«l instead!,  ndccd, l bchcvc fhat sonic carl/ expel 3xncnls UE Encsocosins
stEEQulatcd irloE'c Xhonght Etbout thc MEportancc «5f sniall-scale lhydrodynanncs
in Qlalntalning the SQUcturc OF planktonic coEQETEUQIXIcs tha31 they taught us
about thc biotic intcracXions they v,.erc hltended to illtinlixlate. The model
developed by Siieele and Hendersoli  l98l!, reviewed above, is an example.

ln Ilsherics, fhc debate mRy be c5tcnlpllflc«l !5y a Tcccnt book Rn«l its
rcvic%. ln thc book, Rothscllild  f9865 states:



A ~typical approach g uerany involves a'I sclccthig some time

sc l ECEEE:e ofannua't fish-slo;k Bh Ertd ErEce, kb! scleetintg st> EEc litne

sc lueltcc of Bbiotie or biotic envilomncntal variable st, Bnd   . 1

ar<rdyzirig lhe te]atioitshitE belweer'I seqriences... %it!i such a

procedure> 11 ls Aot stupa<mg E3>at lnany colrclBnons are tound.

Bu it rs rluurr dl i'cu.'I to ilistEEiguEEEii bel!vecE1 rc'Bri!>As IkEat Brc

causa  or predictive and relations that Brc siniply correlative...

Yhe lnteracth>rr >f the phyltical er vin> EEE>errr tvhh I>t>:tr:h!tir>n

var'abiBEy .",arnot be understood by refeEYing only to data on the

erivirornncrtt and OA reeEui:nteut... Vvc strouM not bc surprise t

... when correlations bctweeEE rccrui:ment Bnd the cnvironincnt

dcterioiate, shortly afler pubiioano:1 of' Inc xesnlts, .. Bxtd we

should be surprised when sin>pie CEEvitonrncnt'd eo1T .llillorts pcl'-

slsh %bert 'dray do persist, EE 31eho ives As n> esplahi 33otv such

sirn >tie 1 elanons  t <cETidc tbc coAEpcnsaroi y 331eckEE3ni s:As 1:iat Enlist

bc line tent irt thc popuiation l

Ylre review I,COHie l 988!, though favorable< never>eless says:

kr:stead of rakir:g B broad vi'w, k'otkrsctiik t, wirh B:.ouch of

pilysic< envy...  voEkkd havcus suÃy tbc encounter probEEbuktres

brntweerr Esi3 larvae BE3d their prey---the pl't>t EEis Bnd electro ra 03

ocean Bf . Th.' latioAalc behind this lcductionist pkulosophy is

that we Enust uir lersrarrrl kt Ev, rite �31c E> scale pt >ccsscs Else Ente.

grat d to produce the Enatcro-scale changes in Bbundnee that we

 tbsct vc.

h3 physical occatK�>raphyt the cortccpt of B .Vpcr'rf'Hk!t of sctklcs< Rnd thc
tfaktsrer of va13atton froiirt onc scBlc to B&athcf Blortg rhis spcc31utn, sccn1s v<tcll
developed. That is, known hydr >dyrtaknic processes cause variaktce stimu-
lRtcd Bt or!c spattal/temporal scale to spread through thc spcctfu!T!. to' other
scales. There Rte peaks in the spectnwn at vaftctus scales tof fundament'
reasons  c.g., the iinput of internal wave energy ittto the turbulence spectrum ink
R p<krktcu. ar wavelength bat!d!. l hc 3'1BQkfc ot thc l!ydrodynBmiics chailtgcs  kn
theory, if not m obsc»ational data! along the spectrum frot>1 the quasi-
geostrophic, rotatiorkal rerrhne Rt long vtavelengths  Rossby number < l,0,
whet c Ro = vel ocityjICot~olis t'rcqucncy x lcrtgth]! through thc buoyancy Bnd
i31crtial frequettcics Rt itttcrkncdiatc tt<ravclettgrhs to the v1scous tcginkr.. Rt
sfK!ftc<'t 9favclcngths flow RevtK!lds rtUiIHbcrs, where Rc = t icngt4. x vcloctryl <
k3ncmatic viscosityj. GcnerBHy, 11owcver, we thik!k ol' energy or variabiHr3
Bssoctated wtth rttrbkklcrtcc Rs cascad!rtg do'A'tt trortt 1<Er<te to strtaH scales;
larger, Morc ot'ga!Uzed rIK!tio31s Rt c gcrtcf ared by large-scale at131osphcric R31dj
or gravitational f -tfcirkg and dcgettcratc into smaHet scales.

Biological Ocr,Rnographcrs Bnd Ftshcries sctcnt1sts rccogn3zc QMt tkntc
Rktd space scales shouM bc measured relevant to particular organisms rc.g.<



generation flmc, Eially Rnlblt�' scc Stcclc 19! 8!. SEncc Ehc pciaglc OlgaBlsnls
hEEEBNEs CRE'«. Blost RboUt RIc xathex 10B'�' hved Rnd Enoblic, thc socEctaHV

SEgnlf leant scales of vanatlon are falriv large Further� the unphcatlon fox hlH-
lllowEI studies of R food %'cb cxtcnlinlg irolr! bacteria and phvlopianktoni II0
fish ls thaf. BMTly scales must bc studlcd, sulcc each kind of organlsBI EBfe-
grates its environmcllt over a different scale. 1 tlliEEk�however, fhaf this has
seldom been realized Nld Es probably UBEcasonable to expect V'e have felv
ecosystem studies that reveal the iefnporal variatioll per genel ation, or spatial
variation v, ithin the daHy ambit of an individual�ot both phyfoplankton and
fish,

SBIcc thc dynamics of popuiRtloBS dcpcild on fhc sUB'EBEREEOB ot ouf.-
coIncs ot snERH-scale. indtvldtlalistlc Entcxactlolls, If. has bccn RlgUcd  Rs noted
above! EhRt knowicdgc of VRXEatlon 0B fhe scale of IUE 1BdlvEduai Es fhexctoE e
csscnflal t0 UEIdeistand val'latEOB O'I popuiatloEIs, E.c� fhRE only through s«lch
kilo'A'lcdgc cRB iaxgc-scRIc varlatloEE Eluiv bc UBdcxsfood. Tins lxeasoBing Es
pervasive everl though v c have good evidence that the ocean tends to be
bloioglcRHy as wcH Rs physlcRHy ' xcd  E.c., donIEnatcd by vaxEREEOEE on lRrgc
scale at 10Bg wavcicngths! I Rfhcr than "whEtc*'  equal variable on RH scales!.
Tbe grcRtest varlablllty occurs ovcI' very 1RTgc axcas RMI lasts R iong flu'Ec
 HMExy ct ai, 197K!. Indeed�Stccic �985! has argued 0B fhcorctlcai grollnds,
that Ehe "rcdllcss" Of physical vaxiabiHty hl the ocean means that marine
populations are likely to differ horn terrestrial ones in their responses to
clmlafle vNEREEOEI� thc EBaxulc poptllatlons RI'c nloxc ilkcly to show 10EIg-tcxln
 "red"! variabihfy because of the relation bctwecEI Qyicai gelleralion rinles
and charactcrlsflc scales of physical vanabillty,

Theories Elciatlflg Hlc several scales of physlcapchcnucal vRE'lalllon to
blotlc ultcIactlons wltiltn thc food Yveb Efocuscd, lf voU like 01 Ef soclcty so
dictates, 0B pNticuiax species! sfH1 Bccd to bc EExlpxovcd. Tcchllologlcal �1'
tmancial! constraints also cause R nusmatch between physical and biological
oceanographic studies, Physical oceanographers now routinely use instm-
ments Ehat can measure sigEEif leant properties such as telnperaruxc or current
vclocltv Bot 0Biy very fxcgucEItly RBd very close togcfhcT ul spllcc bUE also fox
a 10Elg Eunc ovcl' R 1RE'gc Rl'ca," a spcctluIB of scales can readily bc included EI'E
Ollc study. instr«UBcnfs that N'c self-conEaincd, Or Rrc rapidly deployed Rind
recover«.d  or cvcn RIx-dropped!, pc&BEE thc RBIblgulty bethvecEE spMlai RBd
temporal variatioll to be partiaHy resolved. SRECHite-home sensors represent
ihc Ultlrnatc tool tox ialgc-scRlc rcsoiUtlon, I'lt icEEst fox stufacc propert!cs.
Havtng such R spcctruIB Bof. only tacElltates REER]ysls oil' varlabllEtv buf. also



greatly reduces Ihc llkeilhood of blas Rnd I'tllas EH lntcxprctaf lou, Mcnttot'1cd
e Ytrher.

'EVc have fewer such 117strunlcnis Ul blologlcRl occxalography. Manv of
thc dcvlccs we do have are UYEi ]uc to a. particu]ar progralY3 or Investigator t,scc,
c.g., Dtckey ].9g8,~. Most d ! Bof YneasU! c fhat Most slgmflcallf of propcltles,
spcclcs EdcBilfy, Bnlch less physlologlct33 sYatc, Rgc structure, 01' gene!le
subpopulation.

Thc pUYposc Of sue] 1 U3slruBlcnfs shou]d bc!lot 0EE]y to ac iuuc mtcrEER]]y
consistent eco]ogicai data on many scales, so Yhat the Ynagnitudes of variati�B
OEE dliicl'cYlt scales can bc coYElpaJ'cd. but also to permit suc]t  iRta fo bc
analyzed nl concert Evifh physica]/chenlica! data on thc salne spectrum ot'
scales. For sUch ix3tcrdiscip]iEIary v, ol'k fo bc lrl lsi succc'ssfu], irltcrfacing of
scales ls a necessary buE Bot fLE]]y sufflcicBE coBdtti�H. Onc also Heeds to tty
spccif Ical]y to LHEcrftEcc those scales lxl each disc3plntc where pledlctLvc
capabiliYy or undcrstandhlg is greatesY, given the slate of kYEow]edge in that
dlsclphllc � NCL]1 ]988!. Thl's, cical'ly, ls Bol snrtp]c to ac! neve.

%he IBtulf Eve]y Fcasonab]c cABvcrsc 0$ t]YEs pl'opos3t30B ls thRY BKlrcascd
EEEIdersYREEdIEEg OB 8. paEXIculaE sca]c ul 0Bc dlsclp]LHc, such as fille-sca]c
physics, should ellcourage the development of tools to gain equivalent under-
stRBd3ng on that scale m allied 01' dcpcll ]clif disclplhlcs, such as pe]aglc
ccologv This ls a Bafural and dcslrab]c cvohlnon cvcB though lf dAcs BAf
ncccssarl]y A!I]ow fhRY ihc Bcw understanding on. Onc ccologlcal sca]c will
shed light on the ecological processes on other scales.

Thc lssUc of sca]cs, and how Yo sttJtdy tbeBl! iG difXcrcllt discip]iEEcs, ls
Bow brought to thc fore by fhc evidence ihaf anthropogenic, large-scale
challgcs in afnlospheYYc and ocearlic climate Rrc hkeiy to occur in the Bear
fulure. These changes apparently wi]] be Hluch faster, if Bot more drastic ixl
magnitude, than those that EIREura] ecosystems have experienced in geo]ogical
tLEBc. Mode]s are being dcve]oped to pic Act gI�bal vvulds and CU3Tcnfs ftoxn
Ehe anticipated changes, %c Blusf collsider Yhe possibi]ity that local- and
sBIR]lcr-scale dlstllbuflons of propcrtlcs REEd Irlouolls will als� bc atffccted,
both t]lrouo~ll a]tered local wDK] pRttcnls Rnd through changes ln file heat
budgets and the disYribUYions of density in Yhe ocean, though it may be
UHposslb]c to calculate Yhc:nl m dcfai]  sce c o L0BPhurst ] 9/4 and DcABQc]3s
RBd !LushBIRYE ]990 col'Eccnung lfnphcatloB for flshcxlcs!. Jhc collccpYual
pY'0MCYB "avi]l bc to UILdcrsfand Ybc BRB3rc ot fratlsitioEE sfRfcs iasBYlg several
dc .Rdcs, Bof just fo dcd13cc a Bcw, stable distxibution of pr lpcrEics 3H R31
e iui]ibriEEm bctwccll occFm RYKi atlnosphcrc.



Because tEIBc, traiBcd EntcHigcnce. Rnd society's Icsoufccs Rfc scafcc,
bioh»gieal Rnd f3shCriCS OCCRQOEzraphCI'S EBUSt be judieiouS IQ ChOOSIBg SCRleS
of 3Bvesugauons u»  >fdci to UE»defs+Kld rhc fesuhlDO' val!ERbHItv 3Q pelagic
ecosystems. We must decide v, hethcr the ecological effects can be predicted

best from correlatiions based oB long time series ot coarse-graiined fICM data
 i,e., data rakeE» on scales large relative to rhe daily ambit or hfe span of
i3»dividua] s!, Wc have, RctURHy, ratl»er fe "zv such Sets ot dRta foi RDyrhing  »thcl!'
H»RQ con»U»ercial cRtchcs Rnd coastRl CH3»»ate, Rnd 0Bc cafE Rfg�c thRt v» c need
Inany more, fbr more ellemcnts of the food»veb. Jh» this perspective, study of
slQRH-scRlc pIoccsscs»voUM be, IQ clicct., Errclcvz'Kit to predicting llafgzc-scale
variation, Or at best an iE»efficient »vay to proceed,

As rhe Rotten»ative Rppioach, v:c BQ3st  8! dc luce il»c Bnpbci1tioirs of
large-scale cliimatic change  "'gh»bal'z of "regioE»al" models! tor tlhe physics
 RBd che3»3istfy! Rt rhe Inuch snlaHc3' scallc of indiv1duRI OfgREUsms  O'Uci'0-
EIEctcfs 81id 3»NHsccon ts tof bacicna, kHomcters 81» i hours tof fish!---cl»RBgc
both ifi thc Inc811 coi»diti03»s RGd in il'Ecu' vafiabiHry:  b! analyze through
controHed expcfin»cnts the changes m physiology Rnd behavior that these wiH
cause  " process sub3»3ode!s"!:  c! detcnmne quantitatively RH the critical
IEIteractioiis bcbvcen species Under these ahercd coE»ditions; Rnd rhen  d!
reason l»ack up thc spcctBIB» to vaBRrions IB populations 8Bd. co»f3»»»unitEes
by soln»c vveightcd SUIQmation pi'occss RE»d sotnc food fvcb pafadign». Onc
problem v'ith such lEE»ked models is that each is likely to be RB i3»complete or
BI»perfect dcscBption of Barufc, even Rt its 0»vn scale, Rnd xvc n»ight %'CH
question rhe rcliabHity Of a prcdiction Rrisu»g from concatenated UI»certainties.

74ES dichotoiny of app108ch 1$ Qoi so staI'k Rs I have p83nted it, Boi Rfc
the ch03'ccs so mutuaHy C5 elusive. Hoxvevcrz there is no question tlhat our
iiiteHcctual, technological, Rnd FIBREIcia'i Iesoiirces for environnicQERl research
are hmited and therefore must be deph»yed eÃiciently.



My purpose in this aiid the foHQ ving chapter is to revicvv, by nicans of
exakrkplcs, sornc of the distnbutiokks En space BEkd tuilc ot cok!kponcnLSQl thc
plankton and their rates Qf growth�particularly those diskribkkfions that can bc
Y'clRtcd fo specific sciklcs Of physical/chcTY!icall processes REEd that Brc Hkely fo
affect the food webs ol laP'Rl Rnd !Uvekulc Fish. l shall cn1phaskzc cxan!plies
tronk the open occBn, tlkouc~h FYEanv ot thc stronRcst coYY'clBtlons bcrwcekk
distributions arid physical parm!icEers are found hi estuaries. As indicated iii
Clhapter l., the Ultiik!afe  'buf as yet unattaikkcd;3 goal should be EQ uikdersfak!d
how thc different scales affect each Qthei, $0 that iuq~acfs of change hi the
physics Rnd chcrnksrry of fhc  !ccRG Qn a large scBlc CBn bc pi edictcd on scveraj
biological scales. MCBHy, these Evould BLSO be the scaIesof greatest societal
conccYYE,

L shajl scf fhe stage by R biict dcscrkptkokk Of cokivcTEEEona] undcrsfiknd-
Uig Of fhc large-scale, average distTibutions Qf p]aikktoikic biomass Bnd pro luc-
uoii�as R cokktrast K! what fQHQws. l iiiost dcRUtcly do 1'R!E dci13graic th1$
undcisfandhkg, nor do l ikkkply fhak phytucal Bnd chemical pioccsses aic less
well Uitcgl atcd H!lo it thakk ikkfo fhc studies l have choseii to rcvicw hi gEcBtcr
dctaik However, l slhaH explore more fully boYh the iEYEplicatkons Qf some
scales ot phvsical Rnd chcnucal pk'occsscs that hkvc becTT supprcsscd 131 The
convciihoI'ERl dcscriptkorks  RT!d,, Often, by convcnfkonRl Encfhods o~f Tncasurc-
Tnentj an t the question ofwhether these scales will be affected by changes hi
the ocean on larger scales. This sununary is background to B consideration of
whethek variability on fhc scale Qf populations Rnd conkknukutics 1$ hkely to bc
predictaMC f!onk a sumrnatioik of the effects of SUEEEH-scale., altered processes.
UnÃorkukkafe! y, such consi leration does not provide a definiEivc answer.

I shBH Blso T'cvkcw $ !mc TYEafhcnkatical EYEQdcls that sinlUlatc Ehe effects

of physical Bkkd chcinical p3.0peitics 011 bkoknass Bnd prodUcfM!n of plankton,
Thc pakticular Enodels are e! BTE!plcs of a larger body of work; such niodels are
usuall 5 Mkrcalistic 3n flkcir $13Y!phcify, buf they pcnfut fhe Uivcsfigaioi to
explore fhe consequences ot a particular process in a way that even confro! lcd



expcrirttclttatioxE docs not, Yhc best suck inodcis icBd � concitllsions X�at Bxc
both cottntcrintuitive atld testabie ivith ftcM dRGE.

Talb e 2.1. Geographical vaEiatian in sEanding crop and p?irnary production
by phytopiankt:n
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'Bengusla, Ct~ilc-Peru, other ea tern boundary currents, some bays  rune".".3.
.".Equatoria! courne:Currer?t=, Gul? 8'..eam, Qyeshio Curren?, most shelve .
'Fquatoria.' cuments, trop.ca? cesar.s.
ssa?ga so Sea snd other suit.opical central gyres, Mediterrar?ear .

Nitrate  NOR ! carl bc taken Xo x'epfcscl'1 ' BII nutrictits regenerated ffolx3
sinking particuiate matter by decay Rnd  for N! subsequent oxid«ti033.,"Ls a rixsr
Rpproxilxiatioxl, it is supplied to the euphotic zone by tuxbuient diNuston or
Bdvcctiof1 4 0U t di cpcx' vr Rtcf. YVES pfovKics tile 8 Ior 'vvhat I3as conne 10 bc cBNcd
riciv protitiction  %'h1CI3 technicaIIy coUId nlciudc 8 M XRU'ltaII, ctc.,l. Axrtmo-

YIEC oprimai IRxgc-scajc conditioris for rapid gxoivxh of phytopianktott trt
the open ocetExi occur iti middle Rnd low latitudes, 3vIEcrc dayiexigih exceeds
clgbt hotlrs BII ycal, irE tIEosc regions ivbclc thc sudacc litycis Bfc oxliy v,'cak y
sfiatificd vexricai y. Regions in the highef IatiXE3dcs cali also suppoft rapid
grovrth, bia oniy ILEE XIEL, sUnhr parr 0  tbc year. Yiicsc gcncfaitzattons lcAcct
thc il>ccd ot pbvxoplRnktorl Ior adequate 4ght alid R supply 0$ xiutitcEELS txoni
yvatcls bcioxv tlltc euphoric zone  or, Ert sonic ctrculxlstanccs, froxU hortzonta]
itdyecti031!. In prixicipIC. grazing by zoopllartktott coidd keep phytopianktonic
biomass SEXERH by xeirloyulg it as fast as plhotosynthcsis produced it, but irE I'Rct
XI1c icF3L33ls of rapid EEXOLvtb  on tius Iaxtrc scRIc! B]sLE tend Xo have grcaicf
bioUMtsscs OI piivtoplallktoU tl!XB3% do icss cu rophic fcglons, so  bc priolaxy
pxoducrio33  bioxtlitss-specific pxoductiviry t'tfocs biontassj can bc quite Iligh
 Yabic 2. I t.



Ftc'ccilÃr ! 2 .I A~e I<<'iotas t.:<".It<>ee.",' q»'t>wv<cil '!>c< J!tcyta<>Bc catt<3 tc'Cn;. !!ac;i ac'ct<'<",<! .,'C!t ntc'tt'ten<~'<, E cft;
cc!On et>'s .''1<'>eeoc<<!e,.'>!'<'!c tt< cat<~  <'i3<'r 6>'l <',>,;;>>> n<c'<'t>at<ac< tt S.'tnb<ac'<'c'.",s!t'! E>t! t!Ec3!P<C'at>c i'V! <>S. f
!'<tE!<! >' c'c<',4» cc'.'  :;.Ea<' t!r! >'a<a!'y,>!: 3<'!3'elean, tea:".E!I: et"cka<cc',""<it<"d c,'V4:; ..'!if''<'d  cs "c.! r<tetlon of
t<!t<I>' p!'<>!<iar! tpr>3<<'!tati<ter!::.<3 »";,I! c' p:"it!~>Er'; con::1><<cacti >n as carbon. Oper< ch'=Les are
<c!!dc'tnt i!<act:!81>icier!s> i>, �3e,3;;:;:ac'!i<Era<  :ct" .t»rt Al Bigr'!, shaded tcvt<tEtt,tc is set erai "tations in
ti!e Etiorth Pacific<. Get!trai Gyre, sohd s<E cate s Garit!<!ean da?a, ctpÃ sqtatre is o>rtsh<>re
Monterey Bay, so!id crt't!tgLC is eat err< rropieai Pacific, and  !p-tt Eti;ttcgE<: is easterrc
Medhterraneatt. From 6'poc>ey ~ct!hi.

rkittklk j'WI,, ! is regenerated witlEUE the euphotic zone Rs a result of Qletabolism
BEkd excretioik by zooplankton and bacteria  Dugdale Bnd Goering l 967!, As a
result, separate EneasuTcIncnt Of Ehc Uptake  !f ILhcsc two fon'Ds Of N illustrates
thc I'olc of supply frokTE bcl�'cv nl FUclkng both high bkonlass-specific Bnd total
prinlary prodt1ctiolk of ctEET !phic waters. Flgulc '. 1 She@'s the Nl ttions bet@'ect!
spcciYkc growth rate Bncl thc rtttio Oi nc'A' to total prN!N"E>c pr� h@" ti !n 1 8<RKActiE!Ees
called the Y' ratio! Rnd rl'lc I'Bno of reo'ckkcratc I, 'to t�kttl <pk'inAIlrv l'!Et! htcti !EE Bs
B. Tttikctkon or total prkTEE uy pn!duction Bs carb013,

 .. !Itvcrsclv, Bt large spatial/tckrkporal scales, Tkitrogcklous bionkass Lhat ls
I'cYDovcd fTolrk the cuphohc zone, L !r c3 ak!lplc> 3vhcEI pUrtkclcs Sink or lish Brc
catlght> Itkust lx', rcplRccd bv ncv. N kf pnrnRTv pi'oducilon alld thc food v<tcb
are to continue to Fulkction E.Eppley and Petcrsoi! l979< Eppley et al. l983<
Horne et Rl, 1989'E. lvterestinglyc Llkis concept is also Bll lrnportatlt one irl
coElsidcratioils of chREkgc ln global clirktatc lx',cause 04 thc so-called Redfkeld
ratio> the iEktittkatc linkage between C and N in mctabohsETE. YNC recyclirlg of
c<!rboEI tvkthu3 Lhc ctlphotkc zone, ILs sknkkng Ttlto dccpcl water, Rnd Lhe dcgrcc
to kvhlch 11 Ic!QRnls thci'c lather thakk TcrunIEEE<~< Eo sttrfacc waters BIl RLKcct how
thc ocean COUQtcrBcts or REEgknckkts BEIEhropogcnic changes hl Btn'K3spheric
CO, and the res ulkakkt '"gcreeklhouse" heating,
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CC<3 t 'Ifff I .'!Xtt 8 F443 L",

;~X f��! It' PC A3<t'<3@�<33't t t' ' f4 ;. � :.C�<f3  .'3< IYhÃg $ f :4 f6 O'IC k! j <<tf O Pt'f3<it k'4'
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IYI:,tg<iC> Un <83'P'w~ ~~Cfkkc A>i'3f!Cftttff f '4"<'�3 �'V M'�l�   ' IN F VFI3 :3� k't f~ I3�
i..3.<8-39 %<CIC «/f' �~ gIC, t<C a fUff� t'.'3 �'f <  X!P4  fktt'Iftf : htt'23't�3 fjtlg< I ttf  ><< t fj'g.'.
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 I<'Etlsfkost'k by ti'kc c�<'!i Elu FICEIE><t'Eck 4 EE tkk>ETA<t k, tkrrett  8lkd 8 peDcf~dtkorl Frf
rEN'8'6 SO t It<BE'lV OF 3VCSferihs '«'BFCF, . '3<<V!t IS .<Eenerktth'' rtlk�'C O� "<'3 A'!phEC, 33BO
kt>C t>g«>31. E  ts 130  Cie.kr hOEV munch et  the 3@h~ett I» EFE ferEIE3 y I", dlte  <3 Ehts
F!4EEEI~<."c EU <Edvceuon, EIFI f ho'>s<s rtltK!4   > iocktf Fed< tc ll'.EEI IU vcAEc'<lf s tppiy of
UEULACAES to  EIC CIIPh >tte Xrkkle  because Ot EIM'. t1'EY;. <et' E!IVCF OI. >V<EETA< Oitkstk=
trt>E>i'ti<'I v<satcr N.  hc skEF Ace 3. P43cNJcl' kulk< C]'Ej':!ftÃk   E9<> Es 4443 cx8trt EIEc ! ttxc
 inlikkg 0  chjan es Et'3  raklspor  Bktd zooplarkk onkc bi<akxkass ljlx file Ca!ih!nEia
  .EIETcrtf, Brg Eked  E <kit EJIc changes ix3 t>okl lass EEY EEE;.'. tlo!'IhckYI p<l<'f  >f Ehc CIEEYekkt
vvcrc !<Ere~']v <ldvet k'vc vshiEc Ehosc i'<krther s� tth  >vi><t'h I'::;<>gcd bc4kkd  hc
ci'RIFE<>«'s krk Ftsttr@E>OA! Evck c caUscd E!v A~gportses fo BdveY.",tk<d tlu'ft'tcn s 0$  hc
f'ood <veb ifscEE;

Micrescalee abend Fine Scellles
ReleVant IIICE lfndIVIdoatI Enea Unljjei'e
and MICN CtenVIN Eanmenta

EndkvtdUBI pfankfet s in crkkcf v<si h cacil othet' BEYd< lf they B3 c phy oplarkk-
 on ceHS< absorb nufnenfs on vckqs sxku !E scBEcs, f'rom B f<-.,kv Enicrolnefers fo a
fcv, EYEEEEEntc crs BEY f for no Blok'c  flan B fc'vv seconds, On tf'ke SUE<dies  spa IBE
sctkfcs <<vixckc Rcvrkof ES Iulnlbcrs arc snkatE, f�'hv ks csserl kaify fanlknar Bnd
vkscolks Fa hcr fEEan  Urbu]cnf. Jlhks stgrktACBIY EV B fccfs .ho'<v nu rlcnrs reach
Ehc Bbsorbnxg sukfacc of ccHs and hosv zoj:jpEankfcrs bring parucies hit <  heik
gl'Bsp, COEYcc  dcscripfkon of Rcttkik! nlcchkknksnls depends On co/Yecf Hcafing Of
 Elc IEUEd dynakx3kcs. MIB  Is Unccrt!Erk Is f!Ic dc<Fee fo <vhkcil such cokYcc 
descripfions v<stEE heip us Ixndcrsfarkd changes  or s cady s ates 3 in popuia ions
Bnd comtxtuku ki s.

A31 ikldividuaf phyEOpiaExk on cd Is sutYo Ended by B bolEndar'y layer of
ffUid  Ekrou<s<b vjshkch nu ricEEIs tor bac ckia! krkusf diffkxsc � x"Bch fhc ou cx'
nkcnlbranc of the cc!E.:ks recognized by MUIIk Bnd RHey  E952!, a ccEE
sfaflonaty Ikl  he visa er dcpiefes IIU ncklfs Hl B njlEcrkozone E rotkktd I  fE33'ough
BbsoFp koEI'3 skx3ktng  or 0 flcr 3rlo kon I'c B�vc fo  Elc wvafeFI knkrkUntzes REus !ocai
depaEIpcrkz<Ej kon. Yilc stZe <and shkkpe of B par kcuiat ceff B &cf bo h  Ekc scvel t y
0  this depEcfkon and khc hydtodynanucs of stnE Eng. &vcEE when upkake of
I'EU rkcn s 1$ EoxEHufa cd as B sBEIIF tbfc process t Gavks ! 97jJ!s Ehe. Issue Es sfkfE a.
skgrkkf lean  one,

.f Ekrbufcklce on fhc sca!c of  cFks 0  rnlcloxnc cls IIIEgh   herl enhaxlcc
upfakc of nu rien s p,'fukxk <and RHey l95", TEEomas and Gibson f990B},
Hov'ever, fhere carl bc a ncgafkve aspect Eo such EttrbUEcncc Bs <veEE, at ieasf Fbr



some kjklds of piEytoplankii5B. T!joB1as al'ld  Jibsokj {1990b! have shown tijar
the ceH-scale shcarirkg stress that rmght be expected from njrbulerkce at the sea
surface under Ijjodcratc winds erin Ujhibit th. growkh of rcd-tide-forming
dinoAageHatcs by caus33jg loss ot the flageHRc v ith which these ccHs svvijjj.

A phytopiakjktorue ccH Bot OE jly takes Up Butrlclkts Eljiough tile boundary
layer but also excretes or leaks orgmuc matter hjto kt, organic matter th-t
bljctcrja can uuhzc Rs R mctabohc sjjbsrrarc for lzrolvYh. Whether 8 bactcrEUEB
can move close to a leaking ceH by chemotaxis Rnd r'emain in its vlciniky,
ijozveverc IS 8. qUCstloB Of YB3CYOSCR1C PhyslCS Pi4tcheH Ct Rl.. 198"!!. J<aekson
{198 l ! showed how the ceH size and leakage rale of thc phytoplmjktokj arid the
bcijavlol' of bactcr3R dcterjrjinc whcthck there %1H bc ruly effects okl bacterial
growth. The relevant poult for the present. discussion is that modeling of
pE'occsscs on 8 IYk1croscRlc can pr'ovldc g'�idmlcc jrj col'ES3dcj'1ng jntcrdctl�Bs
between phyioplRBktojuc Rnd baclLcjERl popuhktkons.

Convcnnonai sanjp!krkg c4 phytoplankton lrivoh'cs caichhkg on thc ordc3
of 10 � lo' cells in R vohlmc  jf 58! ml or so. dkavvn Rom 8 vohune Of several
hjers. Yljcir bulk pr jpcktics m<c thcij deterrrjincd � upEake ot H'4CO3 for
priB1R1'y pYoductloB, OE' content Ot chiorophyH OI' chen�CRl COIDposition, thc
latter confoulldcd by Bonphytoplmjktoljic particles present � as weH as the
concerjtratkon �f Bil3tncQls uj thc SRIYEcvolUB'kc. Fol' plRctjcai 3casons, 3--lt!
such sanjplcs &Oui various depths 8 rc assljlYlcd to reprcs Bt thc vcrLEcal
coEjdlnons Over 8 great horizontal rujd tcrnporai range.

Studies oi laboratory cj lYurcs have shown hov, the nutrient chemical
conccntratE�B uj ccHs and the growth rate kncrcasc w1th tile cxtcrrlR1 conccB-
trRtH5B Ot Muncnts Yct phytoplankton sanjplcd ul ollgotEopluc waters with
lko kncasufablc BU rients ofjclk 1'las 8 chcrrkicai comPositi031  cukd, by 3nlclcj'Ecc,
a rate of growth! characteristic of plcntitul rjutricnts. McCarthy and Goldmarj
�9. 9! mjd �0ldrjjan �984! have suggested thai., since uptake is much faster
thRQ ger jwth rapid Uptake by EndEvlduRl cicHS Of Bunlcnt nucropatcljcs  8 fc<v
cubic Ducr�3rjetcfs! krjkght supplv suttlcicBt. Butljcnt for <zlowth ovi�..r <1 jokj~cr
pcrrod  c.g�-:4 hours!, Such cncountcI's would have to occur often enough to
affect the bulk propcjtics of Yhe phytoplankton, but Rn instankakjcous, large-
volujxK sanlplc c<jnnot capnlrc thc process.

Other evidence of rapid phytoplakjkton growth m Ohgotrophic waters
 Shulenbergcr <and Reid 1981'! lends credence to this suggestion. Ej pcnmerj-
kai tests of uptake ol Nlk.,+  akj c j crctokq. product! support the idea, at least in
part  e.o. Coldrkmn CI al. 1981, H jilj<zmj an i MCCmthy 1982!. and Leljnjmj
<'O'Ed Scdvla �98. ! presented cvldcncc thRt cxcrctlon by individual zooplank-
<erS Can Clceate SuCh USabie BI3CrOparehCS. JaCkSOn �980! and Culrie �984a,



b3 <trg !c<i kf!i<1k< bcc!!its ! r!5  Ut'bktj '13 ,  'j 8RJpk ft !kl ax!d k!o�jkAeaf Fespol!ses Ok
Upkitjkc, cxcrcKJ! !< �'1!cro<i>Rk ';jk'.s �;c N�kcjx' f� far !v!dc a stgk!Jkkcak!t AUFJ!bcr
ot ecjjs !vlfh <!kl, Jt /e 'jt!JS!c sttpj!jg' Fff l! tfJ' "jtfs Hovvevcr tie Jdea is skJH
Jkkfs;:lefkv ! kj!;!k f!!k!!J>xe;1!ji< FJr sJBailj-scaje processes are sk~rkcak!k bk!k eat!J!ot
~x'.'  icfcc!c j. j':I' <!<,':!!!vck!fkfJJ! JLf SHJAPjkrkg hecaUse or j!OB!ooet!kzakJ�n or' skat!skJ-
 '.>kf ' tf!derrkt!T!pfkA>f, or f!k!ff't.

Iri cons!dcJJJ!g the jak'gcr Jsslke ok patch�3ess Of Fkukr ctlks, Jk ks !vorkh
JYJ!!e�!j!'i':ftflg fjR!k Yittk@btk!ky ln J1U'trlcnf co�ccf!kt'3<!!! >FJR J�!1><> PjRv< a H>fe kB
Aot"<tf dktverstfv .!!s 9'ckj <!s tn ff!J! f!vet'! jf rate  >f <~>r!Hvfj't J>f f]!c 9f J!'k >j!! !rkjlioi'krc
its%:.�!bL!Pc�.>Peckj'.,s rjtjf<'F !JA fj!<! <j t J!ct><!R 1 JRf<! !!nrj. s lturktfJB t co!JCF'J!ft'ktt  >'�>
Of '~lptaj C Or' Ntfrk <vkfs,. R~ f]!k !  CJ�jXA !j Y,'! jack !r! 131 h< Pem!if, S;.VCrkkf 4f let!C
k<<F> "s ' 'ko C�> x'Jst. even !v<j!c<D !jf k! ~~~ Rppa> !kikj!> jtfAJfe' j hV fj'!c<. skt!3�:, ><fck!kcf!t.
',s 'c< c,<>,< '!FcnAv ef 'tj j'-J7'f 'f'ttrj!JJ!,'t~'1 j.H!!FFJRFJ� f9.>9!, J-joJ'<!j eokrfp >skfk�J!
f!!a'<> Rfj c f fj I ! PJJf",1'<v<!! s< of PF!n!>!F<!! Pk!!dt!et oft 9,4<ktk <'et !< fs Jftaki'Jkjftk<3!<
fhrr>t!k'>! the k<!B f '8":b fo 'fuvcAJ<ka f'1!!j'! �'trj fftc!cl<!l<e "cpreRPt! s, 'jot' Fj'tc f 1 SBer>cs
t!ceat!o~~k'kt f!hcr� t! s !c�� j f!! .i:,',f o'f kjk !  <Jte'3t toFJ Fkf At!trick!f. f<itfcf! toes»,

«0 R<f4>hkjv jaFPCF s ' !je5 t!r<'<JJ!fc <'1'"" Jv"<!ktcs fkt!<f tjtc tlf!v"'<k�<!f/ch !!!!J !Rf
n>h<<ht , ted fjtcv t<J>< t c bc   Q !t a st<<!ilk!  >Jt  ]<e<, !Ut  <  f3>%?J! ~'<< <tfk !J��J!t ~x!f

CXC<jat!OFJ f<J fjlC Cj!<!SSK" Vke'A' J>k f'J'>>J!kfk!! J a$ O! gktrktsf!!S SUsj!CJ!de i kt! jiV  'jtN f j%'
if! R 1>aft!tive fy j!oFJ!oge!k v>t!R eFJvkFAJ!A'!J t!  <j f!e" !tfe PFJ!ck! kNf j'j 'ft! f'o'.v':0!k fo tjke
jr!Fee'okrt<R' dkse!kss!J!� jt K<.:kk!J<ie  f!cv Fk!k<"M prov! j>' R Pf!vs!e!!f bt<>mer !!.!� i !JL'.,
flic <3!sst]>lift!RB of tj'Je 0!ef@f><!jt� t>%'pJ'lJ<'jttcts cf' kf! !i<r F!!JCF!'!Ota�'1!'Bk!J!tftc8. By
CJ!'L>'<k!JO «1!>» Fe<< !fats, j. refer  FJ «JSS !n!bj< Res <aj j'tete!'�~'C<J!8<3 t~< OJ'!J<ktft!SBX"'< J �<f

other se."':<ot!� t ><>scjv bkf !J!>.. foPekj!er H!, R d",:trtkaj JF !!t'A:.;  >f or~'�ttkt '3 �8<k!JFJ.
A K'k! !se fj!" j'll'~ 't<! "k! "k>'!JCR UNJ bc t>k jkvk f t!kfjv c !jkc 'fc f bv Fjtv 'F" 'fhk'Y
f!'.Jvc h 'cJ! sk !cfte< ; !fk ; B!J!sf, Nock  !U";t!J!R 'Ncs v'll'<' tA st'! e t ' "vt'!"! f FJ>kr8'>'!�'1! teA'
k'J RCVCr>kf Cerktkrftek "FS! <j!aj>C b<j!eefs. jfkdC !S, f4J�8. fkfX'.FS, ih'tf1f!kt�� !S  Vej!~!
fk;><t!tK'. J<J� K tjkt !tk! !Us. f th!>'!kts!, kirk f ot'.!gtr! tc tsf c><o<sjk '.jejot3."'.<, 1'1!J!c<3!JS .f<<J<!cf-
!Jt~. Rtrktct><t!RR kYcs hk <'!Br !j jlfr >s <fJ!N]>'-  >j cf'<t!!J!-tom!k� ' ~'t<>!to!F!s!. Ihe:
c.f��! .!JJ tC;kt!t!C 1:' fj, ~ !''jaft !j.'1! !OA'  Cr	3 pko,<<,J�!f Y
<!F~;:RF!!sn!s kt� j Jf3e  'fK'.Jiafc'1! n!JOJ'<'4<ib!tat e!'cafe<j bv kt'kcJF f!tet 9><>itsn3,,
Ajf  1'c jp ' "t tf   >'~t� ajar!'!ve j.  kt'!'f RJ!<'AK ttfc '  /<'.Ftvecl f1<ok i! 1' Fv<kec< A f J '<ktsc«
are s !rftckekkkiy robUst to res!sk dksrk!pt!okt by norma! kurbujek!t ek!ergy d>sskpa-
ktoB. rakes.

Pj'!yt<,''tpj<!F!fkkFJJ' t>j�OF13$, <tt!�', 4",!d!kt !fki!f ly '
'!C>U<!j'!f. fo C>3 f bV< Cpj!;k !S!I !J! C!j
1!ofk!e!kfs «iJKj. "Y<!Z!J!<> jtV<';!!i %AC!>Cask!!k', StOCk Ok' j!CF!!tVO!>3!ks g > !~>jkk�%tot!,
 .!cc<3<3 CJ !kkjjg'< j!A!'<'<;.Yet'< 9;;Fti f1k '8 FJf >>for>B!s af<c jAUn<j. Jts f]!~OR of' Jkppt!J><R!kfv
Jtt	!%<kc<>etc ! f!j!vlf>!f!jRF!k!<R� 1>13 U'1<c SPaf! ' j< latf!el' ff!J!<� k!R f < <' f p. !fefs, 3 icky<'!FJ
  j<3>>kkjj jkt!S <!F!'< !c j, ft�1!'J cr>!!stB<e!"<!fkc>FJS of j!Yi'fFO fY!!k!t�le evcf!f:"" . !J! fjtc



microscale, that thc t!BI!sition frork! a developirkg blooEYE of individual phy-
Yoplarkktonic CCHS to a postbloorn condihon. Of sinkirkg aggregates made up of
RdherkrkB CCHis can be Yluktc sk5ddcn, even. without the kncrcasc YIE SEIIk!n<~ I'Rtc of
i!!dividual cells Ll!at Es known to Rcco!rkpany depict!OIE of nutTECEits. niesc
diatom floes, while stiH abundank in the water colu!r!n, are the type of
Rggi egRtc niost lkkcly to Y.,'5!'5355 AN!K' »«'ic!YC Ehat! R stn'Ell ti»505�
 EY! 51!c '» EYEYM«!-
tn!n of nkctabohc proces'~".» Eh«TP 45«HdB'.Ej"» @Ad 4'5'55sciI!5!.lit 59k!�5,

Thc ErkicroeBvir035!Y!crkts Of. Rggrc!:,Y!kes ".;"335 bc !Yc!'A�g'CBHv i!!tpk�3!EYE! !f
ilie mettkbol!c byproducts are then3selves Y!u!!'!ct!t» tk!r 0!l!c!' nirg
!I!s
:is« l 5!r
ex.:ktt!pb.,', Sh
!tks EEY!d Trek!t 5 1k'~!» arid AHdrcdge B!kd  »olschBlk 51990!
<'cpo!'red clcvk!tcd  x
'Eceki!rat!ot!s ot l'; H. ' !Tk the i!Y!YE!cdiakc vicinit«y of Rggi'c-
~zarcs. Rk!d  !Ot~~+~ilk E!Y!tl Alki'.-.di",e �9i495 denionstrated buildup of SH�"
MO
5!d BL»~irk!":<><!tk's !�:5!clos~'c! '503' sk've!k!l davs, Fr!YE!ary p!'oduct!vity, however,
is nol Eiecesstkrily cnhak!ced  Alldredge and Cox 5982, Frezelin and AHd!educ
1983', akid the biomass of phytoplankton associated with aggregates  Bt least
macroscopic ones! is usuaHy ikksigYEifkca!kt relative to the oveTBH biomass hi
the water cohknin  e.g.. AHdrcdgc and Cox ]982, Beers et Bl. 1986, AHdrcdgc
and �0kschalk 1990'3, although the conceiitration of phytoplanktoi!ic biomass
on aggregates usUBHy exceeds that in the water.

The physical surface of an Rggrega Ye, as v, eH as its cher n ical nature, may
n!tkkc Et Ek site 0$ gcatly elevated conccBtratio!is 0'1 backcna anil liciefotropluc
pjx!kk»~z<xg!s  C,E'..  ..';Err!TE ct BL 1982$. Xik 4!tchcH Eintl PuhIY!I;535 �9«>55! uivokcd
03!s possif>'5l'Etv kk'! e'xp!R!
 'f'k!M«.scale pat!jtk!!css ot !«AECYCY
5 SUEY!pled blkndlv.
l,a!'55Y!:-s-'««Elk! d!str!butlr�!s, .Ucl! Rs 053«l!ore-Ott"'hore EvN!l!ck!ES f!»'!v bc d!ffer-
ent for okganisriis associated with Rgg 5»!gNC,", th«
3 lo! tliosk 1ke!.. t� the water
 CBI'on ci al. 1986!. Indeed� there Erkay bc OU InicroscBlcs a pattcIn Of SEEcccs-
s!on En tlYc IYE!cr«!b!al co!r!IYEUI!ktv 1!v!iig On aggrcgBtcs  thoUgh not IiecessaYEly
I'csn !cecil to thcIEI!, B pRncfn that Icsults from pI'oecsscs 035 1BI'gci' SCRlc  c,g.,
plak!kton bloo!Y!s! wh3ch ck!ha!icc thc 'l!!r!
!ktkk 553 Yi! tj!c EEPE'Y!",<~i!tea  l!''!Y!!H "k!!'1
Silver 7986'j. Net corksu!Y!p t!on Of 0- bv 
5YP«!x;5». !Ies, e«vk«!t En the 1!:;ht, SE! «~pesES
that heterotrophic processes exceed photi.!syrkkf!esIS  Alllhvxlge BE!d cohen
198;!. However, r!n a larger scale thc c !!iccn!!tkt!ik!� of !'EY!!!-1!vi!!e bacteria so
fB!" cxcceds tliat of bactcrka assoc'EB!cd wirh macY'oscopie Rggrcgatcs thai Yhc
free-Hving bacteria doinhiate heterok!r!phic processes in the water colu!Y!I!«
cvcn thougli thc !ate ol heterotrophy pcr bactc33u!Y! niay he skgB! ticiuitly
enhanced on the aggregates.

A<JgicgRics sigr!!ficantly Rffccr Hkc cok!ccntrat!on andi p!edator--prey
!ntcTacno!!s 0$ thc OTPBI!!snis thai occupv then'5. Hy agPreizatu!g liv3ng BIid
dead part!clcs of EYER!!y s!zcs REEd types, they BLST! affect thc kra!isport of



paxtLculatc ox'gBTllc Glaktcr fronl fi'lc cuphotlc i~one to greaker depths. Hov'cvcx',
XIEc iEIFIUCLIce of LEIS group of pJECEEoLTEena on macrozoopIanl toLI u3d IHE>';El
fish, either db ectly as food or indirectly�is UEEcerkain. lt v, ould be interestixlg to
dckcrxIEIne, bv BURJysls of guk contents %'Llh Bppi! opllalc antibodies, tile cI text
to which larval. Fish benefit from the microbial food v«eb on aggregates by
ingesting heterotrophic EIEicroFJHgeIIates that are too sxnHII fo be captured
iE3dividuaLIy.

I"cedmg by hcrblvoToUscopcpods ILBS been! studied both becHEEsc if 3s a
soul cc of InorkBLEky for pllylopIHIEL toLE arid bccausc lf provKlcs llutrlflon fox H
major Food of SIIERIL fish. The process vi'Hs once vlcvvcd Hs H Inechaxncal
filtration., in vvtuch xvRtcr ls drivcll! EEET�ugIE B Fliitcx of sckae or fhc Filter ls raked
tin ough the vvater, and ce JLS caught on the filter Bre kransFCLred to the mouth for
ingestion. The mecIEanisnls of capture of food particles are noxv helter knolvn.,
thanks lo the studies oF Snider Hnd others ke.o., Stricklel 198":, I984,
PHFFCI3hoFCT cl. Hb 1982, Price CE Hl..1983!, and to the realizatlon XIIHt, because
oF the fiuid dynamics on this scale, such filtration is impractical in vi~cous
media. Many paxticJC-grazillg copepods create some sort of FIovv fo bring
3vater Rnd phyfopIBIEklon near their Exlouthpa3ts, beau SXTEcklcr s kELEIEs reveal
khat at Least some. Copepods sense the presence ok' an indivicluai Large cell
bcforc contact, Rnd alter kIEc nlotion of khc LTEoufh pHEts so Bs lo drawv xhc ccLI
tolvards, kbc In lutJE.,'E«EIciJLHry cvidc3lcc s'uggcsts khak copcpods 'sEIEcLI Fi.c,,
sense chemically at a distHEice! the approaching cells; AXIdl.cxvs �983! has
mAdeied holv a spiherc of' scent around a ceII is distorted in the Fecdil3g currelif
ercalcd by thc CApcpod, Bnd PRFFCEIhofcr ax3d Eelvls f1990! dctcxnuned bv
mlcrocinemafography the distances at vvhich copepods react to cells,

Traditionally, cxperimelifs to detemline the Tates oF grazing and mges-
tloxE by cope'pous have been collducfcd ETL CJosed containers Lbax Hrc either
Unstixred or sfured Ht some arbikrary rate fo keep the parkicles of food LTE
suspcnslon. Rothschild arid Osborn f,1988! have corrcctlv polrltcd oUE lhaf
lliese co33diki Ills 33'Iav 4c  lu! te RE'tif> ',>'IEI xcINfiYC ko natural tUTbulcncc, Bnd they
dcni instxMc 3Iialhernakiclilly that tEIEbEE!cnc ; may mcrcase Lhe Take ak vvtuch
 '.«Ip;.Lxods contlicl ccIIs by: EE'% ol" ever  50'X~, relative to thc rake in stagnant
v~akcr, 'i'his may be irLEporkallt 3vhen the cells Hre koo rare k� saturate the
inlcchaxusxn of CBptul'c and uigcst3�31. SLBUElatlon of XJEc nlotlons Af svvlmEIEEng
pX'cdalols Bnd plcy EXE H kurbulcnl envlroluxlcllk BJSO dcL11ollstraked thBt contacts
increase, cspecEHIJy if lhe radius v'ithin which the predator can detect Hnd
capture flic pl'cv ls I RETIE Jaroc  YH3IEBzak3 cf HI. 199 I!. EE alnEEIHXEoLE of thc Tate
of illocstlon bv cod Jarv Bc of copcpod nB13phl Bt various concentrations Undcl
ccnditions oF diFFcrcLEk EviE3d-ixEduced turbuICXEce has shoxvn up to a tvvofold



Dicrcasc in fcedi»g CBUscd 13y DEYbulcncc iii Yhis piedat«3Y � prey situatioil
 Sundby Eutd Possum 1990; sce EEISO 3,'.:I3iipfei 43.

Mitch attention has bccii p<BE«I fo 3333<cEE3033 as R Rnction 01 concentration
of food and to thc smaH-scale patchiness of' fo«3«I  scc, e.g., MEEIHQ an«l Brooks
1976'. SEYERH-scaIc Airbulcncc c<EYE bc quite 13atchy En UEY'c Bn«1 spRcc fc.g.,
YBEQazBL:i and Osbom I988;E�and RothscI3EId a»d Osbom's results suggest
that one should consider this patchiness as wcH.

However, turbUlcncc a Ed patclics of plankton B3 c a»tirhcticaI, lf pcaichcs
of BnoEQBIOUSIy dense conccnfratioEES are iritportarit places for feeding, as
mdicatcd 13y the ino«lci cons'fnictco by Dcivis ct <El. 11991 !, plBnktEvorcs can bc
weH»ourished either when absence Of turbulence permits srnaH-scale patchi-
Qcss OE' wl'icn ha bulcncc is sufficicQE to cn13<EQcc Enarkedly tktc rate of ciK0UQ-
tci' bctvvcc33 RQ uidividual predator Rnd its pi cy. IiiitcrmcdiBEC Icvcls i or scalcsL
or t43rlaulencc may bc thc IcBst RdvantBPcoUs for flic pic IRlois.

lt is also p�ssibIC that eh<an< e m the large-scale physical circulatio» of
Ehe Enixe«I layer is accompanied by changes in fhe distribution and mtensily ot
smaH-scale nirbulencc. and therefore atYccts the grazing  sf copcp sds. Hov-
ever, I «Ioubi that this change, even if cxEremc, would outweigh Yhe concurrent
changes expc»ciiccd 'by thc Eood wcb of the ccpcpods, such as altered
advccfion <uid altered supply 01 nut3Eciii 8 mtxEYEg EQEO the cUphotic zoi'Ec froin
deep waters.

Some of thc carlicsr investigations iYE pclRgic ecology coriccftic«1
veYYicBL distribEEEions of plar.kton Bnd how< for many species of zooplankton,
fhcsc dESEYEbut3033s change «licHy, scasorEBHy, Bnd ontogc»cncBHy oi'3 scales of
tens fo bun«Ircds of Qictcrs. %tule tlrcrc Brc sfiH vahd  gucstioits coiiccn'Ung thc
pi'oxnriatc <Bid DItEEnaic ti.c., evo!utio»ary L causes Rnd consequences 01 such
dEstrtbut�YES, I RD'E hcYc c�3tccmcd w3th vertical distributions 0» sniaHcY
scales, such as those witlun the euphotic zor e.

Even in siruations 'Q which physical Bnd clicinical piopcrties <U c Ui'31.
fornily distributed weal depth in fh«': Upper fcw tens Of nicfci's, fonYnng Hic so-
cBHcd nuxccl I Ever above thc thcYETEOCIEDc, pIREEkton EEiav Iic. Qafclxy fi.c.,
Y3033randotn'L in distribution, In some casesc the horizontal extent of such
features is gEca< cri«5ugl3 to coris3«lcr them laycrsc b«tt UEI031Y atioEE is gcncraHy
uisUf'icicnt Eo cstabhsh this because cvc» dBER Eakcn coiifuiuoUsly UE O'Ec
verticaL 'Ere gcneraHy from staiioiis thai arc widely separated horizontaHy.
Iindcrway acoustic data frequently show qiiasi-continuous layers of



Bllicroxlckf »I Ilut. they Rrc USIARIIv bIF IJF''Invv t>II fflnlf330FII'Jlc Rf IF'asf ibv  Cav
and M'c JXIRdc Up Of IJJrgc, EXIOhllc 01",33IIJRIIJE', H lb%' .'vei', <I sotm J"sc'Ift ':I'Ixlg
layer exterkding across fhc NortIA I Rcifie Ri  !epEIJS SIIIIII 9w�3' EIJEIIJ. I A! Bl  IIJy
RJZQ1 Jught, doEBiJIaled hy thc copcpod.  .. 'Ch'IJII.'I'  k '.s ;~71,''6~'v~,rl  ".1'!4'O'IIX>', lv'Es
xeportc l by 8RJTaclough ef al. 3 I 969'j.

lhc clucstJOEI of vcxtECRI patchulcss of larval FJsh.  Ood Is of c »lccix3
hecJAI3sc larvae I'CRFcd iln thc Iaborat JP}' Often 3 :qukrc c H'lccnfrfltiox3s  9I food
wvhich considerably exceed fhc average coilccJIXFations 3rl surf lcc 9vatcrs.
Success i31 CRFIy Iaxval life Bligl3f thcref »c depeXAd on Fcedi3lg Jni patches of
Rxlonlalous15' high conccEItratioHS of f 9�d--.either that, ox' fhc rc'kring cxpcrE-
Hlcnls have Ilce33 rnisIc EdiBg,  By JABOIBRIOIJs patches, ' i Blcan thx t rcgEOPls
Avith high collccntratiolls are Blore Frequent than woIIId XCSIEIX fxoln a I MJdorn
dlstFJhufloJl Of abundanccs ahouf thc Incan.j 6 Gether such patches exist Jn [13c
Jnlxc I IJ ycr, how I »%g tllc5 pcxslst, and Evtlcthcl Ih 5 Rrc associated;vith
physical Features that might increase the probabihty ot larval Occ JEYcnce, are
fhcrcfoFC slgHJfACRJlt Essucs. T shaII I'ckurn JH Chapter 4 fo thc EBlponarEcc of
patches Rnd lay xs of RE301'Balously high conccntiati »ls of pIIJHkfon For k3rst-
lceding !RI~RI anchovy�heic i review R FcIV other cxanlples aud their imphca-
uofls Pox larval tish gcncxRII5'.

OYv'cH., UI R I'cccnt study 3 I989!, has observed 39atchv distrlbuEJ »ls of
pIRJIkton within vcIYicRI distances  Jf 2 Bl. Jvhich ls essentially on thc fEXJC
scRic. The c�cYYEcieJAts of vRE Jation  stark 'Iikrd devi'Itic/Incan j OH Ellis scale for
vai~ous types OF pI'knkton Often exceeded those OH. Ehe scale of I � lo m, Ivhile
BIJXFieflts Rlld temperature vvcre mole variab/e OH Ehe larger scale Ebut still
JBuch  css so fhRB thc p!ankt »I 1. PRExlcu!RJ. types vvcxc often patchier fhRJI vI cxc
IHeasures of totaI hJQFIIass sulch as CIJIorophyII oi total paPtlcles.

OB this scale, then, Ehe colnpositiOB of potceliial prey F lr IRFvai FJSII was
more variable thMJ Ehc biomass. bul in fact the types Sough  h»cprescnf
larval food Avcrc less patchy than the potcHXiRI competitors or predators OB the
IIJ&iac. YIIc physlcRI s abilit5' Of fhc vvatcr colul'Bn Blav have mFIIJCEIced
palcluncss, sulcc vcJtlcJEI pxoFilcs tcndc $ to Ilc least patcIAy at <!vlnd speeds
IJXURECX thJAB I 0 Bl scc . irl Ehc Inixed layer Fathcx than iEI thc EIJCXJXA 9cliIJc,
Rnd i13 shallovi RFcas rather fhan ovcF deep water. How Bluchi of the  lbscxved
pRtcluncss I'Juglif b~ duc to thc assocJRJIAB OI paxtlc JIRI' or>x HAsJHs vvlkh
relatively FRFc ox'ganlc aggregafes Is GOE kuov'Q.

Patclkilless Evas gl'eater diuJXARIIy than il>octurn'AIIy i13 Owc33 s snidy,
AIEhough Xhc IncchMJESB'3 was Hof esIRIJIASIAed, &Us 43dmg Es COBSlsfcnt 'vvIEh
XJ lctJAExIRI c�0Iixlg and overturn Of surface waicrs; arid siilce larval Fish arc
daytinle feeders, perhaps Jt is F JFXUnate tllat this iis the case, Ccrtxlinly XERIC



Inlphcatton of Owen s stUdy !s tlME fhc El!stnbl!tlolls of prey Rnd pl'cdafors on
thc scale flMt 8. llarval tish Bltght travel'sc 3xl 8 lcw hot�s can bc qmtc variable.
lt ls UBforEUIMte tlMf. 1arval tish wc3 c too scarce to be san!pled 0B fJIus scale as
weH. lt is also UX!fortunate fl!RE the horizontal dhnens ton charactelistic of the
patches was not established, since  his affects their potential pern!allence an�I
tl3c likelihood Ehat 8 llarval fish, once finding a pafch, could feed thcI'c fox'
!'.� Ny ho�rs,

A sftiklxtg cxaXI!pie of sf!R!ll.-sc!!lc pat<'.1!cs OE 4!>! !rs, kl!ough l>ascii OB
tr>�1%' � sit>glc NR�01! Rt!�. tirt!e 3S 3>' por c� hv fljrt>'3!sl! I!!A!'1:, J!c!sc!l  ] !9i t.
S%'1!t«!!A I!. Vertical I;!A'P«, 0»' ' lrl: Rt'Ot!ntl 8 Slit!Fp pyCA33Cl0!C, 8 l!VY!!l f'.
h  :Bt!ld
have el!countered very 1'llgl! conccnfranons of 8 to>«tc d!noflagcllatc
G»F>3>Indi>I!wm at ,"eoiwm, and fexv edible protozoans, or signiftcantly Blore
Rbulldant oligotrichous and tinti!!nid ci]iates above a!id below the layer of
XBRMinal Gp'FBI�dtl�!N'3.

I>,. '.Rt.trl'" l>'f copcpodF! 3 !. thc lab0>'atory lMs lctl 1 '>»! c IAUE! !»MB!. Mh	0~> itts
fo tllttf NIS! !»> 130A! lt!I'v	 t!sl! rc:!IMgl thc Blear! c N!ccAft«atlons  >f phvEopL!tlk.-
tof! �0 I!ot sc '»!I! to 4c s0htclcf!t for sul»vlval �nd gr >wth, 1 hc l>II>ble!I! ts
cwPpl!catcd 1'>$'' fl!e fuck �3» tf wc 3'jn I!nf !Fc»l llv kN>w how ti! IF c~A" Fe  l'tc ! xK1
supplv r!f a t N!pl ai c01!cpt! 'j !B  !Rtulc ls tf tl>L«!l «Ml'rophvH total pari cub»!t '»
orat!l� ct!X4'!!I, fNRJ 1lvt!!L' cal'bfÃt . '!s  ."'fit t!'6' ".d fTolik $>v'�PYl'P!» OI sotfY;.
pN'i!el	1 r sl'Ec cate~<'0!.",>  !I 43 Ktlett�:'.� 8! tf>set 0'j one Af fl!i%c >

Hect!: ts<'. $%8d.tcGLS .!I! plly30plt!rtktorltc bloll!ass  .f,e.. chat!gc IA b!on4$««
pcx !N!i d!s!an@43 are X	�c13. Skronfxcr vcft'Icily Xhaf! l! !r!zo� 831'v te,g.. '"«'f tjlN
1.Ak!'3, 1'Bt!Ut 1!ttcl!t tort l!R»s !!«1 !I! patd ix's '«vl! !illa!' znol>k�!kr«~!Y Occur N! f f 'c $
3 1! 11!vers f or veri!et	 p!! fc] t!ness 3 i! f R�<>XF aj '1!!slv l�!th co! tee!It! g !or!s 1>g' fo !tl.

tll!A  !Atl BI'ooks t, ! ~! i', » l976! I!.:l>olk';<3 cxN!Epics 1'fQEII fjY'. Soi!il'!crA Calt-
f1>!I�1! Bigf!t IB wh lcli tl!<» Rbt!nd!�!cc  >!,' btt'I!I!<!ss Oi ilv,. Copepod  .F!/ !P!  i
p�''.'!'jh:.'IIX V."V4 p >S3i!'v« ly cor!YJ;.!Xed Wtf1! b!OAI !SS Of pl!y'toplk34.'.0�. f!felt!gh
<v!th grc tt vat'.!Rb3lily; sec l'!lh,.�xe ",.4, <ktc pIBINJHy I ! Ycxttcii!l dfs!xl.b lt!OEIS
01! tl!c qc'!lc  >1 !I!et~»~q fo tt  I'w  fc .R I!>~4+6;, Although> f50 FB�!I! 00M'j'.N! ! !on
of phytoplankton divas ins !tY1cient tot growth Rt BMny stations, dlsfxlbutlorls oi
"Blalnutrifion Rnd slut'eit" dt!ring the tv o periods studied couM be calculated
lx0!Y!  k!C Si!ce!$3 ', vcfktc;.!l d!$ F!k!UIIF ns;.!At'1 lakx!!atoll data 01> fccdlng Rnd
I!.s'>1 fat! ! I!. Co»; '  a!., t' VP833 cafe ![atcd s tf	!it!!. dist«ihuktof!s  ox two podlons
Of 1 1!e 0 !<~hi» one Ftchc!' �'v!F1 ft!c 0fhi'I 170!I! ~! INl:!r <!~" ta f~»tk ~F! lt! another "I ear
 Figure 2.5!.

these rclatlonsrcsnlt fron! sanlpllng, Rt d!ftcrent tilncs and locaf!ons�of
the vertical distributions of a copepod sp"cies and its ptesurned food t',or, at
leas , a propeIN, chlorophyll, presumed to be correlated with food!. The



Figure 2.4 Bio>nass >f
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qucstlons yct to bc RELswcrcd coBccTB tj!e I'olcs of behavio! of tj!e copepods,
the inlbajaEEces betv«een reproduction and graziEEg on phytopjank on, and
furbujcBcc ill res Die UIIHIo thc vcitlcaj dist! tbutions af one locRUon. Mujju! ct
al. �985 J stu hcd vcrtlcR1 distributions before RBd at cl a local stoEGE, RBd
foUBd surpnsin J!jv little dEsruptton. g+Es Obscl'vatlon wijj bc dlscUsscd Dlorc
fully in Chapter 4.!

%hijc it ls tclnpfiBg to Hrvokc lhc usc by zoopj tnkfo!E 0! pafchcs 0T
1Rvers of food as thc solutlo E fo fhc apparent Insufficiency of avcE'agc
coEECCG rations to sustain growth« thc Fangc of BatuER1 siltua ions, cvcn wi hul
onc gcogTRphlcal area  the Southe!TE Cajiforrua Bighi !, Is sniuch Blorc corn-
pjcx. Fnsl � thc varlablhty sjlown Hl Fig Bc 2.4 Blcans cltjlcl' that tjlc rclaflon
between phytoplanktoruc carbon and quality of food is quite variable  on this
Issue, scc Mujjin anclj BI'ooks 1976, with. lcgard 10 cell Size, and NRpp ct al.
1988R, conccrnlBg blochcnucaj colnposiEloft! or that thc copcpo js arc Elot
very efficient Rt fuldlng  hc best places to feed. Second, fhcTc ls Rt lcasf. onc
example in which C I«anus and othel zoopj HEkters seemed ahnost to avoid a
dcnsc layci of food  Flcdlcl. 198"!. Yhird, Napp ct Rj. �988b! foMld Bo
rejatEOEE bctwccB thc vertical dlsfrEb tt!on of JIT!RBy spccEcs and fhtlli. ot phv-
tophnk onic biomass. FiE!ajjy, Dagg and WVyman �983! and Muljin e  al.
�985! mere unable to show that there was a relation jx",tweeEE the vertical
distrlbutloB of chlorophyll Rnd fhc dcpfhs at whlcjE copcpods fc� Blost lntcG-
sivcly  as reflected by plant pigments m their guts!.

Because of the vertical attenuation of hght in the sea.  Vvhich as a first
Rppl'oxln tafi on Js IU1 ex 1! E�e E E�1 dc . <! y! <M!«.'1   !le Tescrv«'l t'ot  !x! jize j utlfjtellts
rcpTcscntcd j".«y  jeep 8«' 4E,',!'« tjtc se«!le  >f a tew Ertetcrs to a jew tci!S �f  Eiefe!'S
below thc su! fttce Es cr K aj fr!!.' the pj!ystoj !g«y �j«p�%'f�pj t tk «'!TE. 1D still'31j'.
SEf tat � !s,  'ejjs >;«130E�!!j<«�3t; tj«at is«cejj t jtvin«". I!cat' tj'g: sitrj«!c«, 13':tvc jess
ejl jot'opllyjj tjY«n  jlilse j vitlg Gear  hc j«t!<e ol t�0 < « phot!c '8'�B!l ' Ad  tif fc! "tll
kinetic P.'.sj'�Ase5 � ]i«,13  "'j le Bjtro«Fc!to is !E	 rt E it use j. hv phv,,'opjitttj t«a�
B«':;it' tj!~". surf' ce is jlj ejy t� Lx. RJG�'!t':« }ttt!l! excre!e�« lv he crotrojljis, whlje
deej3er-ji'vtr!it «":e!js ofjert u~e � [ET !FJ  d vcE!dtti ' on !he peitcf�E E >P oj. j!«',hj.
rela jve  «t tj!e  jr !jh  '«t. ' jtc. I!UETEcj E!«".«<v>i ;M E!I!rate bc«~ills 4> Erl�!tet!s~'. %!th
«jenfj!i, 1"3�1 jjv,  ttcl~«.' NE!Y j'!c 1'j!E EAcf �«,!T��!L»E!t!es �1 .ij'cclcs a  d"j'�,TCN'
 jepfj!s, l!at' !et lit!'jv it tile cuj!j'N ~c Y ! EC  "ate!Ed» j!ej�v: the fj!eri!'! l lj!E!e  f.',I»
Vcnrick 1988!.
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AH this Incdns that botl1 conceptual and Mlnuh<: tlon In�«leis of thc
euphotic zone Bs a velticdHy stratitied column are weill developed  e.g., Jamale
ct Bl. l 9. 7 !, ln generaI, 'these Inodcls consider Ihc phytoplankton Bt any dcpEh
to bc phvsiolo?apically holnogcncous  I.c, to lcspond sllnlh3rjv havuILz had
MnIHBI plcvlous exposure to nUEricnls and Hghr!, Bnd to Inovc vcxncaHy onlv
bv SEEEk3ng  or, In thc special case of some dlnoGageHates, by svvlm?IIIng
vertlcaHy!. Most mcasul'c3Ylcnts ot prl131ary p3 oductlon at sea BL'e based on this
conceptual 33K!deb

Nevertheless, there is good evidence that the individual ceHs at a iven
depth and tinle do differ in physiologicaI propelties. Micro-Bntoradiography
«4'salnples incubated with '~C has shown that species within less tllan a hter of
o'BtcI' dlffcr 3n their photosynrhetlc lares  e.<<., Ma" uirc Bnd NcIH l97l,
Knoechel Bnd Kalff l976a, b!, Even within a species, photosynthetic uptd e
may differ considerably  Figure ".6!. YIIe possible sources of this variabiHty
arc thc Mzcs Bud ages of thc ccHS� then cnvironnlental h1storics  they 333B!
have been brouglht together from different depths by pllysical Inixingj, Bnd
their genetic Inakcups.

Denlnan and Gargett  E983!< in reviewing the pl'ocesscs resulting in
vertlca  motions In subrace waters, evaluated each hl ternls of characteristic
time BIId spac" scales, relative to the Eirue course of adaptation of photosyn-
thesis. Turbulent nlixing and internal waves were the nlost inlportmt motions
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F?gNe .7 Fcoprr c>vo sA!c?!es,. a~?> el'c'lees ln t!t?o'1?synt'rret!c >'e5>?arises >!eb>'eerr s!!>~2ce-
!,:,:ing anc!i deep-!iviing ot?y!opia?! tar:., Errotte> «go>nst,'a!E: Gf tni! ing. I.e>E;  ills !r<!nce
oet»Peen pp?ax!! ?>a! >!Son? svntll>'>! c >'caes >f ~s»l fa>ve ctrrd >1>eeo saf !pres as a trlrr o loll 1!f
t??>'I??>lent diss!i>a!lc?!1 patE.' ', ?iS>?ec va! aes cneall pn!!!' !,'>??;>?3>g3. t? Gp?? Le?:i 5 e! a/. !re>84.
tv.:ght: d?,tEO>' ia>C'E' 1' y!!Ve>!n >'et~att>'e mt>!O?t!OP? POP' OC!d>O OP pt?>O!OS!'P?ttreS! v Or SC?nr>7>eS J3'Gr?>
cteeth?! >?!er I'?yt.er'e tr?c> e3>vv 1 t tends to < E.' g>  latest! an i!nr>i?i!i o� at!3 e 1?> face ir»P!er
"art?es nr a>? g> celt>!n c?'Jfe e??ce oetyvee ! ctv'>?tris! asv o J.fr>c't!o>? of >!1  jVlc' !at lso» nlr>!1>?e 
! >Gvver' rot!l>?s rp?ean pnG!'e rr!i > tr gi. t'1!  n? Half'ls > N4.

EB EcEB1s 44 tbc?x effect on pn?r?ar?y prodnct3orE.
As rtoted above, ditferel»tianon i?z th" kinctiics of prir? tary prc?d?EctioE3 can

arise in a stal3Ic v'atcr colatnn EB ceHS ro?vi33g 1n diffe1er?t Microcnviron-
EBCE1tsi trc>EB SOEr3c comb?nat?on ot spectcs dtttcTCE3ccs Rnd phys3oloPEcal
adaptations. Yhere OE?ght> therefore, to bc meas?Erable effects ot Ehe relati>R»
hct?veen the speed Ot phyMolr?gicEEl diffcrcntiatio33 Rnd thc rate of nwx333g.
FigE3re 2.7 shoxvs the resnlts of tvvvo studies in which R rncastttc ot' thc
difference i33 phot�syr?tltetic responses hetEVCC33 SE?rf'Ece- and deep-liv?Etg
ph jjtopla?3kto?1 Is pl ?tted agRU1st 8 BlcasUEc ot rhc Eatc ot 3BE313ng. Althc>E?gh Ebc
r8ari>or?s look sopcdsciaHy d! ffercr?t because differettt properties axc plottcdi
33% fact both 5vapfts shovv' that at h3gh rRtes ot En?xEEEg thc responses arc s?rtt?lar>
and at loxv rates there Rrc d? ffcrcnccs bct?wceE3 Ehc t?vvo pop33lations � or, n3ore
cot%ectly> bct'v'veen tbc coQEEr?U?EEEECS> SBECC rhc spectf?c contpos1tEOB rEER?>r l133vc
dEffercd vert?caDi v, also,

It v>ot?M bc interestEBg Eo Bse 133icro-RE?diograpl1y or the tech333q?EC of
BOUldiE3g Rnd PlRQ E 1986 ? to tIca?33 tbc dcEyrcc of phys?olog?cal ditYcrentiatio33
Qtth313 s?n>!]c depths Iln these sr33drcs. >L3>33c v,'011id expect that, as tE3rbUlettt
B133E?ng EEEcreascs to soErEC ?ntcrntcdERtc 1RTEgc, 5>vlth333-depth hctc1ogcnc?t'r' BX-
creases Rrtd bete>cer3-depth diNc?cnti Etio?3 di?r?irrishes> Rs cells m'.Eh dilIerent
histo6cs jand!Or ot ditYerent species! are h1creasingly bro?Egh3. together
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l~'igure 2.EE !dea!ized behavior ot" ti! e tnid?ati' zde,'.E?errnoo!itre thoro!  »~n zeazot?s,?3rteeted bx
6! z?rr?a, E?ca!i??g 67?<i!'!'?otq?«?a! Coo!i!!Q, Floe!1 l'VotjarK! V»oat t98h.

 FB!kowvs!d EUld AVirick ! 98! !. GRHcgos Bnd Platt  !982! designed an interest-
ing incubatox Lo ruin>le this, hut they vtere unab!e to demonstrate ecologicaHy
Sigkufkeaklt Ct!eets.

A special fokln ot verkical IQOLEOIE which is seasonal in occUEYcnce but
diel iE3 period results f lorn the diuma! heating and QOCEIE x3all coo!ing at thc
suktacc, %�1ch cxckktcs R d3cl decpcnlklg al'Ed shoRlnlg ot Etc tllckxnoc!UXc
 FEgurc .8 Es BIE idea!ized vicv t!. WVO!f Bnd 3� !oods   l 988! have used B
!..Byangian enscmMC model to si�3U]ate thc temporal sequence ot Xllc bu!k
propel+. biolnass of cMoropllyH. Tllc Inodcl cxp!icit!y xctBU'ks iklfokknation on
IEIdlvkdua! ccHs vvltlk dkftclclkt�kstorlcs that CBIE co-occUI RL onc dcptI3 Rnd tknlc
duc to random mixing above the thcQTkoc!EQC. Hl-princip!c, at least, such a
Enodcl $� RQM be Enorc rcallstlc Ilsakl those Ehar treat BH Ehc ccHs EQ Brky
layer Rt Onc tlInc Bs p�vsko!ogkcaHv holnogcncons. ln this context., the term
"thenxkocline" may be misleading. %!lat is ikxlpoktant is Xhe dicl variatiokl m
thc pcxlctratiokl clcpth Ot nlixing, vvhiclI3 Q3ay differ frokn thc dept� of Lhc
t�crkno"!Ulc as a bio!oglst 'o'0UM dcfiI'kc Et.

ln the E� toff and AVoods modlel, if a ceH is! cfX behind in thc deep, stab�
laycl 1Q tile xEXox11lQE«as thc thcEx33oc!EEIc s!IORls! 'Elle ccH slxlks Rkld EIERy 0I' Inay
Qot be 0'vcktakcn RxK! rc-crktrai1'kcd illto thc Qllxlng lavcx' Bs X�c LhctxnocHQc
Elccpclns in LlEc cvcrung g'i gore 2.9!. ! hc phone I ustoE»y and Elntrkcnt uptBkc 0!
cac� ccH dcpcncl OQ Ets !ocatk033 EEX thc v?Rtcr co!unln EUXd R glvckl ccH �1 ELS
daug�tcr ccHs 3 CRE1 vary bct?Vcckl EIUXricIEX llin1!ERL�13 arkd !lght IHMERLEOQ Over
nulc. 4" ptakc hv ccj ls dcplctcs tl3e nutrkcnt pool, BQd thcx'c ls no xcgcklcratkokl EQ
the Enodc!.
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A'hcn Ehe verkical distributions of nukrkekkts Bkld chlorophyH Rkc dckek-
mined as a function of, time, R realistic forrEkation and deepening of the
Lkkktklc4IEC Bnd chlorophyll nl<Kxinlun1 layer results  Figkkre 2. i 0!. hIl fact, thk s 1s
Aot too different from the outconke of khe simpler model of !lanka' ct al.
 E9;".' 3< hl lvh3ch varkakiojk kn siklkkklg Tate Rs R flknction of nlEEA'cnk uptal<c v<as
R skgnihcal'Et clcnlcElti but thc LBLraklo'i<kn inodcl 3tnght bc n3orc rca]1stic in
mcchaniism Rnd, Ehek I"Eoke< a better too! <<vith kvhich Eo examine the effects of
perknrbakkons. Even a SI33<< fc day of deep Enixln<, such as rmght. be caused by a
skorin, ctuk alter the vertical diskributions significantly  Figkire 2, l 4 !, and one
can Lmagkkkc a. loca! sforrkk Ehkks creating hoAzokktal patcFBElcss Ul Ets vvakc, Less
scvc3jc v'md cokldktkokks, slkcllk thRf K.<3kkgkrkulr CCHS bccokTkc Ehc doEYEUMQlt B<'ckkt

ot rkkExkrkg, should B/so bc c<okkskdcrcd.
The first step in assessiing Ehe genera!ity of Ehis Tnodel is to obtain more

dalIB sets dcknokkstlating Elle circkkrnsfaklccs rcskllku3g !E3 R dicI variakkce 1n thc
Ehcrnloclrilc idcahzed Ul Figkkre 2.8. Akk ikkfonnanve fklrther test '<vokkld bc to
conduct Bkx <Lkla!vsks of VRABncc krk flora] corkkposktkon Bnd kkl physiological
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Table 2.2. AmbEent light, as percentage of surface value. experienced by cells in
the middle of 8 chlorophyll maximum Eayer 2 m thick centered at 25 m, compared
wEth loca'. 8, I-deck afEd 8E sEfu EncubafEorEs.

Chlorophyll
rnaxlrnurn
attenuation
CQ8ffECEent

State of
internal wave

ci ost

trough

7

8.2
ff.15 m '

trough

CE &st

tro'Egh 3,3

motes sharp density hlterlaces on which internal waves can propagate. On
conflncntai shclvcs, such Evavcs RI'c pronoDBccd Rt fhc 12.4-hour' period of file
scnlKlEUTnai tide, whic In flic opcB ocean, pcl'lods range fl oni 8 few mtnufcs
E'the local buoyallcy period! to about 17 hours  the local Blcrtial period!, with
crest-to-frough vertical dispiacemetlts at the longer periods ot up to 30 m
 Dcnman and Gargett 1983!.

For ccHs hvmg near IBlcIfaccs sUch as, 8 Shat'p thcrillocluic, fhcsc
vcrticRl Illotlons cxposc thcIB E1Uring fhc day to cxponcnuaHy incrcasuE2 OT
decreasing intensities of light. if the mterface is in the lower half of the
euphotic zone. fhe photosynthetilc rate is approximately linearly related to
Hghf. intensiity, andi so the effect is a net augumcntation of photosynthesis over
what the ceHs would experience at rest.

Table ":, 2  from 1 eFevre 1986 E shows the effect on IHUImnatton of ceHs

hl the midldie of 8 chiorophyH maxhnum layer 2 nl thick riding on internal
waves of 4 TB anlphiudc at 8 Blcan depth of 25 IB, Yhe wafer above the
chiorophyH IBaxilITIUBI has RB RttcnuafloB coefficient of 0.1 Bl, RBd tltc
attenuation IB fhc maxlTBUE'B layer ls 0.15--0.6 IB . Yhc fTactlon of sUTlacc
Hhmlination received by these cells is compared with that received by ceHs in
an on-deck incubator adjusted for the mean depth �4 m of surface water plus
l m of the maximum layer!. Note that, because of the exponentilai atrenuation
of hoht tins is sotnewhat less than the average of the ultensities expetlericed
by the ceHS on the intenlai wave. Also shown in the taMe are the intensities
experienced by ccHs ul 8 bottle suspcnl lcd iB fhc sea at 25 m oB 8 fRUt linc,
where the ceHs actuaHy experience greater iHuniination where the trough of the
Kvavc passes because this Blovcs thc turbid InaxuBUIB layer beio>v 11'lc bottle.



Lande and Ycntsclr  l988! argued that the maxirrral increase in primary
prodUctloB shouM occur when thc Intcn'IH l w«vcs coEBc! de w161 lhc base of thc
euphotic,.orle in eutrophic areas, In the upper part of the water column� light
lntcnsrtlcs Blav be great cBBUgl'1 ro rnhllrlt photosynthesis. arid Elrtcrnal waves
propagating alorl«~ a shaHow thcnnochne m ohgotropluc se«s mrght actuaHv
dccEc«asc pnnraxy pr'oilUctilon slrgfrtly  H0Howay Rnd DcnmRB 3 989!.

intcnl«l vvavc pRckcts propRgatc «vvay from thc shelf over' dccp water, as
wcH as onto the shelf. HoHigan et al.  l 985! studied a situ«tion in v hich a deep
chlorophyH maxinlum layer was moved between 0,03'!~ arid 6!«of surf'acc
IHUQUBatron by packets conslstlrEP, of 2-4 large   i0 � 80 B'9 waves»vlth R
vvavelerlgth of i--l.5 km. Some evidence irldicated that mixmg due to ovcr-
tuming of such v aves couM enrich the surface layer with rnrtnents during
forKBghrlv spring udcs.

Other vcr%Ical Brotrorls, SUch as Langlnurr clIculatrOB. can alter the hght.
Intelrsrtp cxpclrenccd over a tcv' rnlnutes  MR!TH l980 M«rrra HBd HculclnHB
l 982 Dcrnnan Hnd O'argett f983! as caxl ti'Ec passage Of clouds and the
focusing Hnd def'ocusing of hght by surface v'aves can do so in seconds
 Savrd«c l980, Falkowskl l984, 'A'Hlsh and l cgcndrc f988;!. Yhc EssUes alc
the depth of penetration of the effect  the spatial scale!, the depth or physio-
logical condltloE1 of thc phytopllrriktolr that Irrakcs them nlost xcspoBs3ve
 Abbort et al. 1982;3� turd the speed of change relatrve ro the tinle scales ot"
phvsEolog3cal change 3B thc phytopl«lr3ktorr. Yl3csc Inoilons Hrc potcntilaHv
related lo cHmatic variation through their dependence on local wmds, while
chn'liatlcaHy caused char'Egcs ur thc density stxuctrlrc of thc cUpho'tEc zone
wouM be more likely to alter internal waves over continental shelves.

Yhe issues reviewed irl this section have obvious importance for the
cstrr nation ot prinr«3ry pl'OdUIctlorl Erxrd for thc Ulrdcrsranding of vcrtrcal distri-
butrorl of phytoplRnktonlc brolnass. They crlso EHustratc tl3c lnxportdlncc of
scales in relations ber»veen physical processes, supplies ot' nuttients, and
physiology of phytoplallkton. inlpllcatrons fol thc rest of thc food wcb Hrc less
clear. In particular, it is not clear how the spatial and temporal distributions of
spccrcs of phytoplarlkton arc affected. Yo the cxtcBt th«rt thc ftulctroE'lihrg of the
food web Ilcpcnllls on thc constNEcnt spcclcs I'«ther than lust on lrlornRss arid
p6Enary production, thc cffcct that vertical Inotlonls 0B rbesc scales have on
conlIBunr t» conrposltlorl needs fUxthcr study. Yhrs Observation ls Rnallogous to
orle J Blade c«xlrcr rn this chapltcE' coBccrnlng thc possilrlc role of pRtchincss of
Irutrrents.



HI addition to the physiological effects that. internal waves can have on
photosyBthcsIs hecause of thc fluctuation thcv cause U1 Hght intensities,
internal waves can aESO cause: phytoplankters to aggregate iIIto horizoBEaE
patches or strips that dieHy move verticaHy across, the densiry interface on
whtch thc waves propagate. Under sornc condtt1ons of IHBBIInatton and
supply of nutrients, large-ceHcd dinoflageHates forn1 persistendv subsurface
layers t',describe later, m Chapter 4, as a feeding ground For larval anchovy!.
Under other condittoBs, thc same contplcx ot spcclcsc whcB suftlcicntjy
abundant, foIIB visible "reel tides" at the surface irt rrndday, swirntning
 lown>var l In the cvcnIBg dmJI upward In thc BtorMng.

Kamykowski  E9"19 and references therein, E98Ej has BIodelecil this
effect Figurc:.. E2, fron1 hts woI'k, showvs how ccHs, 1B1tIaHy IltspcI'acti cvcnly
in an onshore � offshore direction, lhecomc aggregated into ha11ds that progress
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slo»vly ofIshok.c over sever al days  as do the crests 0!F the v,.aves at a tkxcd rime
ot dkky!> and how the gro»?/th rates and nucroenvironmcnts /Figurc:..13! OF
ccHs vary khI'OUgh t11nc Bs a Ek3ncnolk of thekk EHItkal starrIEEg posE kEOIE. A!though
khe model is ideahzed, both in khe sikkkphAcation ot' thc physical envkk onknent
 C.g., no turbulekkce! Bkkd m thc EknifonYE behavior of the ceHs� it permits
exploration of the inEporkakkce on horizontal pattens of, for cxampIC, the depth
ol' the thcnnoclkkEc  nEEtrIi!inc! Bkkd AvlI~crhck or nok khc ccHs stop sv:ikTEG.Hng
d0%'n?vard once they pcnctrBkc the mkkriclukc Bk nkght fok khcir dkkk9 of
IIutrkents.

Zooplankton is BLso moved verkicaHy by intcrkkal vE, aves, altIkough the
effects on sccokkdaky production are jess easily envisioned than the effects of
thc clrangu'Eg hgh t t kcM on prunaky productioEI. 4 skk Ikkng exampIC ks thc vv01k
of Haury ct ak  l9/9!> w'ho used acoustkcs k0 vksuahzc Bn 1ntcnral E?Vavc pacl>ct
in Massachusetts Bay. A horizokktal sampjcr, such as B zooplakkkton nct, t>okved
at thc I'ncan depth OF thc pycnochnc '?>?ould BctuaHy catch plBnktcks fronk kvk>0
dkstkkkct cnvEroEMIenks  l'Igkkrc 2. l4!. Onc cBIE knkaPEIIc trv3ng to dcdUcc fron'k
Bn itktegrakivc tov, Bt thc sBIEkc depth> "svithout envirokkkkkcntal scns03.s, that
BppendEculariatks and ankphipods co-occur primaNy n1 v,'arm> relatively fresh
surface »vatcr Kvith rclatkvcly lkrkle chlorophyll.

There is arE interesting relation betEveen Internal vvaves:kkkd recnlitmcnE
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having to do with transport ot larvae rathcl than vvith the dynamics of rhc food
iveb. A proEEEiilcEIt sollrce ot intcniai ivaves in stratiAwt, shallow water is the
Entcractlorl between tidal nlotions Bnd boEtoEXE topography of H skat fc.P-. t
Haury ct ai. i 9. 9!; the gencratiing rnechanisin is therefore reiativeiy predict-
able. A sequence of hEIcar slhcks can 4c formed on tJhc surface betvveen Ehe
crest and the trough ot the illtcrnal ivaves. These shcks are regions of weak
dovvnvvcHHlg of 'vatcr', and tor this r'cason. ncusLonlc anuYiais  Hs well Bs
buoyarit debIIs! become coricenbated iEI thcril. Under some co»ditionst the
sticks progress shorcvvard at vciocltlcs of Ehc ordcI' of 50 cin scc, Hnd pi'ovidc
R nlcchaEusEEI by which ncustonlc ]Hrvall uivcrtchra cs Le,g., Lhc Mue crab
CCdcVICCFC.'t! culd fiSh Le.g.t tlieflsh! RE'C tlBrEspolted Shorevtcard  ShtuEks 1983t
 988t zzMils clnd JIHctt l98:�Kinosford Rnd Choar f986!,

If thc icci13itnlcnt of sou h spccics nearshorc dcpcnds on this Incchatusin,
c1lirnaticaHy caused dccpcIung ot ihc sUrtRcc iaycE EEEight atter patte!TEs of
rcclultn lent. ThcoreticBHyt one couM LcsL' this hypoihesis by correlating sUc-
cess of recruitmcnt vvith thc occuiTcnccs of iEEtenial vvaves that affect Lhe

Surtaee  C,g.t ShcEEIks HEId V Aght 1987, but On larger SCak.s!t 4UI One WOU!d
have to cEmiEIatc othel cl'1vironnicntRi chRngcs to dcInonstraic true cciusation.



MRQV of Ehc pattcI'11ls Bnd pI'occsscs f O'Evc xcvic%'cd in thc lattcE portion
of this chapter have scales too srnRH to regulate survival and recrEIitxnent of
IBEval fEsh on the scale ot an ennre popnIRIEoEI. f. have presented some
exaIEIples, related Eo physEcal REId chcxnicRI pI'occsscs on thc san1c scales, of
ntcchRBIsll'ns affcctMg XIEtcIacnoIiis bet%'ccn Bn EEEdIV!dEEBI and 1ts sonrcc  s 1 of
nntxition in thc f'ood Ivch, Bnd of sxnall-scRIc pYocesscs tlEat RIIC gencTBMy
hotnoocIEEzcd o1' oEhcx%1sc 1gnoxcd In coEIvcEIXIonBI n1casnx'cntcnts ot rates ot
transfer of organic IXEattcr. Yhese processes affect the plaxEI Eonic t'ood web by
plansiblc, cxplICII nxcchRnisil'ns Rnd therefoxe hRVC thc potcnEIRI to in' lUencc
the food snpplv of lBIval fEislE.

lt 1s still Rn open qncstion, ho'A'ever, Bs to 94licthcr sigEEEftcaxEt vanatEon
iEI, say. sncccss or a yca1 class of yonng Ash can be dLIc to VBARtioXE iEE thcsc
processes rarhcr than to ones of .larger sca>c. l shalI present some evIdcxEcc
bearing on this qIEestion irE Chapter 4, hut tIxst, h1 the next chapter, l nExn to Xhe
iX! csoscaIc,



The horizOBE81 mesoscale� from tenths to tens ot kiIQEBeiers< is roughly
intciYncdiatc between thc dail! anlblt of 8 plaBktcr and the ax'ca occiipic«i bv 8
population.: it BIiglif Iie rclcvaEIt to the dRHv movcmcnfs of 8 sclr«3«31 of Bduit
pelagic lish. OperationaHy, it includes the range froiYE the lerigth of the typical
tow with 8 zooplallkton nct to thc Interval between sfanons QB Ri'1 c3«teilsivc
cruise. PREYIy because it is accessible to convennonai sampling, many investi-
gRtlons have been con«ducted on flic Mcsoscaic to «IcfiBc unportRnt dnYECBSEQEIs
of paichine»» and relate thein 10 the scales of physical properties.

%hen samples cail be takers conthluously, as with a fluorometer and a
theEYnistor measuriilg, respectively, the fluorescence of chiorophyH in intact
phytoplankters and tcmipcratUIc, Lhc data can bc ci«prissc«I ds 8 powci spec-
trum, w hich is basicaHy a d«iuble log plot of variance against spatial scale. The
sl«ipcs of such spectra. csEB uldlcatc thc scales at whici'1 pate@Bess of chioro-
phyH probabIV has R physlcRI caUsc  slope siiiuiai to that of tciY3peraturc, close
to --5/3! <UYd scales at which there ls probailiy some Qtl'lcr< prcsiuYERbiy
biological, caUsc. Cross-spccil'al cohcrcncc  E.c.< SEgEIEficRnt covaxlaiioB of
known phase YclRBQB 81 p8IYicuiax scales! cail distmguish scales at whch
chlorophyH varies duectly avith temperature from those at which it varies
invexsciv  Dcninail 1976, DciUYERB ct Ri. 1977, Hoxvvoo«I ]978, Platt 19'78!.
1'hc brevity of this descnptEm permits only an Endication of the concepnial
altxactivcncss of this approach RBd conceals Blaily difficulties ul Eiltcrpxctatlon
 c.g,, SIIax and CUHcn 1981!.

Thc exRnlplcs I have chosen to rcvicw hcI'c concern horizontal xcIREions
betwccB phytoplankton an«I zooplankton�either Rs IIEQEYiass ol 8.s spcclcs,
together wilh ihc EIElphcatEQBs 'Ior sccondarv production, Tins issue ls s«1YBIRX
Io tklat coilcexrimg thc concoldRncc of vertical iiistxibutions, Rn«$ flic iiMpHCR-
tions For nutrition, diiscussed m Chapter 2, Contuluous sairipling�usuaHy v« ith
clcctxonic sensors, I'1Rs pliivcd 8. Indoor role EB faclhtatulg description of thcsc
relations  though «Iata thcinscivcs ale ofteil saMplcd QI' Rvcragcd into flnltc
hltervais!. Mackas Rnd Boyd t,'1979! combined data from an electrorlic particle
countxer to estimate mimbers and siz"s of' zooplankters riear ihe surface along a
ship s track in Ehc North Sca an«i 8 AUQXQEYictcI' REId thermistor 'to show that thc
zooplaxrkton was more variable  i.e. < patchier! than phytopiankton or tempera-
tUle, cspcciRHy QB scales of I � 5 kM, Cross-spcctx8. bet'A'cin phvtoplankfoB



and zooplankn3rl v ere coherent af 180'; that is, they v, ere out Or phase, thc
zooplankters being Bbkuldant where Yhc phyfoplafkktexs were rare!, xvhjch
sUggests gxazlxtg rather than attraction of zooplanktcrs ko phykoplanktcrs Rs
tbe cause of fhrs scRlc of patchtrlcss.

Theory  PltYYL Bnd Dcfknkan 19! 5. Okktbo 19! g! suggests that thc QYUYY-
frlal size of patches that cRYY pcrststtn sptte of difYUsivc fltspcrsal kncrcascs
wtth file gcncTRLYon Lrrnc of thc organlsrrks of conccITE. Therefore, Lhe ikndEQP�.
that patches of zooplarkkzon v!ere smaHer than pafches of phytoplankfon
suggestedl that zooplankton patches resulted frotn behavioral Bggregaijon
xakhci fban froYTE 8 balance betwccrk  llspcl st'vc horrzof ital dtlfustork Rnd Tcpl'0-
duction, sEQcc klkc gcflcr tlllon tlIrlc of zooplakkktexs Ys QofnYBHV longer khakr thar
of phytoplatiktcrs.  ActuRHy, SHYcc Et ts nci grov!Yh � the C3kccss or bUfh over'
death � ivhjch must compensate tor dkspersjork, it is kheoretjcBHy possible that
the grazing nearly balanced growth ot' phytoplarkkton, and so only quite large
patches could persist, while thc zooplankton experiet3ccd HYYJC mortahkv. Such
an cxplat38fjon ts not consistent with the out-or-phase cross-corrclakjork, hov"-
evci' t

Af'tcr a study 01' sonkewhat sinijlar mtent, in vvhjch the zooplankfers were
iidentif led Rnd counted by microscope, SYBT Bnd MuHm �9813 also reported
that the IntcnsjLv of pakchkncss 01 zooplanktort exceeded that 0$ phytoplafkk-
tork. Although cross-spectral analyses did reveal some cohexences at scales ot
8 lckv kklokncfers hk w'0 of tire khxcc cnvjrotktltcnfs sBEY3plcd, fhe eohcrenccs
were nof cokkststctrfly Out, of phase.

As noted in Chapter 2, acoustic estjrEYatjofY ol' zooplaflkfof lie biomass
provides suit'tble dlata for such analysis. The variance speckrukn of biomass 0$'
krfH, uktcgxatcd RcotkstlcBHy over' Lbe upper 100 QY En kransccfs tn khc Anfarcktc
OCCBEY, v!Bs compared by Heber cf: Rl. �98|ii wtth tike vartRQces Oj QcRI-
surf'ace temperature and clklorophyH  fncaskYred Bs r' vino Guoresceklce! on
scales of 2--100 km. The VBYYREYce spectra of ternperankre Rnd clk/omphyH had
shnjilar slopes Bt the snYBHcr scales, as indicated ji3 other studies. Krj]l�which
are known Lo form swBYYQS by acdve aggregation, were much patchier RL the,
smaHest scales than either temperaLYETC or chlorophyH. lndced, fiche acoustic
data suggested Hfat fl3c Bctual size of itrdivjdtkaf kriH svr"arms averaged only !.3
m; UEYforftknakely, the data on tentpcrature Rnd chlorophyH were recordedl too
jnkrcquerktly to conrpare varjanccs or> tbjs scale. Cross-spectral colierences
uldicRfcd 11YRi varjatjofk of RH khrcc propcEYjcs was ln pllkksc TaflYCT than klut of
phase. lf ts vr'Orkli noting fhak�as heber ct Rl. point ouk, sarrlplulg Bt dkscr'cic
statjorts EQ fhc sRIQc Ycglof1 had lcd Lo onc Of Hic c!Rrlkcst discUsslons Of 0Ut-of-
phase parclljkicss of planktofi m the literature  Hardy Blid GUEYthcr 5936'E,
Other studies provide data Rnalok.otks fo those 0DVeber ei Bll  e t!., Plcper ef al,
lu90! 13UY they have nof been Rnalvzcd Rs varkaftcc spectra.



lrnpltcatIOEES IQE' tire pIREEktofuc foo«lI Evcb Rrrsc conccpfURHy ITQUI a
combination of the scale-dependent coherences ot'distributions arfd the non-
Iuxcar rciatton 0 f mc"cstion to concentratrorE Qf food. HUnrlcv arid Bovd I I 984 I
arEd Boyd  '1985 } Used an Rigor«rhrn Eo convert dafa on IEOE Ezontal dfstrtbut tons
of phytopiankton and zooplankton in the Gulf Qf Maine, sampled eiectroni-
caHV, mto estimates of Engcstion 01 orgaEuc carbon by tlfc zoopirlnkton Rn«I thc
resulfREEt secondary producfion. Hurftley and Boyd �984! had concluded that
conccntranons Af parrtcuiatc organtc crubon  POC! En shell waters werc
gcncYRHy sullflcicnt foE" ntaxiEEERI growth, though they acknowledged fIEat nof.
aH POC nEay be nutritious. HOEvevcr, Boyd �985! concluded that, except
durBIIg thc JUnc bloom QI phvtoplRnkton thc r'afc of sccoEEdarv pr'0«itfcttorE wRs
Hrrutcd by fhc suppih of food  Rs chiorophyH! at most spafERI scales. AithougIE
thc zooplRnktontc btomass wRs scparafcd Ento stzc CEEtcgorEcs an«1 tiEc Rigo-
rithm was scnsiitive to this, RH sizes of ammais gcneraHy were either t'ood
llnut'c«1 Qr growuEg at maxtmrEI rafcs Rt Rny onc tune REEd piRcc.

One can demonstrate that horizontal patchirtess of food is simificant fo
zooplankters by showing that some measure of physiological health, prefer-
ably one related to the rate of growth, covaries with the biomass of food QEE Ehe
mesoscale. For exatnpie, Ilakanson �987! found that fhe short-term and long-
fcrm stoI agc Irptds  rrtglyccDdcs Rnd wax cstct s, rcspccfEvcly! of tl'Ec copepo«I
CQI«EnvY pQcfficB$ werc postlftvcly correlated with flic biontass of chio'oophV
in the CRHfornia Current System  Figure 3.1!. Because the frigiyccrides, as
wcH as morc conscrvRftvc propcrEEcs, %vere corrcIatcd wrfh chlof'ophyH, fl'Ec
relations probably reflect recent nutrition, Efof just advection iEEto the Califor-
nER CEErrcnt of dEtfcx'cnt c10ps of phytoplankfon from ciscwhcf'c. MUHEE'E
�991! demonstrated fIEat b«Eth thc prodUcnoEE ot eggs by tcE'nRic C. PacitlcEEs
and fhc dcgtcc of food IEnutatEorE of fhts productEon werc posfnvcly correlated
v ith the biomass of chlorophyH irE the southern half of the regton studied by
Hakanson, though there was much unexplahted varEation.

On srnaH scaIcs, howcvcr', Jn v!cw of rhc evidence gEvcn EEE CllERptcr:,
that vertical layers of food are imporEMEt for CEEIams, it is interestmg that
Hakanson found stronger correlations wheEE he used the total chlorophyH
averaged throughout the water coiunm as the measure of food, rather tharE the
nEaximal conceruration at each statiQEz. 'I hat is, Hakanson's resul s do not
suggest strong vertical concordance between chiorophyH and feeding by
Cil /aP/EES.

VA>rk by Durbtn Rn«1 I3UE bEEE �989! UE XRETagansctt Bav provr«kcs other
cxanfpics of hortzontai vRrERfn!n m thc condlfton  Rrld, presumably, thc
secondary prAdUCHon! QI zoopIREEkton relative to biomass or food. FigUrc 3.2
shows the condition Ias der weight  length! -'] of temaie AcaE.t rz tonsa oEE a
transect down the axis of fhe bay, andi fwo measures of the biomass of
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cMoroph/H. T1Ec coM4tioEE facts ot thc copcpods RppcRE s to change Enot'c in
paraHC1 v~ith thc chtoroplhy[! i?E ccHs 1argcr than 10  EEEE than v«ith tota1
c1E1oroph"!!H, as if oB y' thc iaxgcI' cc11s RAcctcd thc coEEditiorE ol' t1 Ec copcpods,
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Pf'co<?/ap<ktorr 3?loip?n: ]eA, cond.,:finn fr?c.'i!r f'�  ler f,tl?/ -'/ »j'Acsrlta ti??TSR, anil
3?3!!<fi?pfa?Zkfon 2<!ig?!le!?FS/ n tllelr �NS VS. FifornaSS Of 3!31 j<'~/2/ankron r /� 3E?n; t?ght,
cor".d?Ili?!?ft?ctor '!s, thror?rcfss if !ol//?/P!<fon/unkton, F!'»!P? 33ffr'b!n and i!?4?tc/Pf /98i~'.

1 bIS obsct vattoB Es silpportcd b!< Fbc YcsUlis 01 t?nother Lrallscet dUAng B, bloonl
of ptcoplatlkton LT<3gnrc 3.33.' bt!th Fbc BnioUnt ot plaETt plgnlcnt En tbc gUts E Bs
tl. TBeasrErc 0'1 rcccnt 3xlgcst303Y3 Rnd Elle conditioET tRctox'  Bs  . I,JCTTgt111 . !
EETcrcascd Tvlth Ellclcastxtg blonTBSS of large ph'�v'toplankters< bF3t the coBdEtE013
tactox' 'vvas Tnversc1!P rc1atcd Lo thc toEal chloropb?JHI tvblch v'Bs t103nnlatcd b!?
plcoplankton.

Yhc blolnass of 1Rrgc ccHs ts <3H 3nsM!ntaBctats FBcBsnrcriicBt, vrhllle
col'ldEtEon tRctox ts Rn integral 0  conditioFTS ot gro?<vth foT' thc copcpr?ds over
soTTTC Lime. On these scales, there is no BssUrance that the copcpods experi-
enced the Obscl vcd b103YERss of 1argc cells dt3Mlg g3 02<vtiT, not direcr proof that
iETgcstioEE 0'Barge ceHS caitsed tiEc gr Avtl3; bUL the data BT'e certa3331!' snggcsttvc
of related patterns on the scale of a feEv kilometers. hi hght of the apparent
UBSUitabiHLf of ver' SFYERH phvtoplanktcrs Rs food, it Es AvorFh contciTiplattng
the effect ol mT apparent increase in dominance ot sm<RH cyanobactcria dnrrng



a Cahforluarl El lino  Putt Rnd Prezelin 1985!, rncBtloned ln Chapter 2.
Peterson et al.  i99 l! salnplcd a transect across the SkageETak  between

Denmark and Norway! where there was variation iEI veltical stratitlcation of
the water colunln, though Bot a shatp frollt. Yhe distribution of' sizes of
phytoplankters Rud lhc l310nlass of copcpods werc Bot clearly relRtcd to thc
degree of stratification, though both were variable on. the mesoscale. The per
capita produchon ol eggs by a large copepod, CIIIant!s titlt!larch!'ct!s, was
poslnvcly corlclaEed with thc bloBERSS Ot pbytoplankfcrs larger than l i f133
ivcihlch was 20 icM0%i Of total phytoplankK5B!c but therC Kvas Bo such corrCicl-
tion for a smaHer copepod, Pcivctcacttrtus parv!ls. Because growth rate of
juvenile copepods was correlated Ivith the rate ot cgg produ "tion by temales.
total secondary producrion by RH postlarval stages of otlpepods could be
calculated, lt varEcd Irlorc than twofold aloBg the transecE. which cvas solnc-
what less thREI l00 kin loBg. a!id was positively corrclarcd  though Bot
signitlcantiy sco! v, ith tIle biomass Of PhytoPlankton. E owever, there is Ilo
easy way IO tell. how repcaERble lhe pattern Blight be; rhat is� is it a tA! e spatial
pattern or simply variation of ullcerEain origin 5

More extensive work in thc same region 'by Tisehus el ak  l99l!
revealed similar! y y cat variabiihly in production o eggs by!Etcclrtia cIat!si calid
Centropages tvpicL!s, which was orlly paniy explained by seasoEE, depth of
water, RBd bEomass of chiorophyB. Tile lREter two factor's might, Of coUrse, bc
related to the stabihry of' thc water cohlmn. These workers concluded that, irl
thEs rcgEOEI ot complex BUxlBg, thc lclauon bchvccB Ineasku'cd l310nlass of
ch!orophyH and tecundity is more stable over space than over time.

Fronts arc 1'clatlvcly sbal'p Interfaces i3ctwccn Dvo Brasses of water of
dif erent physical characteristics, Some of these fearures are of special signiYI-
c'ulcc because the physical processes that cstabllsh them cause them to persist
over time or  pREticulariy for fronts resul! ting from the intcractiorls of peEIodic
cUrrcnts, topography, Rnd SCRsonal surface wRE'InlrEg! to rccul' I cgularly, i shan
locus orl tidally gerlerated frollts betwceEI veltically stratif lcd and mixed water
in shelf seas. Owen  l98l! and l,c-�Fevre   l986'j have RLSO provided exterlsive
reviews of shalllow-water fYonts and Ehelr ccoklglcal Empllcatlons.

Extensive fronts are oAcIE visible in sateHite images of sca su!face
temperature as sharp thcnnal discontnluities, For ttus reason "interactive"
cEUiscs, m which a research vessel L» guided by satellite irllagcs to sample ul
three dUYlenslons, have bccB fruitfuk Much vvork has bccn dolle around the
Bri tish isles 011 fE'onls gcncratcd in I'cglons xvherc tl lc ratio of wRtcl' depth  h! to
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tida1 current speed  EE! challges rapidly. These have been cRHed hjus fronES,
slncc thIS Eaho sets R crltlcal vahlc. DurEQg spAEEg Bnd sEEEQEncl, surf Bcc heating
lends Eo cause sErat3tlcatlon Ef thc vtEiuc Es cxcccded, bUt EnlxEEEg kccps tIEc
3vatcr colunME morc Bear]v Esotherrnai Rt Icsscr values USURUy En shaU0%'cr
waters  Pingree I978; Figure 3.4!.

AAc3 thc hont has existed tor solne wccks, Ehe bloTEEass of phvtopiBE3k-
toln  nlcasurcd Rs chjorophvH! 3S ottc3 I IBE gc Rt thc surface on Elle ETEExed sEdc ot
Ehc troEEt or Bt the flont. Etscif�duc Eo tbc lepie313shtncnt oT Mlppiy ot EEEEt3 ients
there, xvhiic there Enay be a subsurface layer' of ETEBxiEQRI cMorophyill on Ehe
strarificd side  Figure 3.5!. However. if EnixiEEg is too strong and the water too
turbid, Ehc crop of phytopiankton Tna'j bc greatest just to thc srlatkYEcd sldc of
thc flollt  Phlgrec 1978, Fogg el Bi. 1985B!,

Physical cucuiatlon QcaE such B frollt cRQ bc qultc coETEpiex�cspccMHy En
EhTce dEEncns3ons. The slnfacc CUETUElt' ls OACQ palBHei to the front, BEld there
call be meanders and eddies causing cross-fronts] transpoEt  Pingree $978,
Sinlpson I981< Lodcr atld Piatt 1985!. Subsurface intrEEsions cl'osslng thc
front are also thought to occur  Fogg et B!. I985b!. For exalnpie, Home et al.



�989! calculated that thc supply of nitrate aci'oss a fldaI front on tIIic B08th side
of Georges Bank from subsurface wate~ on the stratified side was nlore than,
adequate to supply thc Bew production  defmed ill  .hapfer 2! in thc froniaf
and B'llxCd iegloBS.

AB cxanlpfc of scasonaf dcvc/oplncnt ls shown 1B FlgUTc 3.6, and
another exaniple is descnbcd by Fogg et ak  I985b!. As one might expect
fronl thc irlcchaBlsiTl described above, variation ril weather caB affect thc

tllmng RBd B'lagwitude of piankton blooms  Pin/ice j 97/�poga ct. RI. $9g5b!.
Though dolninant effects of prcscnt hitci'cst Rlc lB thc water cofulTiri, thc! c ls a
relation between thc critical vRIIUc of fhc strarlflcatlon parameter and thc
organic content of the sediment  Figure 3.'7'!. It is noi clear v, hether this is due
to dlffciencc in production of olgaruc lnattcr m tile ovcrIying watcl cohlnrn oT
to a direct effect of thc speed of Bear-bonom currents on the dominant grain
size of thc sedhTlcnt, sccondari!y Rffccflng its olgRnlc contcBi. GcncraHy, 8.
weaker current means finer grain size Rnd., therefore, greater orgainc content
due io greater surface/voluine ratio of sedhnent palticies.

DNerences hi taxonomic composition and in stnlcture of the food web
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313ay bc fotlrld CI'ossu'lg a1 front, Rs Inav dlffcrcBccs In biomass of pjaEIktoll
 HoHigan l98l!, t3B Ehe v:CH-Btixcd side, diREOEIEs otten dominate the phy-
toplanl-ton, while dinoflagellatcs, such as thc nox ous Gymdiniiztn au!.ei?/Iir!I!
I'Bay foTEB dense bloon'ls !ust across Ehe front ln stratified ccvatcE  Plllglcc ct Rl.
l97",', Holhgan et al. ].983}, Yllis pattern Blay be reproduced as a temporal
succession of species during the springtiEBC developnlcnt of stratification on
tAc st!ant'Icd sldc  llolllgaIE l9! 8!. lB at !cast soIBc cases, bRctcTlc3l blonlass
and Inetabohc RcthliEy are, elevated in the viciniEy of a frollt and Erlay consume
BIEEch of the prEInary production of orgREEIc Blatter  Nclvell Rnd LIIIley l984
HOHIgan ct Rl. f984R! .l984b, Fogg ct al. l985R!t colnpcL3Bg?t!?EEb thc dlatoEB-
copcpod-tish food chaEB.

HoHigan et al.  l984a! presented a summary of differences iEE food 3vebs
bcEEvcen nuxed, trontal, and stratiflcd statiorls in the Enghsh ChREEnel. MEilc
val EabllI.ty xvltlEEEI caclE type 0  3vaECE. CRBEEoE bc deduced  'I,c�Ebc stanstlcRl
slgYEEficancc ot dIffcrcllccs CRIIIEol bc dcEcn133ncd}, RBd otllc3. froBEs nlav present
more or less contrast than did Ellis one, Figure 3.8 is indicative of thc striki13g
differences Ehllt can bc found IB sborr distaEIccs wherl f1 outs BTc pl cscIEt! Rnd Et'
EBRkcs R stro1'Eg RTguEIlcnt fol' kno'6'Ing about ally tronEEEl stAKturc v/hcn sltnlg
statIons tol' studlcs ot food %ebs.

Morc RBporEant for Teen!! Etnlcnt alto populations of f3 sh than thc crfcct of
t3 ollts on thc dEstrlbullon of bEomass and hnds ot phytoplankto31 1s any
result EBE cAcct on zooplankron, particulIErly the nauphar copcpods on 5vhich
Inal'Ey lal VRl and yollng i!uvcEIilc fish dcpclld fol' food, HoHigan ct Rl.  l 984R!
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dkd BOL  ickcct dlffcl'CBces in Rhun iatlccs ot copepod Baupikk Rt Lhe Irkixcd,
frontai, Iukd strafifkcd sfa loBs Lhc!> slucilcd Ul fhc Hngiish Cllkakklkei, EB spkfe of
file differences IB pikytop]axkkfokk  sec Rbovck. Hotrvevcr< Ki@rboe RBd .E AhaBscn
 i986! RBd Ki llhoc ct Ri. �988! ikkvestigatcd fhc Huchakk flonf. oB Scot1larkd s
casL coRsf, R1'I IEBpol <EIEE Ekulscl'j gxokkkkd fol' iRrvai heEYEEkg, !n tYv'o coBsccuf Eve
years, Their resuits indicate that the abundance RBd rate of suppiy of kkauphak
copcpods SOEBetilnes varied across tlilis froBL Pigures:.9 RBd 3,iO show the
distributions of pIopcxtlcs hl IBM- RBd iatc ScptcBIbek of i984> Lhc Ixuxed
wafck' bckklg Ul the BcRrshoxc> sh<kiiowcx Eegl!BE t. file dkskrkhUEkokk Af phv-
Eopiakkkton  Rs chiorophyii I w<ks EBuch patchlcr oB fhc first thaB oB th<,. Secomi
Eransect in f 984  T:igure 3. io} or oB Lwo kraBsects ikk f985.

Thc bkoklkass of Juvcnkic RBd Rdkklt copcpods was not cicariv rciafcd to
fhc froBI, but copcpod cg<?s 'kvcrc Bkos  aitkkndRnt krk khc BBxcd wRECX ku ] 984
 Figure 3.i !!. Pe> "apira productioB of eggs by copepods incubated on
shlpho<ud Wvas also glcRfcst Rf these skakkolls EB i984> though kn i985 produc-
tiokk was greatest Rf: slaklons whcrc tile v,afcE coiUIBB was Erkodcxatcb stE'au-
f lcd, lf!erc was gcncraHV a poskf Eve 'reiRfkoB hctwcclk cgg productkoB Rnd
conccklfratiolk of chiorophyii, tikough other factors were infiueBLIai as weH�
snlcc tile sflcBPIh of thc re]atloll v<ulcd conskderaI.?jy hcfwcefk crukscs  Fioure
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3.]2!, Vaxiabititv over  irELC in Ljlc ! ciatjoLL between prodtlcbon of eggs and
cMoroptE>'8 was also sho'o'll skf6Engiv b>' jjlsci!L!s ck at.  i99i!.

Tile IEOE c.'Aj3i!Q cgg prod!Ectila<33 Biso rcprescn!ts, cxp! essed Bs biotnass p 1
t!lonlass, a prodUCLLonrrb!oMBss ratio, Exonl wt3!ch I,tf natLpht<Er growtt3 Bx3ci
j!Evcntjc grove'ttl arc slnlitar! to3at sccondar!r' prod!Ectio� o!t copcpotis call be
cate!E]ated  To!T! ti!ej! blonLBSS. On one oi Ljlc hrr'o transccts Dl i 9<�< this
calculation showed that< with respect to the, LTont, scconda!qr prod!Ection couid

dlstllbtltcd ditfcrcLL!tip &0m blonMSS; kilcxcirErc, zoophMkto!lj bio�3ass

Figffre 3.A Bi OmaSS Csr Cofriyofi eggS iEef urf!r ferr! 3!e 'EiOmCFSS  S.rm Of PSCEII�5021'If�S,
Acr!EL!8< Qr!fi Yeff!of<I! ol! Av'0,'vQflsecfs !Ffd!c~'fed /2'y' sfilr! i!rid dora<! lr! frl!e rtrror f6 SeQ eQsf i!J
sco'.lilrfd, p!!cffed ffgoirf f  jet<3!!emper afuree fl:�tpr er!ce LSefv.'eer! 0 anci 60 m  see /''ig. 3.9j
c<r'ld  fkgj!L,' FF'leQFF coffee!!frYA!orl of cil!Ov"prl!F l fse" Flr'r. 3..< 0!. f'Tom Ng".i'Aoe <EF!d Jo!M!user!
i986.
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alone does not Rhvays indicate "where thc action is" with respect to the
producnon of ftsh food,

Thus,, these shelf-sea fronts are potentiaHy arms of considIerable vaxi-
atzon kn the supply of food for larval fksh, though the natu! e of this variatlokl is
ktsclf vakkablc ul nlrle. Quktc Bskdc from Rnv effect rnctllatcd bv thc food vi'cb>
fronts !nay also serve as regions v<here subpopulations of lak»<ac are isoliated
Bt»d Tckained t Sikkclair 1988!.

Aklothcr tvpc Af fxokkt related to topography buf knvolvkrkg kl drffcrekkf
Tkkcchatuskxl frotr? fhc fkdal hA ' tl'onts, oftc3» occurs BE Ehc shelf break, whet'c B
graduaHy inchned shelf changes to Ehe steeper continental slope, Bk. Rpproxi-
Tnatclv:00 kn depth. Tl»esc features Rrc inkportakkf tkrtd, Ikkc tidal fronts, Bxe
quask-constak'lf on so3Tlc spatkal/tenkporal scRlcs Bnd quktc vankkblc on others.
For exak»lple, Fourkuer et al. f1979! found that conceraration of phytoplankton
t,as chiorophyH! was elcvatcd at  he &onk east of Nova Scotia, relative to weH-
knLWcd shcH vvatct's cvcn Ehou<rh thc cokkccnkxafkons ol nutrkcnts vv'clc sknlklar.
They Bkfrtbuted Ehks to stabkhrv of thc wafcl colunln Bt fhe sheH bred even
though Hke stable, offshore waters beyond contakncd HEtlc chlorophvH. How-
ever, irk a second year, fh" khcrnkal f'ront v:as Bgaitk preserkt but the Brea v, as
nkixcd to gt;,Rfcr deptlls Bnd fhck'c wRS no augkncntatiokk of clklorophy H,

VaxiabiHty Ul thc Telatiokk between "hlorophyH Rnd EcIDpcraturc was also
found by Marra ct Rl.  $98 ! RL thc shelf break south, of 1 ong Island. ln thks
case, thc data per�»tkted spcctxB1 Bnalysks, 1IE �'KJkcated skrnklBT  BEkd Tc;latlvcly
srnaH! vaxial»ihty m chlorophyH Bnd tcnkperature at scales sknaHer than 1 km



 though cross-spectral cohcxcncc wRs not calculBtcd}, but it also 11'ldicatcd
nlaI'kCd Variability U1 ChlorOphVH Rt 1--'f kin duC  lt WBS argued! to LrroSvth Of
the phyrop]RElkton, since variabiHXy in temperature was not unusual at this
scale.

.As B dlgl'csslon, RXEd kccpirlg in Elluid nxy lcnMlks Ul thc preface, Et ls
wol'th notulg that thcsc two studies, Ell lnany ways, Rrc rvplca! of niuch ot
biological oceanography. Both involvetl consideraMe effort in sampHng, in
Rtrempting ro account for the complex physical processes aftectulg a dynamic
I'cgEon, Bnd irE coilsidcluig spatial/Itcnipolal scales of val'10Us pxoccsscs. 80th,
howevcxr v, ould have benefited greatly from more complete temporal cover-
age, with greater svni!ptlcltv, sUch Bs satcHltcs CRn provide  though only for
near-surface properties}, so Hlat knowledge of the evolution ot' the palterns
might  only nught! clarity possible causes.

Islands and bIUEks in the path of currctlts cause Inesoscale hydrodyEIBEnic
effects, Bnd ui solnc cases Xhese appear Xo Influence thc blonlass Bnd plodUc-
tion of plRnkton. Fol cxanlplc, Simpson ct Bl. �982} obsci'vcd tllat kowexcd
sea sufface temperatures were commonly seen in sateHite images around the
SciHV fsles  on lhe shelf southwest of CornwaH}, suggesting Iriixin~r of deep
water to Xhc surlRcc by tidal CUnents. A hydrographic sccdon fronl CoinwaH
Ento the Irish Sea indicated that the biomass of chlorophyH was greater iii
weakly mixed water than in the most nuxed, coldest water adIacent to the isles
 hi!wcver, cokd surface water Bd]acent to CornisvRH also contalncrl R 1Rlgc
biomass of chlolophyH!. The coIKcntrBIion of chloxophyH was least ln thc
most stratified vrater colUIEUIS. 80th chlorophyH and primary production in thc
region were quire variable, but only chlorophyH was linearly related  in-
versely! to the stabilify of the svater co]umn. Sinlpson et al. �982} calculated
that lhc Islands "avcl'c responsible foT Bsixfokl cnhanccniicnt Ot phytoplank-
foluc biol'nass ovcI' Bxl BxcR tcn tllncs Bs large Bs theEE Ialld Brea.

Oceanic islands s!tuated in a strongr steady cunent have been observed
to gcncratc B series of mesoscalc cd lies knosvn Rs 'L von Karman vol'tcx strcct.
Halklev �91', } stuilvlng Ehc phcnoIncI10EI at Johnson AtoH Ul thc n1lil-
Pacific, repoitedl that an eddy was shed about every two clays and drifrcd
downstream at somewhat less than the speed of fhe Upstream current �0 cm
sec I}. '1 hough the aloH ls only '26 km ill diameter�H arkley beheved that ils
ctfcct extended 6 N ktxi. Yhc 'voTllccs Bxc IEltcmatclV cyclonic  coUntclclock-
wlsc ln fhc Elolthclil heilusphcxc} Bnd antics clol'llc, so tlMt don1lng BE ld dippiflg



of EEutrEcllnes shouM occur, as well as Inixulg, posslblv afiectnig prEEnNq
production  thoUgh B<axklcy did Bot sfEEdy thEs

At siYIRHc! CUilrenf spccds, thcl'c Play bc trapped elidlcs on thc down-
streNB side of an islNld, but not a fuHy developed vorlex street. Heyvvood et
al. �99�! obsclvcd sUch 8 situation 8!'oUlld EslNIds u! fhc SoUlth E«lliafoE'Eal
CUEYcBt of thc IEEdian Ocean, togcthcr w! Eh don'Hng of isopycilals, lowering of
temperature, and enhancemem oi'the biomass oi'chlorophyH Bear the surface.
W%'!CB thc cLUTCEEts wcEc v, cakcx stlH, thc cffcct could EEot bc dctectc«i.

Other Encchlirllsms CN'1 give nsc to cllirlchincBf of phytophcBktoIE RroBBd
islands, of collrsc. Dandoilrlcau Rnd Charpy �983! cxaIBlncd data on surface
chlorophvH E8kcB fronl slulps of oppoEfuHiity UE thc Ivcsfcrn SoLEfh PacEric,
whcl'c cUxxcHlts axc lvcak and fhc Eilnll ECHnc ls quire deep, They conch Kic«l that
statistically siyuficNEt large-scale crlrichment is nlost colnmon WCH south of
equatorial upwcHuig N'olu'ld high EslaBds Xvithout cxtcnslvc lagoons, ! Rthcl
Eh<Bi RloUnd RH EslNlds 8«ccaus«of this fbey behcvcd that XLLnoff of terrE"-

cnous BEIfiients ls thc bkcly CRUsc of thc cBrlchnlci'lt.
Submarine banks on continclltal shelves have water flolvEEEg over as

wcH as Rloulld fhcnl. Their cif'cct oB production of plankfon depends on their
size Nld thc chNactcristlcs of fhc water rcacfung lhcIB, Rnd on I lic dcgrcc of
vertical mixing NEd 'trapping of water over the bNEk in a gyral ciirculafion
relative Eo tlhe rate at v, hich water leaves the bark  voder ef al. 1988!. Fig!Ere
3.13 is a sketch of the relative magmtudes of veltical diffusion, recirculation,
and residence on tour banks in lhe western North Atlantic: Flemish Cap
 deep! Rnd SOUthwcst ShoRl of thc C~XNEd BNiks  shaHow! oif KcwfouBdland,
Rnd Bxowlls BRBk <and Geol'gcs 8<EE1k sulroUBdulg �'lc GLElf of lvllalnc  both ail'c
strongly impacted by tides!. �eoiges Bank has bofh the absolute size and the
re]ahve importance of vertical diffusion to have a great effect orl p6BIary
prodLEctioEE. Loder et al. �988! suggest that scaliing the hydrodynamic pm-
cesses Ul this way is essential to conipare the effects of the banks with
biologE«.al time scales,

OccRnlc scNXEouIEts  wl'uch risc troni watcl lnol'«, than 1 kni deep! axc
csipablc, UHidcE ccEfEEUE coBdltEoEIS Sot CUXI'cnt Rntl stra !  ICRL! On of thc water< of
set lng up Rn RBfle r"clonic vortex  8 Taylor coluitlB! that clul rcInalB tr<lppccl
above thc scairiourlt fol' weeks< cRUsulg dlstoxtloli of lsothcilns arid locRl.
cEEXEchErlcnt. Gcnui NEd Boc Elclt �985} observed Uphf ting oi iso�lclTns  which
is possible because tbe anticyclonic rolatiion is riot m geostrophic balNlce',i;uld
vcrtlcal prof!les of chloxophvH above 5$3IEBiinl-kasuga ScaErlount that werc
dlffcrcnl froln those af. conrxol stations Mvay from lt:  Flglrrcs 3,1~1 N'Ki 3.15!,
Hov, ever, they did not detect these phenomena on two other surveys,

1 hc large populations of demersal fish that often ulhab! i such SCNBOEUEts
may olbtain part of their IELEtrition from IEEacrozooplNEkton Rnd micronekton
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i985.

occBJ1   scRn1o IQIs� tsi ands!. There Is icss  in'cct cvKicncc oi Ehc cttcct on iarvai

81 d jnvcniie pciagic fish, rhough Ehc dislriburioEI of sorJIc pciRgIC tIsiIcries
suggests that adult popuiations are associated with topographicaily caused
IHcsoscaic tca Mcs �!da Rn t 4,'shino ] 958$.

MEiicr  i974 l, 'o'orkUIg off MRUI lln thc HJ wRIIBJ1 Islands, reported
evtdence thRt conccntx'RtIons ot iarv Ri fIsh BJId zoopiaTIktoEI vverc cicvatcd oIE
thc UpstrcBJn face ot 8 sIr!RH Islet  Moiok l!II! v!bEic cIIErcnt vias kioxvlx1g, but
too fexv sampies were taken to establish the generallhy of this result. The llarger
HavvaiiaEI isiands oftcEI hRvc eddies ot 50 � 60 kIH d18nlctcE' h1 Ehci  vICU11ty.
Lobe> and Robinson  ] 986! argued that the overate effect of such eddies on the
reef populations is 8 ba]ance bchveen the removal ot larvae fToIEE the I eets by
entrainntcnt Bnd rhe rctcrEt on of suci'I iarvac in Ehc InIITEcdIRtc viciEUt1 of thc

isiand in the eddy for Up to two months. Effects on larval fish of eddies ot
other origiJIs Rrc discussed In QEc 31cxt chapter.



Tcxtbool s fxcqUcBtly depict Bn occanlc b�undREv CLEPI'cnf  sUch Bs thc
GU]f Sfrealn, the Chile � Peru CUTXCTEE, the KLUoshi� Curren3. off Japan, RBd Lhe
Qenvlle]H   Urrcnf orf @est Africa! Rs snloofh, strREL~ht flolvs sepaxHEU3~i'
vvatcrs of fhc c�ntincllfa] shc]f Hlld s]ope  Te]RBvcly cool Rnd fxcsh! floBE
occarnc ccnlLXB] WVREcr BU!sscs. V&I]c thES correct]y rcprcscnfs tbe Blcan f]�vv,
s13ch B curfcBf EISEIR]1$ coBslsfs 0f H scrics of I'ElcRIKlcI's 03' loops. % lien onc of
ihesc loops becomes silfflcicllfly exaggerated, a rotatulg eddy of a few
hundred kllonlctcrs Bl  ilBrncECT Es pu3chcd of  RE3d cRB d33ft Bvv'Ry txoEB fhe
CUXXCEEf.

ln tbc 503 fh At]RBIEC, RB ldcahzcd cold-core ' eddy conslsfs of B I1Elg of
Gulf Stream v,ater vvith cyclonic  cou3>fer-c]oct>vise! XOEBfion located east
BIEd/or south of thc Gulf SLTcRB1, surrounded ]ly Ihe Tc]at Eve]y Wvan31, 0]igo-
trop]Eic Sargasso SCH, and enclosiing relatively cool, eutrophic vvater &om Lhe
AIEEericHII slope or she]f. A vvarm-core eddy is the opposite: R riilg 1vith
vvarmcr vvatcr Ht Its ceBLcr HEEd REITER clonic Iotaflon., drifting vvest BBd south Of
rhe GUlf SfxcRBE R4!ng Lllc cont3E3cnEB1 sklpc.

Yhic surface fclnpcl Rtur'cs BIK1  soITEctlIBcs! thc hionlasses of pbyioplank-
ton of these IEEIgs dlffc3 fxoEB thc sEUYIRUEEdIEEg Water, crcRtnlg  ]Uasl-cEI'cu]HI'
oceanic &on! s tbaf: can bc detected Rnd tracked by safe]]Etcs  c.g., Gor�031 ct B].
19g2!. Thcrc IBRy bc B rcIBLIon to bottom f�pogxaphy, slncc seBxnoUE'Els off
Net EEEglarld BEayi irlflucrlcc Ehc fonnatioIE �f the GU]f. SLYcam BEcandels
 Richaxdsoll 1�83!. Because they replicsent Bn iso]ated, large exalnple of one
environment Rnd biotic commUEEity "ilv, ading" another  %'iebe et al. 1976!,
Bnd because a large &RC330B of the ocean's kinetic energy is i' such mesoscalc
feanlres  e.g., Richardson 1983!i the rings have been the object of blfcnsive
study over thc past tlfteeIE years.

At any given time ther'e arc likely Io be approximaEely ten cold-core
TEEEps Erl thc Sargasso Sca, covering Bboui ] 0 /o Ot lfs sIJITface Bxcai Blld I! HIIoEEEg
up Lo H year or more hl Bge sulce separating from Lhe GU]f Slrcam  Ortller ef a],
1978!, CI333 cnf vclocEtics can reach 1..5 ITE scc m rhc lcg101'E of fastcslL lotRflol'3
of a young Ting�an� thc feBQII'cs fcBd to drift fo fhc soufh~vcsr t]3xough the
SBrgBsso ScB HL I'ElcBB spccds of 5 CB'I scc IRIchar ts�31 1983!. Thc sU! 4cc
EBREEifcstatioEE of thc rulgs BERy bc lost duc t� loca] 'vvBITning Bfld Inlxlng with
Saxgasso Sca %'Htcr wvh3]c there H! c sf ill rcEEIEEHxEt BBBDIIRhes bclvvccn -'00 H3ld
800 ITE I VViebe et a]. 19, 6!. fbi]e fhe Ting is aging, its fauua may change from
tllaf characllcE'ESLEc of fl'Ec contnlcnta] slope to fhRL chaTHcicnstlc of ihc Scugasso
Sca  %Eche ef Bl. 1976!. bUI for phytop]HEEkt033Ec spccEcs  vrhlch have B sh lxt
gcncI'ation L3mc!, coBdlf ious nlay pcrntl t dcvclopnlc3lt ot B. f103. B thaf. ior H. tulle
is nof simply inlexrnedlate between fhe tvvo  Orhler ef H], ] 979!.



Eigttve 3 t6 Posit!ansof!J'ava!-cave ring 82-8 c'tf 'he O'Iidd/c4tiantic s'ates in!Uarcft,
Ma!, anJ JtalY !9JJ2. The Cat!Jinenta! Shelf;:SSbai/aJV«V tt!av~ 200 n.; ti!e Steer>eet Bart Of ttte
siope is betn ee!! 2'� anti 2;.!GO n!!. A~set shav s!ransects vesaiti J:.,; '!n Fig !tres.",'. ta, 3..i Jt.
and 3,20. Fratn,Ve Json «t al. 1985,

As B rirtg ages, Ehe popJElations it contaitls may becAme SJEbt/y UEJhkc thc
slope-CkvelliElg popniatiAEls from. which the' were derived. Euphauslids
<'¹rrttttosct'.its rttcga/ops! Hve deeper in the vvater cob Jrtlxl in a cuM-core ring
than over thc slope. Itldividuals tl.'otlJ B riElg tlMt Js nine EnAExths Ald corltaiEE less
hpld and less orgaEEEc carbon BE>d nitrooe Jl. respire at !esser rates�and generBHy
shovv' Enorc SEglls of pllyslologtca! Stress tharl do Etldlv JdurELS frorEl slope water'
J,'"JV'Ecbc and Boyd 19" g, Boyd et BI ! 9" g'J

Approxirtlatcly Five vvartn-core rings are fanned fJ.om the �u!f Stream
each year. They seem to change more rapi~My tharJ coM-core rings, They tend
tA lose tF!cU SEErtacc EdcJEttry t3y contact wvtrh Ehe Bttnosphcrc> hccRUse the j dna
Bt. B fevv centitneters per second to thc SOEJthJvcst  Figurc 3. ! 6!, where the �sHf
Srrcan> Hes close to rhc Anlerican shc!f, They Bre also hke!y to be altered by
contact with the shell' and s!opc  SHllce they arc as rEnlch as f knl deep J OE' hy
interaction vvith the Gu/f Strcartl  e.g., Evans et, al. 7985j, A common kate of'
such rings Es to rc-ctlter tile gcnclal flow of thc  EJE!f SErcalrJ v,'itin about six
Enotlths.

Although JvarJrJ-core mlg 82-8, formed Ert F'cbruarE, $982! Jvas prohab!y
studied Bs Uttenstve!y fronl a btologtc~d pelspccnve as Bnv occBHJc nlcsoscB/c



feature has been, changes duc fo ecological interactions within the A'Etg were
Qot H]Wvays casv to separate FXOTQ t]3osc due to itlt3 usloll of s131Youndh1g wRtcl'
FXOETE VHA0Us soluccs. PhyloplBItktOTE Bnd other scst031 decreased ln surfBcc
waters duc to deep convcctlvc nlixhlg in MRrch ] 982, d,s «vcH Rs to grazing
 ]83s]3op ct Bl. ] 986!, Vctttca] stE«uctuxe withal B x3QL' caxl Biso be dISE Upfcd bv
storEXEs�as scen ln Ang 81-JIB ln Scpternbet ot 198]  Htfchcock ct al. 1987!.
%hen salnpled hl April 1982, Xhe p]3ytoplarlktoXEic biomass of rmg 82-8 ivas
EHX13cl unlfoxIM wtth dcpfh HEEd Enuch lower thatl EEE Xhc suEYOUITdulg «3]opc
water. By !tune, however« thc Upper ] 0 ! n3 of X]3c Aug was stratified, Hnd Hle
phytop]HTEktonEC bltlnlass  cspcctdHV sl]iccouts foAMs, ETMJtcafed by b30gcnlc
silica> equaled or exceeded that hl the slope water  Pigure 3.17!. Yherefore,
fhc 1 ETtg TvBs tlot R pe! Bllauclltly 0]igotrophic dcscl't suIYoulldcd bv I'lch slope
wd ter but B xncsoscR]c feature w]3osc spru tg b]oou'1 of phytop]BIYktotl hall bccll
delayed �-litchcock et al. 1985!.

1hc source of QUQlcllts for Xhls b]OOTEE was B. cotETEtcIYT1411tlvc phvslca]
process. Since walAT3-core iEtigs Bxc anticyclonic, dovvnwcHillg of water davit]lin
thc rmg is expected, tending Eo Tnove Qutricnfs away From the surFHcc, STHXEM-
coE'c xhlgs dccRy 01 wiltd ckAvl3 I]'Erough fYlctlon, howvevcr, Hnd this cc3uscs
upwvard Enovelncllt of t]xc dccp pycinocilnc Bxld xu.ttAciulc, Biding  bUt Qol
cnnlcly Bccotiutlng fo3! t]3c supply OX Q13trlcnts tol "Qcw pxoductEOEE  ais
detuled in Chaptet ":!  lrranks et a], 1986, Nelson et a], ] 989!.

YXEITEsccts dcniss EEQg 82-8 ut I1tnc  scc inset, 1'igurc 3.] b! sl301v Tnorc
clearly fhc ETlcsoscale dlstAb13tloll Of pxopclucs wirhil3 Hnd BxOUQI] thc TTQg
p'!gare 3, ] 8!. ]]Yc steep Tiownwaxd slopillg of thc ESOXhcEYEEs shows thc
Bnhcyc]oniic f]ow at the edges of the ring. Ou thc second tratlsect, a scc031dalq
leaQETc cHHed a she]F-«vatcr "streamer" was encountered about. 75 km fo the

northeast of the rhlg's center. Fitgures 3.19 ctnd 3.20 sholv the d3stA'but]on of
blologica] p! Opcrt3cs on this second Xransect. Yhe conccI3tralllons of chioro-
phyH BIId paxttculBEc AYP  H Tuec3suxc of tnetabo]tzulg btot'QBss! %vere gYCBXcst
Bf. d, dcplh OF 25 ETE HXOIEE3d fhc cclltcr Of th ririg dnli ix3 tl3c strcatncr, wbi]e
paEficu]atc oxgaxuc carbon, Encasuxcd either dETcclly 01' l3y count1ng partic]cs
e]ectmnicHHv  '"Cou]ter POC"!, detA'fa] catb011  total EYriEEUS hvulg PGC!. Rnd
biogerlic siHca were most concentrated al the center of The ring. Bacteria]
biolnass Rnd pxodUctiviXy�however, werc gl«eater towcu'ds thc cl'lgcs than Hf the
center, Bs, was thc biomass. Of picoplankton  Peele et ai. 1985, Ducklow ] 986!.

WVTthETI Anc'S, the SubSUXFBCC mHXX3MH Ot ChlorophyH Btld ATP  FE31EXXC
d.]9! Tray bc I'Elatlltalllcd ln paxt bv thc T]ESTTlblEflons of grazct's, R03MHQ ct H],
�986! repoltcd that sEnaH zoop]REEkters were less Hbundallt in these maxima
tlhan at shBHowcr depths.

Yhc zoop]HXEkton of AncJ 82-8 was stud!ed by size c]Bss. st3 tee dltfcrellt
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frlcshes Ot nets ttltcrif3g dfffcf'cnt volufncs of vFBtel vverc ftcccssary. The
bfornass of rnacrozooplankfon  > 500 Ufrf! ttvas greater I!n the T313g 1n June than
h1 AprH> BE3d fhe increase vvas primarily due fo i33creased abundance ot larger
 poss1bly caTxUvoFousi zooplaf3kters s1Ecl3. Bs cuphalEs1ids  Davts 'fnd W'icbc
l98 3!, The esumated consumption of ntacrozooplaftkton by n3iicronekton vvas
Fuff1lcfcntiv srnaH to bc c033sistent ttvfth thc EncTcasc 133 thc formef  80yd ct Bl,
l986!. Roman et al.  l985! did not rfofe any differeffce iz fhe biomass «f
ETEicf ozooplankton �4--333 lEEn! betvvecn Apriil Bnd June, nor did they record
Bn Ericrcasc N zooplanktc1S larger thaE1 333 EEET Xvhen they santpled xvtth B
ditferent net, Ylfaf any increase in biomass occurred i33 the largest types Ot
zoopiaftktof1 >vas sofnevvhat s~risi!3g, shfcc tlfc lRtc bloofn of phytopl RIEkf033
in the Ei33g should have stifrfulated rhe grovf th of smaller, herbivorous copep-
ods instead.

By Jtfnc� tl'1c biorf3ass of frfacrozoopiartkton En tlfc ring exceeded thRL 131
slope 1vater and vtas concentrarccl at shBHower depths I'Wtcbe ct Rl. l985!.
M1crozooplanktonic bioftfass 131 the ring BlsA exceeded that U1 slope Xvater in
Junc> but tlus v, Bs because tltc btornass in slope vvatcr %'Bs less 133 JI1133C thaft 3n
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cs/fcl?'2'll�--;> i  > ! !Is?I; a?fc?'pclrticids c~ c??'gc?7'ic 7' I'siffle cg?e 20 Lkcrl!, F'I'02?c W Ls'0?c GE ac.
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Aprf!c Bok because bik?Erkass 111 khc rkkkg ha� mcrcased ERIaknakk ck al. ].985!. 0 T
JaPakkc Yaknakrkoko and Nishizawa  l986! rePokted a rkkarkcd mcrease in 
Ekbkkndailkcc or scvck cki spcckes of zoopll'rknkk ?k1 cr ?sskkkc? Fr ?EB slope waker Hkto a
1vaBB-core rikkg OF khe Kkkroshio Currerkk.

The skUdics OF rikkg 82-8, based ork c Uiscs several vfcccks apakt, again
IIHUstrarc  be dkAACU/Ey Akk   hshuguksbkng chlkngcs  !Uc Eo iood 3veb processes
wi Ehirk khc ring &0kB dkarkges due k! advccrkon and knixing.  Perhaps as a rcsuir
IOF khis experickkce, some ok' rhe hkvcstigarors are arkemprikkg ro dcvc!op akk
acousnc buoy  hat ca� kccord zoopianktokAic biomass while driFrikkg kknkekkded,j
AE Ieask Fkvc hydro@ apMC EBEYUs!ons occkkETcd dumkg Lhc 4 e Ot Ukc rkng, akkd kk
Avas irk khc process ot bcmg absorbed ikk  OE Ovenvashed by! khe G<Hf Skreakn
xvhekk il was srudied hk AUgkksk. Thc "skrca nekn"  !Figure 3.18! had parkicuiar!y
h�4 concenQ'akkons 0F EYkkcrozoopicknkrok'1, whkcb rnkghk hkkve aFFeckcd rhc
hiomkkss kryo Hhc riBg. AVicbc ck a4. I, 1985!, kvho arkcknpkcd ro diskEBgkkish vt s&lk



I'igztre 3.2' Vert ca 
szectionsfzorn I ransect 2
 see Fig!!re 3./6! of
bacteria/ ce/!z  ,.hadzrfg >
2!07!!! picot!!aztrf.tozt
 stmding: 2.5 kit!; anti
det. i!a! organic car zon
 s!zadiz".g > fs E!zkt!. /'ron!
Neisozz et aI. 2985.

Rom advcctive changes by ush1g changes in salinity to mdicate the advecbve
chf!nges, corkchEded tlERt nnrch of thc H1crease EB ntacrozooplaEEktonic biontass
vvas due to grovvth in situ, ParrikiottitEg the increase among species of kktovvn
bkogeogE'Rphkc Ektfknity  i.e., slope vvater vet'sus Oullf Stre EEEE specEes! BEight
have clarifked matters.

ln geEEeral, stoGB-gekterated EurbuleBce could disrklpr R EH1g, Rs Et Es on
Ehe right scale. Such d!sruptkon has been d! ffECUlt to observe, hoEv'ever. Cov'les
et al.  l987! commeE1 ed on changes En zooplanktonic hiioEEEass in riEEg 8 l-D
after a storEB and on the implicatkokts for grazing on phytoplaEEkton, but the
samphng divas insufficiently replicated  in my opiEEiokt'! to trust then coEEclu-
SEOBS.

h1 the Califotrkia Current., there is a region approximately l50 � "50 km
OffShore irt VzhiClh n1CSOSCale eddies are pattieularly COErEBEO, and may be
important in moving coastal! populatioEES offshore and oceaEEic populations
shoreward  SH11pson l 987!. Study ot one suclh warEEE-cotze eddy revealed
p!occsses REEalogoUs to those H1 Gkklf Skrean1 rtngs~ hut thks eddy seems Eo he
persistent, or at least to recur m more or less the same location, U1 several yeats
 Smkpso11 et al. 1986!.

The eddy xvas detected REEd foHovved bv satellilFe 11'nageE y, hkt Ets verkical



structure vi~as quite complc3 , Rnc1 so lhc xclat10ns bctvvceEY thc vcE EEcal  hstl Ebu-
flonis of chloxophvlland tcEYEpcratulc slid thc dafa gathcYed by C /CQ Enid
A'vHRR sensors fdcsiglled to Ellcasure these prope3tics Hear the suÃace} v ere
quite different from thc relations i3> the surrounding water. EEEtraiLEBECBE of
cold waYCE c�BEREBEBg a large biomass of chlorIaphyll, probably originating
many kllonictcxs BOEthcastxvaxd as coastal uphvcl1331g, 'vvas Yiotcd, as was
EEltcration of sfxucEurc by a wEHdsf03TH, ABRlvsls of spcclcs 0E zoopl EYEl toEE
occum31g in an l around the eddy also suggested en3xairEEYEcllt of vvatcr from
several sources. Yhe species were stiXrcd together  though Hof mixed to
hOEYEoo�cEEcous colilposltion EB thc c fdy}, lint Ehc overall faULial coBlposlhoB
was not unusual EHaury 1984, Ha Ery et al. 1986}.

kn summary, ririgs Rnd eddies can provide xncsoscale sites in which
coBditlolls axc  p33tc dirfc3 cnt ff'oxB suEYounc1EBg %'atcx cvcn Yhou~~'ll thev hRvc
pi'ovcd less isolated f loni Yheir surxoundEBgs EhaYE origiLEally c3 pcctcd. One
conscq'ucncc is HERE R t3EYEc sclics ol daER dcsELEEcd to studv scasollallty Ec.g�
McBzcl Rnd Ryfhcl!' 1960} can bc dlsloxfed by RB cddv that cl osscs thc saLBplcd
Rica but is Bof recognized as such, The food web may have a different
stl Ucnlrc, dlfrcrcnt BL'ling, 01' both, coEYEpared lvlth tl'Ec sulxounduig 3vatcx. JB
addition to them poteEltial adveclion of laEival fish, eddies can alter Eniyation
pEEYEclns Of Rdulfs. SREfoh ef Rl. �9833}, 1B coBlpanng thc dlstrllbut3033 ot
conlmclcial catches of sauxy in their sou&vvard migration fl'oni the Oyashio fo
thc Kuroshlo olF 3apan with JA HRR UBRgcs cif sea sUrtacc tcnipciatllYc,
coLEcludcd thaII. schools avoid REEd Ei'ligxatc around B92csoscalc c kllcs. FE wou]d
be hltexesting to knolv v:hethcr the Fish in thar study v'ere respolldiEEg to the
physical or to thc biotic condLLEOLEs Rt thc froEEts RX013nd thc cddlcs.

jbi this and Yhc prcccdilzg chapter, l have illusEYated by some ex Eniples
the relations 1 ict'vvccn phys1cal processes OB EYElci'0- REEd Bicsoscalcs aiid flic
dlst3abutEOH Rfid producuviry Of plaEEkton on these scales. For breviify, l have
olmncd other, equally good examples, fhe most notable beirig coastal up-
LvclhEEg  sec, c,g., Haxbcx RB $ 3B13Eh 1981!. To thc ci lent Yhat plax3ktonlc
prodEEctEVEty gcLEcrRHy, ol' thc production ot spccEtlc categories of pJR31kton.
consntUtcs &Ee supplg of food fox lafval REld Juvenile EEsh, rccrultnicLit to f1sh
populations can be affected 3,'specific cases al'e presented in IChapter 4!.
However, 1! Icllcvc that thc fractloEE of EYEtcra1EElual or spatial vRYEabllity 333 fish
1'ccrEEltnicnt that can bc Recounted fol' statisticRHy by vRYYatloE'1 1E1 planktonic
pl'oducuon Es Bot kn01vEE fol' Rny pelagic popUlafE0B, RBd so vvc axc pnlcccdnig
based 011 a qualiEativc, fh�3JIgh reasOYERNC, belief. lEE fRCE., UEEtil better Lncthods



are devised for estimating the secoxldary production of those plaxEl«ters actu-
RHy lised Rs too 'l L'y' youBg fEsh, wc RX'c ulllEkcl5' io UIEpxovc Ehc sEtuatlon. l wEH
return to ilds issue hl the fhM! chapter.

Thc xclcvRBcc of Chapt«.is 2 and 3 depends oB the vahdi.y of '.hc
assl1nlptK5B that Lo UIIdcxstaIKl fUHV Hlc �rgy HEERRXEDEI RIKl dyBEBIIEcs of pelagic
ccosvsieIBS, so as to pEcdict how Hlc5 wiH respond xo vcay laI'gc-scale CHBMtic
change. onc iliusx tlrst undcrs'and the PhysK5logy, behavior, Rnd ccolog'y' of
plankton on scales much s3138HCX 9MB an ec�systcnl. It Es Uscfu! Lo spec' Hate
0EI so3rie possible changes IEI physEcal pr'occsscs 0EI these snlaHcx scRlcs,

Tidal tronts are related to the seasonal development of stratitlcati�n on
one side ot 8 boundary tlME is dcte3 mined b" y'  tepth Rnd CUrxcnt spccd. A
presumed mechanism tor Ehe ecological iixlpoitance ot'such flonis is the close
p3'oxllniX5' En space. 'Hid E13xlc of initncxEt cnrichxEIC31t alid 8 stable watci' co! UIIEB.
WViH this pr05«inlity chailge in response to «-.HEIEatic wanmng, e.g... because ot
an altcxcd relation between Butrients Rnd deBsity! If so, vviH fI'onLS Bc less ol lf
"'.hot spot" t'or secondary pxoduclion and hence for growth of !Rival fish" .lf
«yinclair   l«3 3y ! ls correct X!ME Ehc DnportaBcc cyf froilts, Rt !cast foX' hci f'ing, ls
d ie 1'nol'e to Hlc pl15ysica! xctci3tloli of lalvac within R genetic subp�pula ion
than to RB Rugnlcnted SEEpplv ot food, thc cl'fcct ot cllBlauc VRITEIE13g on lish
recnntnlcBt wIH l5C EYiodcsL, cvcrl lf prlmaE'5' EUId sccoildar5' pl'odlEctlvlty are
8! Lcl'cd, Rs long as Ehc hydrographic priopcrtics of thc tronX Ri'«. Xetaiiic t.

I reviewed the effects of BEixixEg and hltemal waves on primary produc-
LE013.. Glvcli that CHlnaxlc wamxHIg Rnd increased siratificaiion of sUI'face
waters ls likely to bc ixiosi. 3BEcnsc LowRrd th poles  cspcciRHy Xhc N0Eth Pole,
which lacks the South Pole s VCXtica! irculation to calx5 ayy«ay heal. is it
likely that rllixing wiH beconle less important there arid internal waves more
so'." lf it is, wiH flonstic composition, vcitical disiribinion, or patch structure
change as a result of this shift, ol wiH the hlnitirlg factor for pX'iinary produc-
non IB high latltudcs charigc froin hght Eo BUEXEcnts I It thc pvcnoclinc Es
deeper, wlH nltcl'Bal vvRvcs Qlcl'ctoi'«. bc less ! Ekcly t� provide 8 BlcchanisIB ot
shofcwald traBspOEX to3 BcUstonlc ! Rrvac.

Figllre 3.: l shows a. XclaHon between char8ctcl'Istic patch size. l5atch
lniensily  as deL'cnYEUlcd b5' thc cocNCEcnt ot dlspcls3031!y Rnd Blcan Rbun-
dailcc ot dcvclopincntal stages Of 8 c�3TEBIon copcpod. Vy iH this I'clRtlon Rpply
to decreased mean abilndances over a large area� laid vviH the foxaghlg
sti aicyyies of z lop!an%.tivorous tish nccd L0 chang . Ul cnlphasls t3 0H 3 tHldli7g
Rnd re311REIung wnh 8 dense pRtch to 3 apld tiansit b«.rwecn less EBtcnsc
patches 7

� lvcEI tLRX there ls inesoscRlc vtu'Eation ll'E piuxMI v alld sccolldalv pm-
 hie LIAB, hoyyv inlporraxlt ls il'Us 3B Ehc l yBgcr tcrxB. ls variability withi3'1 8
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popuhtlon of zooplallktcrs m Hferifnc tccundlty, Ivhlch itltegratcs ovcI' tinlc,
greater or less than variiabiHry in gut contents, RNA!iDNA ratio, or daily e.gg
productioB. Bnd fK5r!v nluch gcnctlc variation ls there.  JIEdef' Ivhat condItiofls,
or Eor Tvluch populations, does successful recruitment depend on satisfaclory
Irkedfan con lltfons tol !Uvc313lc stages ovcl" fnost of Lhe Icpioeluctkvc rarfge7
For vvhEch p rpulations Inusta sIBRH. but, in3porkant percentage of lBxvae co-
occul.' xvirh BnofnaloEIsly lugh coflccntratloIIS ol fo�d Eor B. consldcrBMc part of
!Mval Htc! Considef', Rs exalrlplcs, Figures 3, l, 3.3, BBd 3.l2, AI'c rhc B1013 kl-
Itv rates of Elle I'cspcctlve popuIRtk�ns such! that 6 tttttrtPS %'Ith > 20 @~ Xvax
CSter, OI' rlettrria V riith CarbOB COnditiOn faCLOr > l.2, Or ietltora prO fueiIEg > 5
eggs pcE' day, nlust bc pl'cscBI sofnev,here Ui CBch populatiofl s TRIEgc E TT thc
population to sulvlvc.'

These issues and sirnliar speculations are inteHecluaHy stimulating. bnt
until thc sniaH-scale effects of climate. Change are better understood, they
prObably CanBOt be ICSOlVCd. The!re are, hOWeVer, SeVCral areaS hl WhiCh t
believe progress is needed soon.

lt Es csscntfal to cfnl3ed Tf lore thorougfllv BI'k l BK!re fre !UCDLIy SBZBH-



scale mcasurcmcnts withIB studies on larger scale, wiFh the intent fo determine
whetilcr incr'cRsc ln Understan�3IFg RctURHV rcsuiFs  Bssun Ung  hat undcl'stRYK1-
lng of vHYEHFLOEL on scRics of populRfioE3s Hnd c�IYEBEunitlcs ls thc Ulfullafc
goal!. For cxa01pic. One coELM con'iblnc analyses of gut contents of zoopiank-
fcrs with thcnrtist�r microprobe dctectioEL of "patches"' of YULbulcLTce to see
whethel the Hrlinlals Rre, in fact, morc efficient at EItiiizing the phytopiankton
m such patches, as the mode! by Rothschild Rnd Osbonl  l.988! wouM
sUggcst. OELc nliglif Htlso frv 10 dclcIYBEI'Ec whcrhcr thc YRtcs of growfi3 Of
populations in the zoophFBktoEL shoe, some spatial or temporal correlation
wLEh thc ILIFcrlslry of. FFU'btilicBcc on a ia3'gc scale,

Even lf lhosc fwo studies ylcMcd posLFEvc results, onc sfiH nccds fo
pcrfoDB fhc HETHl! sls of glE  coBfcnts RYEd turbuicElcc OB slQRH scRics ln Fhe
c031fcxt of R Jar ~cr studv. to E'cdUcc the posslbtlEFy filat soIBc covMEatc of
tlirbuie33cc, or some ecokogicai intel. action other than tcedulg on phytoplHLEk-
toEL, RcnlRHV caused the vRYIH non ln gr0vvth rates of Fhc zooplarlkfoEL. ln foILTLR 
temls, if oile has a  avorite, particui;U, smaH-scale explanation of the iarge-
scRic phcl'Kin'lcnon, onc LYEust not ollly ObIRB'1 data consls cnt with lt hilt Rlso
try to eHIYBLIRFe other possible explanations. in less fornlal terms, Fhose of us
who do Fhis work need to he Hhle lo move the topic ol' small-scale causes and
large-scale effects $3001 DLscuss3033 ' to Results EB Oul published papers,

'Hic Hlnouni Of woYk reciulrcd to RBRiyzc Hic vat~cty of snlaH-scRle
Euler'actK!Bs FB tcYLILS of Fhclr I'cal 3'oics ln the dvBRQ13cs of R slrtgic popuhltioEL
or R wiEoic coEYBBUBLN rcELdcl! s tlus goal vlrtualjy Unattalrlablc, at least with
present tools. Arc we reHHy goi~g to be able to analyze thc mcsoscaie
population genetics ot eriough pelagic species  e.g., BuckliLT ef. R . 1989! Fo
determine which mesoscaie vananon m population dvnanucs Ls gcLLOtyplc
HLld whiclE ccophcLLofypic 3 On fhc othc3 Jlrlnd, such placticai inlpediLILcELts do
riot mean that the goal!, as a goal, is IBCHLLinglcss.

We need to translate into specific ternls for pelagic ecosystems Fhe
fbcoly that crucial, snulil-scRle rclatioLLs exist between thc physicrli/chcIYLic�1
cnviroEIIElcnt Hnd thc popuiatiotls fhaf wEH rlefclT�EBc thc systcl31 s lcspollsc to
large-scale pcETUE bHEi LB, and Fo idenlify Fhe rclatioELS. As 1 noted iEL Chapter 1,
there 3s theoretical reason to Fhulk Fhat such crucial iciafloELS cxis , bUt for IBosl

ccologlsts who wolk on slnaH scRics, fhs ls � suspect! siYElply Hn altlcic of
iaith or H ratEOELHhzaflon fol choosEB ~ FYRCFRMc�wcH-cnconlpasscd probicnis.
There Es obviously R sEY033g role to b piRycd by fFErthcr development of fhc
flic�ry of funcuolllng ccosystcnls, bUf Eny scETsc Es fhRF much prcscBF Ehc ircti-
cal work is doliriELHtcd by "Fcrtcstriai"  and iilteltidal! paradigms, twhcrc
coinpctltlon tor hving space as such ls intcllsc

Further  and this also renuns to H theme of  ".haptcr 1!, we need to be
RMc Fo Blcasul'c Rbundaxlcc Rlld rate of ptoduction on Ynally scales, REK1 to



degree, fhc premise has been sfatisticaHy cxarnincd E!elanve U~ other hypoth-
cscs, but tile fxtct that lt bccax31 Jcclnlolog1cally JBOJ'c fcas!blc Lo study larval
feeding titan. say, prcdRUAB OB juvcBllcs has 1CBt lhc pt'ernlsc a certau1
pra+'G!attc morneBtutx3 %e Often tend to cABtnlnc loxlgcr thatl 13cccsstuv thc
stndies»vc already 13avc developed the tcchrullucs tt! do, bccausc dcvclopn!cnt
of Jlcrv LcchBJElucs 4! Lest Other hypothcscs, Encl utltng ptlot studlcs 3n tile field,
ls tx'ctlucntly f'H13e-»'.onsuxn Hag Rnd UBIIzvvardtng.

First tccdhtg hRs been cnxphasized Rlso bccxtusc fhc Elccd for st!eciftc,
cE!ucal nuxsely' habitats for yourlg fish has been less precisely»lefnled. Rxtd
thcl'et ox'c Js legs llkcly fo be tnvesttcz'akd, tot pe/a~to spcctes fhau fol dcxExcrsal
Ones. Rccellt cnlphasls on Yhc unpt	'tancc L!f hvclE'ogl'Rplllc fE'0YEis, c!ther Rs
regions»vhere larval food is produced or as legit!ns»vhere Ihe circu/ation
prt!BK!tcs cohcsloB of larval sK!cks  Slnclatr 19 Nisi!, Js chtlnglng tlus.

L have chosen tA rel icvJ~ these stndics  rather Xhall, say, pUJ'cly dcxtxo-
gl.'aphlc sutdles OE Lhe fish populatEot!s! for thc sante rcxtsonI 'bccausc hnkRges
bef»veen thc food»veb and rccnJJXJBCJEt 13ave been explored. Uttly some of the
explanations for vatiability in recruitnlcnf of these pelagic species exphcitly
ulvoke the food»veb, lu!d in evaluatirtg those that do, it ls inlporlanf. fo bear irJ
Hund sonic caveRts.

Fhst, fhc sll'nplcst dcplctloiQ of R food»vcb---as a chain frotn gcncrahzcd
phytopltu!ktox3 Lo 0'ctlcrallzcd zooplanktoB to yoUJJ<~ fL4l � Js Ioo slrnplc. lt Js
attractive  and thcrcft!rc»v3delv Usedj bccausc lhe propclttcs tlllvolved  total
pnxJERXV ploducflon. btonlass Ot phytoplREJkton as cl!lorophyH, RE!d zooplank-
ton as dlsplaccnlcllt volutnc! Rl!'c Yclativcly easy K! JYJcasure. Ho»vcvcl, phv-
fopjankte! s Rnd zooplankters come in vartous shapes and sizes, 03!ly some ot
»vlnch. Rrc actYJRHy catcn bv larvae 01 a. parricUlar spcclcs  AK5ugh pclagtc
EYERtJEJC REJHYERls Hrc, ln gcrlcral, Quttc catholic Jn dict rclaftvc Lo XCJTestrEal
ones!, For example, the Ca]COPl program  whtch is one Ot the oldest pro-
granls H1 tlshel'Ecs occaxlogE'Rphy liu thc Wvorld! docs llot JnchKlc routiYEC
YE!easurexnertt of the distributioYE or production of the specific food of any
larval ftsk, though the types Of plankton actually eaten are»veil k310»vn. Most
correlatile explanations of variability hl larval feeding success rely on the
ass'tlYBptEoB that fhc edible plRYEkto33 ls distrtbutcd B10Yc or less as Rrc lhc lnorc
easily measured properties such as total chlorophyll or vohmlc of large-
bodied zooplankters.

SccoYEd, thc dtstrlbUUOJJ 0'1 sEzcs Of plxtltktcrs xnav vvcH bc lnflUcnccll bv
fhe phvslcs JEHd chen!tsxry of the c31vtronxli!cBt, atld this dtstllbutlol'3 has
inlplications fol strEJctnrc of the»vcb. OEJC cxREBplc ls Lhe coEYEpctition of Other
zooplat'Eknvorcs, particularly ctenophorcs Ox' fcHyftsh, »vlth fish fol fhc san!c
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Figure 4l,z befit'Vie patA~Paysin the!narinefi!Od?I?eb lead rPg to=o rplankt'I;orou!'f'!Ish,
based on sire, the do ni?Za!I pa!AM?ay depends party !on the phys!col st! atj zL!czti I? I and
P!1st! ZCPII ci?n!'elztration of tAi! ezzpi'I?ti?c zone, encl partly 1?! I tAe s!res and types iaaf
p/ yzz!p!'ankton  i!at do!nina!e as a res!!it. Since eacl. trarI fee! step in2'oives ene! gy lost t f
respi!'ation, tAe efpciency Llf con?ersio?! t!f pritna? f prt?d!!etio 2 to�tzshis affecfezi. To
cornplete  Ae f4'eb, z?N'fg!2!e a! rt!wv representi/Zg the I!!g stI ?P! 0, jlsh 1!ggs cfP!d 'ar!'ae lfy
s ?Pne copepods and czarni vorozzs =ooplankters, a!!d ingestio!! I?f c�f!epod eggs by so!Re
 fingJ7ageilafes. From L ztzd'Py j9?,

slzcs of food  and thc fact that many ot these ~coB 1pcntors Rrc also ]RrvR! f1sh
predators!, as suggested by Figure 4.l. A second example, due to hnprove-
mcnts in techrnqucs for assess1ng the Rbundattces and rates of grovvth of
bacreria, ver> srnaB phytop artktcrs, and proto7oarzs, is what has come to bc
callled the "rmcrobial loop,' by which dissolved orgattic matrcr and detrittts
can rc-enter thc tood wcb 1B whtch yoUng f1sh part1crpatc  F~1gtBc 4.2!.
Cushtng   l9.?9! has rcvrcwcd the Htlphcattons of thc mtcroblal !oop for
hshcrZcs,

These concepts arc less prominent in the work reviewed belov, th zn T
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bcl]evc they should bc. To coInplctc tins p]cturc, onc ntugl'lf Include Lite
mlcrocosnls lcplcscntcd l]y oTgan]c agpc<satcs, thoUgh f Bs cltscusscd En Chap-
ter 3 thc slgnEtlcaxiicc ot thcsc to fish Es VETEUBHy unknoxvn.

Our]ng lhe Deprcssio]I. the Cahfornia fishery for sardine began to gro1V

rap]diy Ulllt]i, by fi]c Enid- L. 940s, Et hBd bccoETlc, UI to]mage, fbc Largest f]shcTv
of ils tune. Abruptly, ho]veve]., as the Second WorM %rar dre1v to a close, the
sard]nc cRfch along tl'Ec Kolth Paclfle coBst dcclE]lcd dramat]cally. WVEEhUE thc
next decade> ]t RH buf disappeared  FEgurc 4.3l.

An mtense argument developed, to a degree pitting federal agamsf. state
t]sherics scientists, as to the relative roles of overt]shing anti ecological
change  the scientific argument ~vas exacerbated by mtcragency rivairy;
Radovlch l982, Scheli]cr i990!. Jl]I]t]ai samphf]~ lndEcatcd BIE mcrc8ise m
Bnchovy roughly matchmg thc dcchllc ot sardE]lc, suggcsf]ng B. compct]t]vc
rcplaccn'lent  l"ignrc 4.4!.

Scales then elltered the sfo]q in two senses. Off Southern Califonlia
there are rather isolated�deep basins, some of vvhich are anoxic for long
pcllods, Incan]ng tllat fhc laTgc bc]ltbEC orgalllsIns thRt dlsIUTO fhc boEton]
scdln]cnts arc Earc ol abscEIt  but scc Langc ct Rl, i 987!, and conscguc]ttly f]sh
scales and other sinking pluticles accu]nuiate in distinct layers. 8v courlthlg
fish scales in cores of sediment, Soutar and Isaacs  i9,4,] could srudy the
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illferactI031 between the species, af leasE lhe Enteract3013 indicated by their
rciatlvc abundaElccsi 0B a EcEBpofai scale that cxicndcd svcH before fhc pel lod
sanlpfc $ by thc fishery.

Tmley fonnd that the size of the sardine popufatEOB  at least over Lhe basin
saIBpicdj hRd bccn  /Elite vaE'Eahlc 1I�' before tbe EBLcBsc flshiclv  Figurc 4.5!r
atld 'tbdt fhc sizes of fbc popULlrlons i<vere nof En H sEBEpfe, hlvcrsc relation to
each othcl, Hs vvoUM hEEvc rcsUifed fro3'B R purely coIBpcLELlvc SELHRE10B or
prcdatloIE hy onc spccEcs on another, ft aflyLhlngr Lhc coEYetations hetIPvecn fhe
scajc  !ep lsILI N1 rates of thc species vircl c positive. FUEthcrr 3'hc tot<if b103nass
of Elnpoltant pcLHgic fish of alI types appal'enfly had varied conslderabiy on the
scale of decades  Figurc 4.6 3. TI'Els suggests RgHEIE that chan <es U'1 Elbul EdÃ1ccs
�f spccics v'crc nof duc SEIEIpjy f ! val IRBOB En the parflf30BEEEg of R constHEEti
hnuted RBIOUnt of food bcfvvccll. Ehc cOBlpc/Blg spec!cs of fish.

Scvera! expfanations for this varia�013 Hrc possiMc: tbaf fhc I'cjaf ion
behvccIE  !cp�slnon of sca/cs IEB t popufHEEon SIzcs had valled fhr013gh fnnc, so
thRf thc sUBMIed dcn1<and for food had hccn Inorc coinstal'EL EhaEE su<P<<csted by
FlgLEre 4.6; fh<Et solnc Otilcr colrEpicx Of cofnpet313g species, such Hs cfc130-
phores Or InyCLOphldS< Hls� V'lQCdr lnverSCjy fr0313 fhC fish; OE' that the SIZCS Of
these popujaflons had nof. bccB jEBEEtcd bv food supply. This hsf possibE!Etvr
though, Es 1333hkc!y, since HE its peak thc saninlc popufatlon H3�IEC <rvas csfl-
BERLC ! to coBsunlc lTlUcb of fhc scconda&/ prodEEcf Eon of zoop!H11kfc:IEE 131 fhc
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CRllfoXBla CUITCnt  LRSkCI' l970E. Therefore, thCXC IBRV haVC beCB I'Cal VcEXE-

RtlOBS Oil lhC deeadcd SCalCIB the SUPPly Of footl fOX EhCSC PClaglC fISh
Tile sandie sedlxBcl its conrain other ixlforBMtivc B'latcrials» sUch Rs dlatoB1

fxustulcs vvhich vlcM Ulforlnation on intel'axumal Eo dccaclal v EriatioB ln

pelagic orgaXusms ivith much shorter gelleration times than fish and therefore
vvlth potcBtlal fol morc 1apld varlatloEE  c,g., l ange ct al. l 990!. DExcct
comparison of variabihty of fish and their t'ood has yet to be made frolxl these
records. Resohltion of Ehe fuler scales is lniuted by the fjux ot idel1tiflable
i elnalns 8! Ed by Xhc prcclsKHI Rnd accllracy of danng laycxs.

Variation lB thc population of anchovy�as Icvcalcd groin scRlc records,
is not related to the primary protluction ot phytopjankton in the Southen1
California Bight  Figure 4.7! as estimated horn tcxnpcratuxe anomalies  vvhich
Xhcnisclves may uidicate variation in the supply ot Ilutrienrs tor phytoplank-
toil!. Hov/ever, thc blornasscs of prcsUxncd RBchovy food  BlaclozooplRBkton
RBd!'Blcrozooplanktol'1!,al c stRtlstxcallv related to the plIEBREy ploductlon ovcI'
shorter periods  Smith and Eppley l982!.

hlterannual Rnd lntcrdccadal varlauon Hl pelagic fish stocks ls of obvi-
ous concern to flsherETlcn REId tisbcry BXanagcrs» bUt it ixEEpacts other othcl
clcnlcnts of thc IBarulc tood vt>cb as v>?cH. PEscEvoxous scablrds shouM bc

partlcUlarly susccpnblc Io sUch varlatloii, Rs suggested by Figure 4.8  Rnd
Figure 4. l8!, since their abihEy to svvitch to alteniative food sources is Hmited
by then divulg capablhtlcs. As questioned BE ChaptcI' l, Xvhat arc thc causal
colinectloils  it REEy! betvveen variabHiity of fish stocks on these decadal scales
 and, though this is RB assumption, over large spatial scales as weH! and
biological-physical interactions via the food xveb» xvhere shorter scales of
variation are likely because of shorter generation times'. What light can
silnnllatEolll modchBg shed >
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AE Ehe oEher cx3d OF Ehe spatial/FexxipoxaI scaie is Ehe xaxlgc oF seconds Ex!
da>'s Bnd EBEIht! Icxcx's � I E3C cxs. I. h!s  kescrII!cs FIZc I alllgc Ix Evvcc33 FFIc rcacrlon
of BEl EEldlvtdllai Jaw/B Xo pxc'r BE!d the 83xlblf of Bxl EEEQEvldUB1 doxUl-s xhc  e@i
davs BFxcx  hc yoIR. sac ls Bhsorhcd BE!d FoOd ExkUSE be fonnd K! avoid sEBE vatloEL

PsccaEEsc EF Is pctssibIre Fo Ieax sc!<rcrBII pcIIB<gtc Ftsh ln Fhc I<ahorBXoxv BIK! FE!
~lie exmil>e Ehc age of FECM-caUght laE~BC from daihr gxo!vth lings in Fheix
otoiiths< iF is BIso possibie Xo ohseE've <B'16 describe hl detail  hc t!xEEt!gcxlcEic BEKJ
heIXBvkorB  changes In ca3'i4' I'Ifc  F3gUIC '4,9! ao I k! focns 033 cvc3Cs BF Fhc scaic
OF EE!dtvldEE<d harv<le. Yhc BhEhxp' Fo perceive BE!II strEkc SUcccssklH'v' BE pxcv
increases vv!Eh age, as does EIEC range OF prey sizes E4ax the !Bxiva c1333 swaHovv
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 lFIgurc 4.i0}. Since eggs Rrc spawned by schools of adults, thc yoUTigcst
larvae Rre quite patchy in distribution; they become Inore everiiy distributed
by dispersion,  as wcH Rs rarer, because of Inoitaiity} until they begin to show
their own schooling behavior  Figure 4. i i!.

Some experlnicnts Rtid obscrvatioBs oB sn3Ril scales ht1vc bccri drrcctci3
Rt dcterIY313'Hng thc 'factoTs Rffcciluig larval niorraiity duc to predation by
Invcl! tcbiates R11d bv other' fish  Inciuduig cRBBIbsdISBI3, Rs si'iov'n In Figure
4.9. Tl'Ic 01'ItogclQy ot larval escape I'csponscs prcsIIInablvITIAucnces rhc Rgc-
specificiry of iaxvai InoItahty by interplay with the distributions of aburi-
danccs ot types ot predatol!'si BIuch Rs pTcv distI'ibuilons and thc dcvcioprnc31t
of predatory capabilities by the larva affect the Rgc-specÃicity of lanai
growth, Yhc lighting conditions, presence or absence of RiteIYIative prey for
the predator, and size  age} and health ot' the larvae all influence the susccpti-
bihty to predation  e.g,, Liiiciund Rnd i,asker i97i, FOG;vord and Hunter
f986, But]er Rnd Picket  }988; see Baiiev and Houdc i989i for a review}.

There has been l13tie apphcRnon of tlncsc laboratory stud1cs Ui artei'Bptnig
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to accoMlE YiUBYEfitatlvcf"I? Eol EEHEEEraf Eafcs of IIYortahty, thou<?h Ehc ltlr<~e-scale
dESLEEblltlons of potential BEvcrtcbratc pl'cdalors have bccn dctcrnuncd Rt
celfaiEE tinles  A!varii30 f980'. Pepin  f98 i! obEHined some evidence indicat-
ing Ehat l'u val per ci:q?ital molfahty Evas infhlenccd by the relative availability
to file pledator of alternative prey  Yneasured as zooplHYEktivoE.OEES fish bio-
nEBss jzooplHQkEOEE biomass!.

The Lv'm proccsscs of beconlul lnolc cffECEcilt Rl. prcdBLEOII RIKl RL
Bvoldi33g predators intcra<ct to the degree Ehat fh" glovvth rate affects the
rapidity >vith v?hlch Ehe lalva attREEES Ehe capability for strong escape;  c.g., size-
dcpcl'ldcni lnorfahty ln Ihc silnu!ation bv O'r!HMc <vskE BIKi PwlchEYEHYE ]98/<
desc3 ibcd bcfov ?!. %hat has nol yct bccn HccoIYEphshcd is lo lntcglafe this Eypc
of' iYEfoEmatioEE into «EYlore general Understanding of !an aj nlorYRhty hl the
occarl throUgh kYK5?<Vfcdge of thc distributions of larvae< their foods, HYEd Ehcil"
predHEOEs, nECIESEITed both oil thc scales Ht   ?'llich Lhc individUH] illfcractI0EES
occ'ur Blld ovci' sUfflclcni spBcc IEnd tlnlc to pertaill to Ibe strcYEgfh of rccnllE-
EYleilt Of R vear-class.

W'cfI-designed f<3borafory cxpcrUYEcllts lnchidc TcasonHMc dllpjlcafion
of nBQETRl condltioEES< lBIUYcd l'?y physlcBI space <lnd Elle Invest lgafol s 3ilonvB-
tEon to slnlpllfv Lhosc propel ties thought to bc cxtEBncous Bnd to exaggcrat
those of particEIIHE' lnfclcst. SiEIKliafiolE nlodcls, Ehough thlcy H/so lcprescY3t
ideahzatioEEs ol 3UEfui'e by cEYEphaslzEEIg certain propert! .s< sflll perlnif cxtcEE-
sEOD ln coYEEp!e?EEfy flcyo3'Kl Ibc la.borHEory rcsl3h's On. 'A'hlch they dcpclld,



bccausc thc r allow 3rlalhcnlatlcal dcscrlptlons of EYkdlvldual coYnpoYEcllts of
behavior and reactions to specillc envircrlmlental F'actors to be combined
Rlgcbl alcaliy.

For' exaxYlplc, Fhe results of 3Ylany separate behavioral srudles OF 1REVR1
Hncht5vy werc COB1blnc� with R dcscllptlon. of Hbundanccs Hnd disrxibkltiolls 0' f
thclr pfe'r' ta'r' VlynIC31  l 9/7! to EESSCSS CondEEEOBS 101' 1HYVal. glOWth. AS BOYCd
ul Chaprcl ', Lkboratory rearing hRd sUggcstcd khHF larvae Ynigbi. require
patches, of dense prey for skkrvivali rather than mean concentrations, Vlymcn
assumed that the cumulative abundance of prey of different sizes was hyper-
bolic  Figure 4.12!---large prey are rarer than small � anti ttlak horizolltai
patches of dense prcv  Hs dlstu!ct troll'n thc lavcrs dEsckissed below! werc
sklpcxullposcd on H bRckgTOUnd Ot d1spclscd prey, w1th thc clUBcnslons of the
patches Hxld thc spacEEYO» bcFviccni thclll dcpcnd3nk'. on the rn1can crowdIYEg or
c031tagiolx pal'Hmctcl' .1Tonl the 13cgativc billorEEial dcscribiEIg Ehc patches Rnd
Var r EBg With SE'ZC ot' PI'Cy  Figlne 4.13'r.

given khc experilYECYEtaiiy derived mfol nlation on the searching behav-
ior, attack success, digestion, Hnd respiration of larvae of various sizes,
Vlylnell could then calculate the expected gowth rates  excess of digcstioEE
ovcl 3 csplratxon! of larvae Hs H functEOB of khe patchulcss ot prey, As showB EB
Figure 4.14. growth is best at intelrnediake degrees of patchiness, where the
density of prey ol each size is Hpproxilnatcly 10 times its '"backgroxknd'
density, i,askc3 and Zwcifel �9"5 8j extended this model to explore fklxtbcr the
coYESCEjucEYces rot thc EncreasIEEg success ot attack Hnd slzc of pl'ey Fhat can bc
ingestexl as a larva grows.

AS ls OftCEE YhC CHSC, the ICsult Of kr'!VETECYE S YnodC1 ES Elot R predECtion of
larv'1l growth useful Fo a FlshcEy YEEHnagcr collccGl!ccl Hboklt each year s 1'ccrulk-
Glcnt, nol' docs lt cxpiakB thc ial'gc-scale VHYIHFEOEI shown ul Flgul'c ik 5. lt cklcs
dcEBOEIstratc, however, tllat ulfonnation On thc scales of patchulcss of prey of
vartous sizes, as well as Eotxki abundanccs, may be necessary  but not sul'fi-
cicnt 3 for such a prediction or explanation. Indeed, the work of Ov, en �989',
I'cviewed m Chapter 2, is a good example, Specifically, Owen lound that thc
1ntcns1ty of patchxrkcss 0$ about: Oia iOF tile cases Hnalyzckl was suffkc1cnt to
maxEE313zc !Rrva! growth bv thc cxxtcrEOB showrE m Figurc 4.14.

The utility ot this model for a EXIHBHgcr, Hnd UYEdcrstanding of tile larval
cnvl'onlncBE, vvouM bc cYEhalkccd b'r' R dcscrlprxon ot thc I'ejatkon b Fwcell ihc
contagion parRB Ectcx', k, Hnd physical. Fux'15XEicncc gcncraEcd by lvcathc1 acting
on. a vvater coluEBB whose vertical stlatiflcatEOB  and theretore khe depth ot
penetration of turbulcllcc! ls also pE'cdlctRMc fronl roUXEBc Ericasuremcllts.
QUB131atlons such Rs that bv Bag ls ck Rl.   199 1!. winch 1 reviewed m rapter,"
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are alnlcd Rt «stabhshfng analogoLIs rehdfons. Do skrakff Ication and tufbU!ef Ice
vary on scales that REeck h>B<g-YCYBI change» i31 peja<:.Ic stocks'? .M khey do, does
keels varfaklon TCRH$ Rck thfoUgh p<Nc3UYIcss, khfongh chang3ng khc pTIYBRTv
pf'odnckfo31 Rt knc base ot khc tood web, ol &Irongh sofnc okher Blcehamsm?
P<or khc rfeB. sclenhst, fk beeonles nlkcresfUIg to know ve'hcthcr the spawfYIIIg ot
khe adlliks 3$ ak BB MABCIIccd hv thc patch lflcss 0AM' pre'jj, ellhcr as sensed
dlf'<�ck]p' bv khe Rdnjts of: Rs regUIaked b'y topographic EeakfYres fhak fhi., adYJiIks
perccl've. Does khc growkh rake oE !Rrvai. Rf, varlons ages, as n3casUrcd fronl
oko!ikI3 Tiflgs, vary 'vvikh pafcjUHcss or. pYcvi .Olis 35 R dktYcreflt YiUeskfon 3<rom
Rsklng whether 3rlea3% gro'vtIY I'ares <3YId Blean conccfltrflkfons ot prey Rre
correlated ak !argc scales IYI space or kfrfle,

t shoUM po313k OUY here that weather, and waker nlovefncf3k In response Yo
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Eveather, may have effects on larval fish that are less directly due to the food
wveb BIEd ELS dlsrllbutloll oil SITEBLL set!les. OElc hvpothcsls states that Rdvcctl�33
ol larvae from favorable to uE3favorabfc areas by xviEEd-generated floxv caxE
val y EElterafrflually   favorable Bnd u33favoxablc arc lmpl'eclscly dcflElcd,
but Brc large 1ll scale!. Illdced, lt seems to rllc that I!lost sludlcs of thc CAecl. of
physlcBI occtu30PE'apLIEC pxocesscs on pcjag!c tish xecEu!tfxlexlt, xvhc11 xhc
pbyslcRL occaxlogxaphy ls explicit---EEot simply ix33plicd, Bs Hl C'flsl'Hl'lg s   l 972!
EIEREch/EIEEsEIEREch bypotllcsls � i!ave focused on fhe B Evectlorl of larvae,

For a coastal species. Rdvcctioll offshore by upEVCLL ing Ls usually thought
Eo bc uEXfavorablc. cvcrl ll thc  Lualit! of badllcss cEHHlot be dcflllcd, ScBSOEEs
Blld locRtlons of spa%'IEH3g BI'e tlloughf. to have been influence L by evoiut! oil fo
miuixnize such tlritt  Paxrish ct Bl. l 98l. Poxver f986!. Yet, a map of maximal
Bbuodauccs of naupil3. En the Calif MIELR C1HYcEIE  Plg'Hl'c 4.V! suggests that
oAshorc advcctE�31 could bIlllg ElaupIEvorous Larvae mfo bcEtcr xathcx than
Evorsc coIKLEIEo!ES, cspecEBILV !'loxth of Poult Collceptlon.  YL33S Empxcssloll
results 333 pRIt fro313 thc paucltv ot very IEclfrsllorc SIEmplcs 3xE Ehc yctu's
IEEappcd.!
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Eigt!!re 4 74 Cv'rowv/> rc!tes in te!>  th t cvn day -'j of larvae at 4 tempe! a,'urcs t!s fi!net!'on» of
t/'!e ore't contagion jra! atneter, k. See Figure 4 i3 Cor reiation c'ek to >raleA;'aalu" Fror!!
!/!e re!atior! beA< eevt prey eoneenaatior! a!!d s!'"e  Fit ure 4.123, a giver! k may ny>resent
a afferent pctteh vadii and d~ jfcr'nt spacing ben;een pat ttesfor dig'~vent s!zes o,"prey.
Fr..:n! Eii37nen /~77.

EO

'l'mxc issUC Of smaH-scale dIstBbut3031s of food, crnphasizIng vert!cal
layers rather than horizontal patches, has been explored because ot' laboratory
cv!dcncc tltat ccrtaxn lar ~e dtnoflagcHBtcs Bx'c suxXBMc food for fxrst-fccdxng
larvBI BExchovy  thc Ex3orc 1'obust lRE'vac �f otheE spe .3cs caxE feed on
xnicrozooplaEEkton!, Bnd ntay be the 03xly suitable food occurring naturaHy in
SUbsurface layers dense enough fax their gro1v h. Lasker  l975!, saxnphng
xvatcr Bnd sest03 1 fron1 vBE Eous depths otf soUfhcxn  .BIEf EEYExa, assayed thc
saxnples for suitabxhty by detexTEEExung HX vouch sauxples fust-feedh1g larva!
anchovy tlxatchcd on sh1pboar l! could fxH thcEr gUfs vvEth food, OXElv xn a
subsurface ch/ox EphvH xnax!xnUxEX layeE �vhtch con4%uxcd large  hY3of4agcl-

ln thc discuss30XE Xhat foHows, thc reader Enav rccaH Hlc conxplaiExt of
cxperitncnXalEs[s�suxx3xnaxIzed in Chapter l � that even strong correlatiions ExE
ftcld data n3ay bc RBEb!guous Bs to causBXEon Unless thc vax30us plBUSEble
causes act Qn different scales and the coxTelations Bre scale dependent.
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!ates! vvas rllf's possible. KieFcr RIEd L«sker Found evfdcf Ice OF Elis layer 3,' kr
sifnilar ones! Bt sn stahons F�3. l otf kfn along the 20 m contour of thc SlluthcEEE
Cfk4foHHR Bfghf.

A suddcIE wvfffdstllfm, usuBHv tlfc baHc 0'l fhc scagoirfg Oc BIK!graphcl',
Bpparcnklv dfsr3fptc ! this lager p3gufc c!,�!, Rn l Bf no depth vvas tllcrc
sEkcccssfkf1 Fccdnlg. Alfhough cfdvcctio33 OF R rfcv' '9/atcr Afass 'vvi 6l Qcv', ruorc
honlogcucous vertfcsk! dfsfrfbukf EIfs ~vas not. prcchK!cd�3hc result wvas consEs-
fcflt %~3th fhc hbpotllcsfs 3 liat fnfxf3Eg bf stolfEEs otfcfl 3houo~llt fo 4c bcncffcfRl
hl rcstoriffg Akffrierkts For phyfoplaffkforf to surface !Bvers, is RcruaH v dckrEfnef�-
frff to lckrval BIlchovv bccausc It des3KPjs csscnual dense la/era of dfAOFlagcl-
latcs. even EF the average 4303ARss of ph'y'3op!aflktoA ufcrcascs. cubi.s 330tcr! fff
chapter ., rhc sfrERHcsr-scale A.Elhulcl'kcc Bss kciated vvitlf fhe sfoEYIE cou53 also
have been Chrcctly dckrEmeflta! 30 fh» confnlucd grov;th ot fh dfnoFlagcHRfcs.
buf �fs vvou!d bc Eknlfkclv to BFFcct thc lafvac fof sofnc de's If fhc dense

!aycrfng had persisted.
Tvvo scales are Involved here 3'033lv fv o. since Qrsf-Feeding !an~Bi BE3-

chovv lack scales � Ffgurc 4.93: tb , tc3xlpof:al 'evcflt' sc lc of tbc stoIYIE and the
vcr33cal scale OF a. Fev,' fcus OF Elfckcrs, OF cokkrse�coas:B! storftfs vfkrv Ef1

33EfcIEsft!' BIKl efFecf. cf  sEInflaf sfEfdv of vc3tfca! dfsn 3butKlns bv Mullfn ct cEl,
 ,~98.! 3, also �Etcfr Epfcd bv fhc rkffxcd MessffIL of R storfll, rcvca!cd rfo sucl>
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laycrtng of lood either for larval anchovy or fot' mackereHikc larvae feeding
on larger prey  F! gute 4.1! !.

lt Is not Eruc that BH layers of large dtnoQagc!1latc ceHs arc ref cfrcial to
larval BEEchovy. Lasker E 1978! noted that the arnaorcd dinoAagelllate, G r !E Eratt i xw
polyedrrE, is less satisfactory as a food sonrce than Ehe UEEBnnorccll Gyrrrrt !dt'rii  trit
Ep Iertderrs. Yhere is even evidence from studies of the feeding and distribuiiorI
of zoop]BEEl ton that soEYEc Cz. srrIe.'trans !aye! s mav bc poof' feed n<> locatIons
 Fied/cr 1 982!. AroUnd the XoTQI Sca, subsurface layers Enay bc dornUEBrcci by
spccEcs of diEEOABgcHatcs knowEE to bc toxic  c.g., Bjorttscn Bnd NEclscn 1991,
discussed in Chapter "!. Ylhus, there is some asymmetry in predicriveness.
A/though con Mtions that prevent the formation of deEEsc layers of dinoflagcl-
iktes EEHght tircE'cbv prcvcitt SUcc csstui I'ccI. UEEBEcni�cotrdE norEs Ehat pcrtn t sUch
layers Erught notcnsurc strottg rccntitnEcnt unless Ehc parEicufaE spcctcs rc-
spon Mng to tlhe conditions was ol the right sEze and nurritional qUality for the
larvae.

Yhese small scalesare related to the interannual scale of variab!e

rccruinncnt through iEzrerannUB! vatiation in wvcather. SuppoEYEEEg evidence that
years of UEtcnsc EnixIEEo by local v'UEds Entght bc poor tor rccrUEtn'Ecnt ot

50 0 0.5 I.G l.5 Z.G 2.5
CHLGRQPHYl L- E   yg r' liter !

Fig!dr e 4,2 r v er r!cal
nl o+ff! e of cb on ! Hrvti otf
!rot!.Item  .ai'!for rtia befor e

v:indstor rn ig Ai!r ii! and
Afre! !I  itprrif U and j j!,
"eer.'cai ba!» ir;dicot,: the

range of c!Eioropityii
concer!!ratrons! vr'!e! e
,;bi pboand exoeri!nen!."
!'r! di craed e!! cces.~fid feeding

by iarvai anchovy or! Ie!! ge
di noriageiiates. b'r orn
Laster l ~7$.
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Fig!i Ve 4X 7 V Ctt'Ii 'ac! Cf'i SC'V!6.'!7 7 c!!S Of pl e?> Ofj' SO! !fhe! n  ".a!if<<!V�! f c?  fa!'e aVCC! Ciffef' a
CV!VCC!S!OV�7, fO!. !A; af><-.P!O?>7!ice aV<d <',Bi V iaaf ere!",ik<7! l! 3>a<L 3>E if!!ill e<!CF! cS!!e, Deep' a> e
CateI>O!iZed <'!S iaVL>e 0! Sl!!7ai! ' !Ciiile c>?!el fO7 a!<effO?7'<c lS af'if!'OXl!v<C!fe>V $77!ac! c>?'el> f'7
7!!ac@eve'c 3, <ir a' eo!icc'v'I l?fic27'ls ave ci "j?vc ss d <is cc!!!i' cite!if la! gcz,c?! e?i, !'vov ! Mi! !i� f <3/.
c'98.'?,

cmchovy v:Bs obtauled by cxBIEIn>333g this reproduction of thc IrIEIrrclet, B
scabEI d Brach dcpendcnl or! y ?uIE<7 of rhc year BnLhovy 7,$ �.Isker l9 3 "3! Coastal
wmds nl Decelxlbcr--i'ebxuaxv c<RE3clxovv sPBwrIEII'7 Period] Evere stroEEg En
l 9"'.'? � 76> Weaker IXE l976-77< alld StroenigeSt IXE l977 � 78; March �.~WPril WIMis

c 331EIch su 013 "  r 131 l 9 '6 BIld l 9 '7 ilhaxl ill l 978 Yhe t33x333 lg BIEd c?  clif 0
clutcl3 productioll by the XB31tus 331EIEYclct g'igurc 4. l 8l wcl'e conslstcllf wEth
flEC hypothesis thaE. larvr l anchovy s13rvival vias much better m l 977 than in
l 9,'6 or l978. <Hovfevel, direct interference by 3!'33>ds vvifh file birds' nesting,
suggested by fhe dHYerencc m thning between 1 976 3333d l978, coIEld not be
ruled out, nor could variar303ES in spawnhlg by adult a@eh lvy or depth ot'
occurrence of the young Ash.

FurEher evldencc shov, hlg that both wEnrer SI ?r313$ arid sprmg Bdvect on
0$ larvae coul l bc sE<?YIEfECBIEt was Obtamcd 4y c ?3npanng thc b3rtMBtcs of
lal"~al B31clh<nvy sulviving to be af least six n3�13ths OM j'based on daily growth
rirlgs orl then' otohfhs! 7, Ith tlXc dates Of spawning Bs def, 'rIIIIIIIccl 4y sllrvcys
Hvlefhof l�<83l. lilt l9!7 � 78< fhe ccviIItcr wBs stoIXExv bur Ihe spring relatively
IXnlcl  scc above!c Bnd .lBI'gc-scale vilnds of the ApproprIBtc 63rcet3013 fo cause
trarlsp lrt ol ltuvae oftshore wcI>e BxXOIXIalL!usly weak. Tile RctEXal ploductio31 of
la»ac by spawnmg from an adult blr?nlass of l.". X lf.'3 tons p: Bked m lace
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Fzi?!!re 4X8   /uzciz i Fz'lz'cL?i ' F.' daiex i Fz 7 976! 27?', ocd 7978 for Xozzzi is' zoccccreie! o!!
Ckilzzi "/ J'lcZRCd~ izc 'Pi  ~>OZZIE'- FF: Ca!UFO!Fii?I Biglil. E",Y>Vi LOE?,er 9M.

FebnERI>, but the laEvae Ehat actuaHy survived to Xecruit Ezvere born pnIBRI Hy
in March and April  FiguEC 4.!9j, Rud the oveERH suenglh OF tihe year-class
was good. HCEICC? v;.hatever harln the v:inter storms had done was apparently
coExlpeusated bv good survival of larvae horn late m Ehe season, Hy connast,
Ebe buXhdates of SUI'vlvoE's IY303C nearly Enatche l Xhc tEBEEnc~? ot spavIFEEUIo EB
197?i � ! 9, z?Vheu 4�' Ihe wmter stoEXBEBcss RIEd the sprEng %Ends causmg
BFfshore EralxspoIY '?vere IEBEEXER!, but Xhc year-clkss sEI'ellgtll Frotn 8 spawnlx3g
bionlass ot' l.7 X 10" tons was only halF that of the previous year, Onc v conders
vyhat the year-class strength hl a year BF both uralsual stormhless and offsh�re
trtzBsport would be.

SiEBUlation IBodels agNII ilavc a dual role: they sholv dncctllv, Hlougll Ul
an ideaHzed situation, the various effects OF XEIixiXEg by wind FEIutrieEIts Eruxed
Eo XFIC surface? !ayers dispersed!; and they RHovv "C7pexiEIECIIts" to be p.,--
formed by alteliug wind speed and!'or duration or by changing the mathemati-
cal Fcorlxluhltions used to express ecological re!atlolxs. WVroblevvski and
RichIBEAB s F] 98,'j nlodel cof tile lcspoEIscs ot a slIXIplc Food chaxB of EIUXrieIEts-
phyfop/RX3kto31-zooplEBA40EI-!RrvEA! tls?h IHUstrates thES, though the nlodel Es
EcsII'ICEcd to vcrucal  Hst3'Ibutlorls  E.e., Bo h lrzzoBAal vEAr atlolx! Rud ls devoid
ot EIAIp'ato3 y bChavlor by the orgaXEIsEBs EABd sIE3klxlg of particles. Ft Rssllmcs
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3I1BEBI1 PhV3OPjB33k3OMC kO333BSS 3$ C'q33DIbj oOOd fOOd f03' �03'b3VO3CSt Bl id 13
IBCkS bOkh  he S333ajk.r-SCBIC effe03 Of 33.3 b37ke33Ce O33 CO333BC3 4e3mee33 333d3-

Vld33BI  BSYB0 833d PR333CICS f4 fOOt! 3SCC;  ..hBP103 2! B3Kl B d v33B3333C dCSC33P31033
Ok P3Cd<3303'S 033 jB1 VBC.
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Based on the quaiitative argument that SLov/Ly grov, ing Larvae are more
subject fo p3 edatloB  harl rapldiy grov'1310' ones, tLIc IEloxtclhiy! Rfe divas takcB Rs
a tullcfi013 QL LaxvRL grobvth Tate and agc  Figurc 4.20!.  Lrovcith xafc vvas
csQcuiated Rs assuBILRf lou of LOQIL {,dcpclldcEIt» Qf coUTsc, on food RvaILal33LEty!
BIEBUs 3'csplratloB  cxcrctloB!. The phyfopLRE3kton gro»c»vs Rccoldillg fo RYEUL-
RhiLity of EIDXricBts  'A'hich fllcreforc decl'ease! RBd light» Rlld ls catcB by
zoopLRukton, Avhlch ltscif grwvs En rcspoBsc buf dlcs Rt R constant rate  l.e.,
predation hy LRE'vac ls Hlsufflclent fo aricct fhc zoopLRBktonEC cTQp; ct'. McGolvaEI
Rnd MiLLCX L980, Cushing L983!.

LB thc RL'Esc!'1cc of v'End» tLlc vcrticaL dlstrlbutlons cilangc duc to wvRBlring
at the su!tace and depiction of nutrienrs by phytopiankion  ' Figure 4.2] !; a one-
dRy EvUKllstolm I'csll'uctUrcs fhesc dlsfribufioBS some>vhaf» REId ecojoglcRL irltc'-
Rcnons feBd towvards TcsfrafltEcailoB  L'lglll'e 4.:, !, Lclrvkc  WYLHch feed <3! 1 R
Fixed fraction of the zoopiankionlc crop, not on phytopianklon! are "'spawned"
Ullo fhe svsfclxl lust Llcfore tile sfoBB, so that theET xnoi'failty ls EUUfolr33 vvllh
depth Rnd fhc vei'tlcaL dlstlihuflon of iilcir groc»vtLI Mid BIQTEEELity TIEtcs chcangcs
because of thc dynalnlcs of file SEInpic food chalB  FlgUTc 4, 3!.

Such a modeL ls not intended for prediction of actual events; rather, lt iis a
iooi 30 cxpLQEIC ecologicaL TcLEEtiolls arid I'evcRL clitECRL gapa Ul kllowvLcdgc, For
example, the modeL pcrnlits comparison of the effects on larva! morERLity of
%iEIdstomls of vKBOUs dllrafions  differulg, TcRL cvcB s3 Evifh those Qf glazi Eg
QB pLlytopiankfoB by zoopLankllon  different foBIluiatlons ot tile sall{le process!.
WEBd Llas an effect orl Lail'val sUxvlvRL Rud gro»»vfh» but ilhc differences bete»veen
a one-dav RJild a thrcc-day sfonxl arc BIEBQT colnpal'ed %'Efh thc Issue QL' rile
correct dcsc3"3ptlou ot tLIc dyEIEUnics vvlthin thc siEEIpilf lcd food chREB.

Jn R sUhscclucnx version» %rohle3»vskE ci RL.   L 989! dcmonstralccL Ihc
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Figure 4 23 Ve. tica!!iistribu!i on! opp; ey concentratto! I  propo! ti<!nai to 2'in Figure 4,2'!.
ia! v<! i gr<z~>! b rate, <and ! avon! !r«zrtait'ty rate in!'tia<i!: ur!if rrr!; see da 2 0 in Fig! re d2t!!
 a3 before,  be iu!reed!at dy ap»;., tc!.",.5 days <Y!ter, a!d  d! 9 davs afte! a udnei <lf JO nr!
sec ' for 2r hou! . Fran!! !<vrotb<elvÃkt arid Piicit!na!I tG<y,

Ulralrlvcly rcasonah!c p! opos!BoB r!YBY R scqr3ctrcc of SYCYB3$1$ qUrtc dc!crcrr-
o U 5, E!lcd a$!YEg !RE va! Brorlta!rty t<o 2 l !o pcr day h'y' pY'e veB hBg lcSNRY!hcarYOB ok
food. H'corrcenrxatioBS OE! RYVR! Eood are int tYR!!y Sttbopr!ma! < however, a $!rrg!c
stoBYE EoHrowed by atr !casl lrvo vvceks of ca!EYE wear!ECE CBB |L3c herECEicia! Yo
Those larvae boYB SUch Y!ERE r!rc5' begrrr Eeet!Trig R Eetv days BEtcT' r!lc sronll,
YhoUg!'1 EY. 1$6ESBStrot3$ foY Ehosc ! RT'vae r!ral beg3B TO feed jrlsr bcEOE'c T!rc Stonrl
$ Y!jk:c$  I'3 E�'Mc -'4.24!.

Rcn!YB!ng to Ehe v:or!d of real data< reccBt i!rvesrigatrion ot Yhc iYElerBYEBUB!
vBYYahi!iry iB mroYYB!iEy of !B!~B! atlchovy, REYd of Yecrr!YYBYcBE IEo the ltdEY!r sto 'k,
!las !Tc!pcd p!acc thc 1$$tlc ok SYCYB1$ BBE! !R5!CE'$ of BhUBdaBE Axed YB !BrgcY.'
pcrspccrrve, It 3 s worrh Ye-errrp�RSEzrng hcT'c «3 vcr! Bly COBHHcnrs rlr Chaprcr !.,
the CBOYB1OUS REYYOUQE Of dBYB, OB OYEC SpeC!CS Of: flSh 'E!OBC, Vv'!lich BYUSY M
gaj!rc! cd before corrrpcring !Yyp<ar!ECSc$ call be rcSYcd, IE '<viBd-JBd3rccd EYErxirrg
ls Sorrlcho1v dcYYYTBcBEB! to voUBg BBchovy !.Bxvac  Y!lroUgh dlSYUptrorr of
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Figure 4,26 Abue!oiar!ces of
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Ehai: !Rrva1 nlortal@ Eevas re!lated neither to thc stzc of the adult Rxlchovy
popu!ation  thus, caxlrtibafisxn vvas not dolrti3>BE>t! nor to offshore transport
drivell b' e' thC 1BTgCE'-SCB1C eevlnd fiefd

TEHs docs Dot nlcan t1lRt pr'cdrulon BJXT1 of shore rrallspoxt Rrc lnsigrufi-
cant as variabfcs For BH ages of yourtg anchovy, nor that interarlnua! variation
ul TccAEEtrnctlt ls d'uc prxrtlar31"}F to Jalvaf ErlorEahty. 133 fRct., thc BE'1E'MERI rccrult-
nlcnt, tvhtch varied about tenfoM fro3YE 1I 963 Eo ! 9b:3, bot'c h3tfc Tefatlon Eo thc
abtlndaGCC Of 19-dEEy-Ofd 1RTVRC Or O Cggs  F'igures 4.26 EETEd 4 2 e Peterrnart et
ak 1988!. Note that the period snldied incfudes Xhc years for which 1 asker
l 1978! argued that remlitnlellt of anchovy, as reflected in seabird bree:ding
 Figule 4.18'3, divas Tefated to the v iind flefd, arid conchtded that variauoll na
first-fecdlrtg survtva! affcctcd 3'ecxultETECHt.
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Thfs Es, cicarlv, a. dlsappolBBBI? aBd antlclEEBactlc coElclUsloll. lt Enlphcs
at best that larval trophic relations, and the smaU-scale and event-scale
processes that regnlate thenl. have rather htrle Ibearing on the manager' s
pI'oMcln of predfctmg rcclnltlBcntr ho%'cvcE 1Blcrcstlng thcv EBay bc ln thetf'
ohvB !Ega'lt. Uf cotlrsc, 1?OcBEltlncElt ln orhcl spccEcs rBay pl'ovc to bc nlolc
responsive to early larval mortality, bEEt given thc limited capabilities of firsr-
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Feeding anchovy relative xo other larvae, any stronger relaiictt bettveen ttrst-
tecdutg success Bnd reel!'Uitxnextt would prQbably bc duc to rclaiXvc constancy
of xnoxtabty in thc juveni1C penod F03 sUcb. spec cs, rather than to mOre
variable food-related moxtaliry m larval stages.

Physical processes and planktonic biomasses vary horizontall withUI
ibc REECHY�vy s spawQEng range BIEd wIt43Q one scBson on thc Enesosealc  8 tcvv'
io a few hEEQdred kilometers!. 1 arval growth MId survival might be expected
to vMy 033 Ehc Incsoscalc Bs 'vvcH, but such varlati�n has been vc3"y de!cEIlt X�
dcE'noEIstrate, 1F'Ersr, ihc tXQRC scx ic Ot ibc larval pM'BQ3etc ' bcm!g Incas�x'ed QEUEst
be appropriate t'or the d EratioEI of rcsideEIce OE iM>'ae in ihe mesoscale feature
hypothesized to be causA. Second, the larva  parameters have both analytical
Bnd real, smajler-scale VBE~Rbijih associated with them, BIEd au enormous

amount of work can be required to denIonstrate sigEIiEEcant variability on the
QIcsosc ale.

MOE'phontctE Ec, hEsioiogECR1, %Ed biochex3XIcaf Encasurcs of 18! val ~condi-
tion" have proven usehtl. For exanxple, HakansoEI �9898, b! recently showed,
bv XCRXEQg 1M vai Bnchovv Bt. Var!�us cox3centrau�xts O'F Foo� Bnd starving tltcm
foE. VanAus pc3 Iods. t138t of thc lltptd c HIEpoEIcIIts, Xrtacylglyccrol Es pRE ttcularlp
respoEEsivc to Qutritiottal coEIditions, vvhile cholesterol MId polar Hpids are
stabler !as %'OUM be cxpcctcd EroQE Lhc3r strElcrural roles!. Hc %'Bs BMc to
dcQEOEIstrBtc sEPEX Ef ECBEIt QEesoscalc vaxXab313Xy wEXhuI 8 spawtuxtg season BEId 8
coEYclRtIOQ ot vartabthty to ihe hp ds OF lMgc zoopiaxtktc3$  Bxtd, by EEIEcrcncc,
to gowth Rnd procJUCLI�IE OE 1Rrvai toodj, bUt hc dt i not sho'w' 8 contprchen-
sible spatial pBXXern or develop a statistical model for predicting good larval
condEXEOEI troQI orhcr EncasEucntcnts.

A type ot mesoscale Feature that has received considcrabjc BttenXion
ajong the U.S. Cast coast is xhe system Of eddies generated by a meanderhtg
currcEIt such as the Gulf StreMQ  discussed m Chapter 3!. Yhe etfects of
sintilar leaiures in the Cahfomia Current on the d3stribution of zooplankton
have bccn EnvestEgBicd  Haury ct 81. 1986}, but less Es kxliowEI about the
relat�EIs bctwccn such cddtcs MId 1Mval Ash, cithcE h3 Ehc scxtsc or Rdvccting
the larvae or through QEodiFyixtg their food Ivcb. However, Ficdler �986!
argued that, hI 1985, a i 00 � 200 km not iheastward displacement of an Rnticy-
clol'uc eddy  noEQIally centered Bx 3:.~N, 124 %V!, together wirh 0FEsholc
cxpansIOQ 0E thc spawntng range 01 adult Bxtchovy, was rcsponstblc tor
RQOEI3810us OFFshore transport of larvae by enrrai33Enent of Ivater fronI Xhe



Southern CalifonEia Bight into the eddy. Yhe fate of these larvae was un-
known, REId overall reer utmerlt of Ehc L985 year-class was Ilrlt adversely
BtYccted.

Related sEUdies have been conducted m the western Noah Atlalitic.

Fllcfl ru'Ed %foblewskE  L98"I! sllowcd througll R sIEIEULBEI0IE 1'Elodcl how
evan-core Gulf SXXCBEXE m>gs could impose mortahty by entrainmg larvae
fxoni thc  ! .S. Castcxn coxEtulcnral shelf. Suppolting cvidcllcc, fxolxl Bllalysls of
illterREIIEUBL and geographic variabiility in recruitlnent success of dclxlefsal fish
stocks, in hcatcs negative relations bet%veen i eel'ultlXEent and lxldlccs ot off-
shore cntxaiEIEXECEIt by the rillgs dLErixlg the Lafv al penod  Myers Rnd Drinkwatcr
l989!. LIEterestillgly, variability nl recruhment of pelagic fish stocks was riot
related to the incidence ot lings, but Myers and Drinkwatex pointe l Out thai.
the esthnates of recruitment to these stocks are not. very reliable.

PredicEable EXEesoscale hydrographic regimes created by bottom topog-
raphy, such as tidal fronts, are less common along the Cahtomia coast thall in
rcglolls occupied by AELEEUEEC heIT1IEg stocks  scc Silnclalx L 988, Bnd Chaptcf 33
bccausc tLEc Cahfonuan shelf is so narrow BE'KJ Eldal currents I'elatlvelv weak,

NcveEthclcss, the offshore islands Blld bBEIks thar serve to separate Ihc South-
crxl Calxforlua Bight lronl Ehe Cahfofnra CUTYcIEt pl'opcf form R habltar on EL'Us
spatial scale which scelixls to provide an CXEhanccd sUpply ol food fol' some
laxvBc. Yheilacker   l986! sholved through histological BEIR3ysis thRt Ehe Hlc'-
dcncc of starving first-fcc NQg jack mackcrcl lal vac is Inlrch snlallcr around
these islainds thREI Ul r31c open. Califoxlua CEEEYclit  FlgUl.c 4.28}. PfesulnabL5
 but not demonstrated ln Ehe saxne study 3, Ehe supply of food ls grellter aroulld
Ehe isLBEE LS than t'Rrther oNshore. An BLterEIativc, though more complex,
hypothesis ls tllat predaroxs on LBXVBc wcakclled 45' starvation Blc Enucli Enorc
Retlvc around Lhc islands, xapE By xcnlovn'lg suc4. LRTYRc &OEXE the populatloll
there, Calculation of total laxval Enortallty late vvould rcsolvc these Blterna-
Elves

Indeed, Ehe contriibution of starvation Eo EOEBL nEOIXRLity of jack mackerel
Larvae Ul thc offslloI'c legion, b H not Broulid the islands, vvas Ulvesrlgatcd by
lHev, i' ct al.  L.985!, who usedl Laboratory growth rates alld daily grov, th rings
of OLOLit!ES to CSLLEnalc larval ages, and assumed lhat production of eggs was
constant over the pello l 1'eplescntcd by thc range ot ages of the larvae. MCREI
Larval gfowtli rate was fastest ill the subarea where biolxlass of zoopLBEEktoEE
was highest,, but differences in yowth ratle were not staristically signiEIcant,
Rnd there was no apparent relation between zooplanktonic biomass and
inciderlce of starvation i' the larvae. MOXERLity rate was calculated as a
function of Larval age, though extensive manipulation of data concerniEEg the
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yourkges  imvae divas required because rhe rk>esh used ko cap ure Qkerrk v!ns he~
iar~!'e, S4KvaHou 9'Bs lhe doB'HuaB  cause of mortua!i y orkty for ftI!lrsr-fecdirkg
!algae tFigure '-i,29!, arkd  obviously! orkney predIation couM affect khe yoH.sac
s age.
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Somewhat sinlilar conchisions Ivere reached by Owen et al. �989!
coricerning larval BBchovy. Although the abundance of smail zooplankfers
Eiarval food! differed by a factor of ": at the two sites studied, grov th rates of
lan ae werc similar, as «vere his ological mdices of larval condition, and the
EBcldcncc Of s Brvsif loll was very low. Thc nroltailty lares werc Riso O'K'JEsfHE-
guishablc. Based on RI3ufldaiicc of anchovy eggs  from "<vhlch thc adult stock
could be computed!, O«ven et ai. Rryred fhat cannibalism should have been
gcafer Bf. onc sltc Rnd Eroncrrnrrrbalrstrc pied8�011 grcRtcr" 8  Ehc other. How-
cvcl, it ls Lulsatisfvrrlg <to Bic 8  least! to have fo cxp!RUI ihc results by
Hlvoklng 8 fac�1 that wRs Bof. d! 1'ectly Bieasulcd. Irldeed, fhc author's report
that the incidencc of predatory copepods v;as llighest a  the site where Biost
anchovy eggs mere found, so that even some indirec  evidence v eighs against
 heir conclusion.

The illus ratio!is 1 hBvc giver!, Blov!Bg froni laigc � snlail Bl'ld endmg Hl
 hc BlesoscBic, do no  '<cxplaHE ' vailBEEOB Hl lccrulETBcn  to popuiatrorls 0E'
schoolmg, pelagic fish Hi  hc CaiifonllR CurTcnf.. nle clclrlcnts of 8 lrl !rifagc
arc ther'c, BBd fi'lcy cove!' s«lvcral scBlcs, �ut tire cuiTcnt state of kno<vledge is
not, Blc Bphorrcally R Unified Bl'tl»tlc cl'canon r   pr'cscB  Ehe hypi3 hcsi»  haf
thc larvalfood «vcb ls fhc domrnan  soilrcc of va13abilifv IB i«cruifllr«errf ilas

becB weakened by the fall«Bc fo cxplRHl lnost 01  his varr<rbrhtv bv plausible,
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pj3vslca11ly caused vBABLxon En thc 5veb Yct, Bs 1 hRvc ponitcd  lut scvclR1
thnes. the food v!reb itself has seldoln been samplled adequately, Easi!y
IYECBSTErcd bulk properties have usually been the variables avaBRble for BExaly-
sls. Further, fcvv individual, sLudics covcT 8 xvl fc lunge Of scales. W'c do TEOE
really Undell'stand hoxv sEIERH-scale dEsu Ebunons chcETEge EX3 response to largc-
scale cliixlaliic variation, Ehough there are some stiEnuiatiExg possibihties. Yhe
snnuhc:!Ion IHo fels disc'usscd 8!bove E]llustratc EEnothcr tool fol' exploAIEg thc
ESSE3C.

Yhe present undcrstandhlg of the ecology cf ial~ai anchovy, though
imperfect, suggests some speciY~c qucstiolls about hoxv such large-scale cli-
nlatic cbBEXge iEI thic occaEE, origlnBEEng En Lhc physical structur6, nught Biter
populatEOEE dynanxEcs of thXS Rnd ccofogicaliv slnnlar species.  !EIR!Itatlvcly,EI
appears Lllal la1 Pc, IEOEItoxlc dEnoAagcllates---Xhc kuld Xhought by Laskcr to be
csscEIXEBI fox' first-fcc ling Bnchovv � have a. Coxnpc'Lluvc e fge over tBstcx'-
grovving dlRtolTEs bccausc of their Rblhty to x'cdlEcc BX3d BssEmifaXC 3 HXE atra Rt fowv
irltcnsities of light and�under some conditions, to migrate dieily from the
sunjlt surface to thc nutTEcllnc  scc Chapter 2!. FEETEherr Ebc horizox1tal distribu-
tion Bnd aggregation Of dinoflRgellatcs ncal sholc can be affected by the
intcract1013 bct'o'ccxE their dlcl vcTEECR1 EYugI'ation and mtclx181 'A'aves EhRt
p~opagate along tbe thennochne  KBEYEykovvski 1979; see Figure 2,12!.

Suppose th Etc Bs effects of chlxiatic xvEEEEnuxg, Elutrlcnt-Exch subsurface
waters torm at a reduced rate in polar regiotls Blld the nutricline aud ther-
mociuic deepen lu castcnl bolEnda3 y currents, %ill the fife-style 83'Kl dISLTE-
butioEE of large dhloflagellates be adversely affected and, if so, >vill the
surviva! 01 erst-feeding larval anchovy be BAected. ,perhaps bcE3efltixig mack-
cxcl 1BXvEEC  lvhEch feed 53TEI3>edlaiely on zoopfaBkton!.' Ax' vv31I thc 1BTvRI
anchovv happily switch to fErst-fcediEIg reliance on protozoans, takiExg Bdvali-
tage of Bn enhanced Exlicrobiaf klop originating ui ExiicroffagcHRtes thriving
under the nc%, 0 lore OligotE'opec physicall regiEIEC  F! gUE c '-l,2! . OTr %vill lhcrc
still be dillofiagcllates, but only unlxutritious Or tox ic ones'?

Even i f a Cajiforman Ei ¹0 provides a model for Xvarriling arid greater
straXif ication 51'1 fixe Califon HR CUETent., t13e l 982 � g3 El Kino did not pYovlclc
nluch support fol' these speculaEIOIES conccrixuxg BExchovy, Bnd too 1EXtie rcl-
cvant hxt�XEHRLion v'Bs gathcre $ En vvclys conlparaille t0 non-El NIIEO sBIYEpluxg.
Biomass of total phytoplaxEkton m thc SOEEtbe375 CBIEfomEB 83ght vras reduced
Bnd rcdisXributcd relative to thc ioilg-tenn nlcan paXXcin, Rnd thc thcf'n'loclulc
Avas decpcr  Mc .rovcali 1985!. Yhcx'c is�ulxfoxtunately, little ixifolxrlation on
SpeeifiC fOOd fOr laEval anehOVy, Such aS the prevalenCC Of OffshOre, SubSur-
facc ]ayers ot diEIofkxlgcHatcs. 11 ls kExov'n, though, that Cs!'?'!'Etio lETEEAIPE lvas



present nearshorc m spring of 1983�and the RSSCIIIblagc of net phyroplIEnkt013
there was not anomalous cxccpE. En Oc'LobcY'� XovcDlbc3, when thc waicl !vas
also Hn rmaloUsly wBE EYE  Rcld cf Rl, 19831. PrclEEnEEEHry cxalnEEIBt3031 of thc
scduncnts of thc Sanra Barbara BRsEI'3 3 L,BXEgc ct. Bl. 1987 I lndlcRLcs
chluigcs 3I'3 Lhc dEBEOn! fk!ra Hnd rad301BXEHE! Hlid torarniulfc3 Bn faullas can bc
detected.

Hovvcvcr, llnlc lrlfornianoll Es Hvallablc OEE 3Yictazoan IIIEcrozooplallktoIE
cxccpt through the coETclalEons betwcc3! O'UCE'0- HEEd nla!"..E'OzoopiHEYkton
ported by Smith and Epplcy �982! Bnd between reduced EnacrozooplanktoEYi 
biorllass Bxid El BEE!o evc313s  %'Ickcft 1967, Chcltoli ct Hl. 1982, MCGowREE

198S!. Thc spatlR1 scale of iongshorc pafcluncss of ncai sllorc zooplBnkron Bud
3!cf phytoplankfon BEEd protozoans was lllvcsngRtcd durulg February-March
Ot thc El NEEIo  Mulhll cf. Bl. 1989, RcK1 Hnd Stewart 1989$, but fcw Rnolnaiics

co�/d bc HttrlbuLcd EEnIII! AEgEEously ft! thc El 533�, pHE'8y because few sEEEdlcs
had been conducted in lion-El XiIEo winters using similar methods of sarn-
Dlnlg Iuld BXlii!VSES.

1 he spaw3'Hn~z anchovy werc 33!dlviduallv S131all, Bxld fccundiry pei bafch
of eggs  btll not total cgg ploductioYE! vvBs fhcrcforc reduced. I arval mortahfy
was elevated., as might h" predicted, but this mortahfv was 33> the pxcfeedlnp,
yolksac stage, not thc feeding stage  Fiedlcr et al. 1986;3. There is little
vidcIEce, Ehcri, of Hn effect on thc food wcb of first-feeding larvae iIE rhis case.

F�rfhcr, 8utlcY' 3,19893 found thaf growth rates 01 suxvivlxlg lal'vRc wcIc not
 lcplcsscd ul 1983 relative L0 other years, Rnd fhc 1983 Itnd 1964 yctu-classes
were abundant after rccruitlnenl to the fishery. However, juvcEIile grow3h
rates were depressed Hlld thc Iuvellilcs werc small. so that fhe 1982--83 El
Nil!o:night have had m !re of an effect on Ihc reproductive potential of those
year-classes tlhan on their Hbundances.

1 mlc xcdllcf30ni In Enacrozooplal!ktoluc bEOEnass IhRt RccoInpanEcs both El
N3no Bxid less dYBInatic reductions ln Lhc southwarcl flow Of thc CalrlornlR

Current Hnd Es flakcn Rs B EYEcasu3"c of fhc supply of food torlBE'vRc, BppBX'cntly
n!akcs hnlc diffcrclicc Lo rccrultnieIlt Ot Pacific nlackexcl. lls rccnut3Yicnt

success  relative to its spawning biomass! is relaled dncctly to the increase nl
sca lcvcl. Vvhlch sERDBJS rcducnoll En southward flow  FlgUrc 4.30'3, Either fhc
food that is Rcrually critical for mackerel larvae is ulversely correlated v'ith
bulk planktolllc blonlass Hnd southward flow�or Eood ls I'clauvcly unimpor-
tant for survival. Given fhc general, positive corrcllafion between patchiness
Rnd abulidancc  e.g., Figure 3.21,', it is diffic�1I Lo argue that during El Nirio
periods adequate food is provided by patchiness rather than by mean condi-
flof3S,
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lntcrcstEElgly< rccE'UxtnxcExt of PBCEftc ExEackcrcl was very j3oor xn 1983 BI!'Ed
1984  MacCBH et al. 1985!, foHowixEg the oEEset of' the very sXrong El Nino of'

during which! sca lcvc] was xnuch htglxcr than nornEal  Mc A!waxE
1985'F. This suggests tlxat the relation implied by Figtne 4.30 may have
chaxtged, and ntay iHustrate the quotation frotn Rothschild �986! given in
Chapter 1.

ln sonEc cEUclal rcspccts, thc CallYlonxian V'1 Nill>o nxav FEor bc a good
xEEinixEEodel ot' the effects of global atxnosphctic waxxtxing. Begun �990!
Bx'gUcs tl'EBX., during Btn'Eospbcric warming, thc lamf wiH bc hcatctl xnorc
Enarkcdly than the occBEE Bnd thc increased tbcrnxaf differctxtial wH1 intcnstty
Ehe equatorward wiEEds that favor Upwelkng E'though Fraxtk et al. [1990j have
predicted opposite trends for winds on Canada's east coast!.

%lxat wEH happen xf RUXncrcasc occuxs xn tbc dU!'BtloEx Bnd Ente! EsIty of
iEEdividual up?rvcHUEg Bnd xclBXRXEon cvcnts in castcrn boEEExdary currents  i.c.�
fewer events than at present, each lasting longerP< XViH entire year-classes be
lost to offshore drift'" because B whole season's spawn, is exported, or wiH the
succession ot' less disturbed phytoplar&ton in the longer stable periods favor
large dinoflagcHates and thus promote survival ot Bxtchovies at the expense of
stEEctly zoopfBExktivorous laxvalc.' OEE tins SREEEc tbclrIc> Ef the! C Brc lo! Egc!'
periods of wind forcing, wiH the resulting greater coherence lengths of
lo! Egshoxc CUrrcnts BXEEplify xhc k!ngsholl'e transport of coxtstal larvRc to topo-
graphic xcgtons of scEEEEpcrnxBEEent cross-shelf squnts Rlxd jets, wlxctc very



hEPh offshore veloctttcs KVEH cxporE thcnE. HEEs tUERl suggcstEOEE Es BE03'c
pcttiEEcEEt Eo the NOEtherEE Calitorma coast, >viEh iits stretches of straight coast-
hne broken by capes such as Mendoci33o, than to the Southern CR4Fornia
doEr3EEET1 of tla-, Nxchovy.

SrorEtEs coulcl also Rftcct Ehc predators OEE larvae. Jcliyttsh  EnclUEltrkg
ctenophores! are relatively fragile, and seem to be morc adversely BFfccted by
3'ough vvcatl3cr tl3RE3 plsclvAEoEEs FEsh REc If tltc trccjUc33cy or dUEBtton ot calErE
vvcRthcr chartgcs, will the Qatuttc of thc ErEosE sigruftcNEt predators change.

 !UNEtitativcly, consider tlte 3rnplECBt303'92s of PllguEi, '-!.25 FroEE3 Pctcr3 ANT,
and 83adford �987!. Suppose that, Bs B result of cliEtEatic cJM3Eges, thc nEccl3BEE
frequency of 4-day cahn periods  on Ehe Eveighted scale! decreases by 33'1o
fror33 ":4 to 16 bEEt thc ErttctaQnual variREEcc iEZ stol fEEi33css rcÃiiNEEs co33st<Mt.

XVHl thc 33~cdiNE daily rEEortahq~ rate Rcrually sIEifr to 0.27, as suggested by the
rcgressioEE. PcriEBps Ertorc irEEporENEt, Yv'ill Ehc &cquc33cy ot weak year-classes
become so great as to ovenvhelEEE tlEC buNfe3 created by iteroparity  MEErphy
1967!Y TIUs Es, of coUEsc, B spcctfEC cxatrEplc of thc gct'Ecral EssUc discussed 133
Chapter 1: vvhcthcr corrc]atio33s relevant to prcseEM clitrEBEC can b" extrapo-
lated to predict the ecological CFfccts of clirEEBtic alteratioEE.



1 have Rfrcknptcd to iHUstrafc physical/chemical ikrFluci'kccs on Ehc distri-
butions Qf bioniass arid prEEnarv Rud scco!Edaky produckrork of p1lanktok1I at
vanoUS scales, Rnd to $$BAv 1'Eow larval lish EUBy bc EWccfcd bv fheni, possibly
 buf not Erccessari/y! resulting i' variations Ur recruifment. 1 have chosen
exarrrples in which processes on pakticu! Br scales present both oppoktukriries
for increased underskarrdirrg «uid potential unpcdirncnts  or at least complexi-
ncs! fo bc rccogrkkzcd Uz designing pr'ogi'Bnis of skkrrrplkng. FUEBHV, t hRvc tncd
to mdicate, in a qualirative aud iritrkitive way, how differerkr scales niay be
causaily connected.

Yhc direcr, paiticipafion of larval f~sh in the plarkkfokric food web, rhc
relative ea.se with winch they and Other plankfers may be caprrkred, the
capabih ty to rear arid study the larvae and their food in the .laboratory, Bnd the
development of techniques to determiirre ages and rates of growth have
coritributed to Ehe elaboration and testing of the long-standing hypothesis that
1arvall feeding ecology 1$ cnicial, Thcsc cxkkmples, however., do not pi'ovc thar
reckxritmcnt is determined by the supply of food For young larvae. even for the
vvcll" SEU lied Errrchovy Ui CahforEURH coastal water's� indccd, thc analysis ot
PcteETEEan cf. BJ�� 9<%8 k Suggests Ehat this is nQE' E'hc case, Nor do rhc srudresof
1lewEEt et al. f1985!, Owen et al. �989!, arid Butler �949! lend strong support
cvcrk to thc Sunpler hyporhcsks that larval growth or' srarvakrork cari readily bc
related fo concUrrcnt. Bburrdarrces Qf foocl. Evert Yhcilacker s �986i FcsUli.�

Showkr in Figure 4,28, is not strong positive proof, bec kuse the abundances of
larval food werc riot defckrkrincd Bt fhc rwo sires.

The nature of proof is one issue, whcrher one needs proof okrly for a
specific fislEcry for a, specific period or wants to establish a gcnci'al prukciplc,
Porrrially, onc riiUsf Bfrcrnpt to falsify fhc null hypothesis that there is no
rclBEioEE bctwccrr reer'uinll'kent success Rnd supply  oi actual usc! of larval food,
bUE' fhils falsification can be accomplished by fkrrdirrg B shiglc, sfafisficRHy
srgkufkcakit coruifcrcxakikplc. 1 veri rhis is nccessBrv buf: riot SUFFickerrt proof.
There shouM also be dara &om the same case study that are adequaf» to test
conipafablc, corrkpcfirkg GUll hvporhcscs coricerrung cfE'ccts of prcdarion, ctc..
but fail to Falsify thcnli. hr rcahfy, most ccologisis i'knd Fksl'kcrv rki«uiagcrs!



would probably be. San»lie� by iilductivc proof, nainclyh 8 series Of cases in
Avhich variation ln food sUpply wa» fl3C mo»L rcYE»0YERble cxplBnBtE013! foi'
rccnntmcnt vBABbihtyh bo'th sFatlsticHHv EIYEd Enccha331sfEcaHyh cvcn lf ot'hcr
plausible cxpllanations had not been eliminated.

Study hot ultcranx3UB1 vaxlab313fy Of rccrultmcnt of cod Ul horwcgiaYE
v alers  suYEIYYERYizcd by EHeitscn et al. 1990 3 provides some strong evidence of
fhc Importance of food supply, but IL can Rlso bc used Lo EHUsfxatc how
extensive such ulvesngafion» can bc'.ce.c. 1.'.HCXF»en ct Rl. toulld that pool
rccrfutincnt wRs sFBLISFECBHy associated with RnolnaloUsly cOM year»  though 8
fcv, Of fhe warm years also gave rise to poor year-classes!h Mid that the
maxEmal pxodUctlon of nauphl of copcpods  mMBIy CQlh'bYB5 jlEYmh'Eh c.'/IECEE$!
also occuned later in the sprirlg dEuiEIg cold years. Because naupliar C I/<>3331x
co-Occur with 1Mval cod in fhc Uppci fcw tens 01 Ynctcl s, Rnd Bxc Bxl EEYEpolthant
foocl  Or tl'lcm. Rnd bccRU»c Fhc spBwnlng ot cod is rcl luvcly InvRXIBnt Ul tiinc,
EHcffscYE ct dl. ploposcd that fhc success Ot rccYUEFEYIcEIF dcpcncls 031 Fhc
cohlcidence of larval cod and naupliar copepods, and that. this is nlore v'ide-
splcdd ul WBXEYI thtui in cold vcBrs---8 IEEHfch-nYisnlafich Brglimcnt  Cushulg
197" '!,

9' hat othcE fuidulgs EY33ght onc Bdd fo fbis sccBEEXE0 to strcngthcn Lhc
RrgEEYE3crEF/ Fu'SL RYK1 forcYEIost, ollc should show 8 stlong c03 3'elation bcfwccn
183"val sul viva! 3YECBsul ed On large scale Mid subscqucEEF I'ecruitlncnt Bs dcincr-
sal juvcililcs  E.c., 8 rcslElt diTtcrcllt fx03Y3 thRt implied by Figure 4,26 foY'
831chovyj. Yhis is distinct f1 0m showirlg only that conditioEIS that s/Ion/:/ enable
1RYvac to sul vv, c MIC corrclRtcd with subscrlllcnt rccfuitiTEcllt.

EHerlseil et Rl. shovh ed that the FU11EIcss of the guts of 13efd-caiight larvae
depends t,nonhncarlv3 on the coilccnll'ation of 11RupiERX copcpods where the
Ialvac R'rc cBught. OEEC would hkc fo bc able to show also fhat larval XRL'cs of
grovh fh Bre Mgnificantlv gl'cRter, Rild YEIOEtalEFV less, hvhcxc clxld wl3eu nNiphal'
copepods ar- more abundant, This should be true on mesoscales m time and
space witlliEI years, as IvcH as iEIFCXRY3nuaHy, and perhaps on»rnaH scales as
well. LuicBX re@Session RYERlvsis could bc EEIEsjcadulkh, »ulcc tltc Undcrlving
relations are probably curvHinear, as they are for gut fuHYEcss; i.e.h thc 1M~Bi
rates Me depcildcnt on nallphar abiuldmices within one range Rnd iYIdepcndcnt
vvi thin Mlother Yallgc of grcBtcl Rburldanccs.

For example, the aigument coUM be strengthened if one obtained data
for a moderately cold year hldicating prcfcrelitial sulYvival of larvae boril late
ln tbe sca»OYE, similar Lo the data shown for Mlchovy ul IFigurc 4.19 FOY' 19,'1l,
phil cv !deuce tbhih copcpod nauph1 werc si giu flcBn t3 y rai'cr Ul Febl UM y HIMI IEI
April of thRF year---plus Bdditioilal cvidc31cc tbaf picdatton on !Hrvac %8» nol



Rnotnalouslv high nl PebrUM'y, Nld El%at Ulanv iaxvac vvclrc clnaclafcd theIE.
Considering the saEne example, even if the large-scale mean conccntrafioE3s of
HMEpiii Ul February Bnd Apnl wcl'c not staHstlcBHV diftcrcllt, ERE illtcresting sct
Of results conccxnulg the ELnpoviaEECC of snlj sLYLR! lcl' scRlcs would show Eclat
Xhe spBEERl variance wtls sigLILflcalltly greater ln .~Xprll, that Hlcrc werc EI0PH BH-
don  spatial Bssociati�31s of larvae will'I, pRtchcs of Rllonlalollsly BbulrdNEE  on
fins scale! Elauphl. Rnd fbaf these !HP Rcwcle lvcH nourished. L'Hertscn ct Rl. In
fact consldcllcd fhls posslblhty with E.cspccf fo vert!cat dEslt'tbllnons wlthln tile
Upper fcw tens of meters but they LugUcd fhat vclt3cBi nllglBnons by iRxvac
Bnd thclx prey would cfxccflvclv h lxnogenlze thc Rbundanccs w1ti33xt tins
xcglon of co-occulrellcc.

Going bey011d colTciations on various scales, olvc shouM Exy to dcnlon-
straxe quantitative balances bctweell supphes Rnd denlands, For years of good
lccEuitnlcnt, Onc sh013ld bc BMc to show fhaf fhc Uauphal' RbUHdanccs werc
sufllclent, gxvcn thc iBJ vBl I'cspu'BXEon. dclccRtlon, gTowfh, Mld Bbll3ty to bUnt
Mld captUxc prey Rt vaxlo Es ages ILH«l temperaEures t cl. Figurc 4.9 !, for laE v Rc to
meet their lllctaboHc demMlds. EHCEtsen ef al. repol ted tile clitical concentra-
HOEI Bs > 50 HMLplu pcl' h ter 3 though thc field stx3dlcs of glEt fUHllcss sugPcst fhllf
conccnfl'Bnonis + l 0 LIBupllEE pcl h tcx' HIEgkif bc suff lclcnt!.

Further, 0Elc shoul«l show H1at 'these HM3pHRX' Bhln lances were sustBxncd
by reproduction in copcpod populations long enough, and over large ellough
areas, to account for subsequent recruitment of juvenile fish, and also to
satisfy thc Hcc«ls of x ll thc other populRf ious fhBt colllpefe with larval fish f«LX
this f«30d  cf, Dagg et al, 1~384, concerrdxlg copcpod naupHi Rnd larval waHeyc
poHock m the BCIIEEg Sea!, H>csc con3pctlng poplllRtlons Rrc '.Ekcly to bc
dlvclsc Rnd fhclxlsclvcs iEEtexaxlnuBHy vRtlable. Because of Xi%is «llvcX'slfy BH«l
fhe difficulty in separating advective charlges hl biomass froln changes duc fo
«lEffcl'cxlccs bcfwecxl ulpUt Brtd oUtpl3t ot Ox'ganic matter, It ls I'ko trivial cxcx'else
to calculate the overall baiallce betv cen production of Bnd denland for food
for la3> BJ Fish. indices of growth by individuals ill. those populations that
conlpcfe with laxvBl tish tsay, R ccrfaln si/e XBngc ot chactogllaths! shoukl bc
positively coLTelated, from mcsoscales to large scales�with 3 ".cruitlnent suc-
cess of thc fish, though Bbulldanccs IEllght not bc.

Given that mesoscaic differences ln the food web are commoxl, s~ccess-

tul larvae might weH come froln specific sites in the spawning range, and
these sites might diflcx fTOIH year to year..~E.ssumillg that the population was
gcncflcaHV iletexogencoUs between slics, lf Inlght be possible to show coETc-
sportdence bctwccn tile gcncffypEc composiriotl 04 tbc best.-notnishcd !Brvac
Rnd that of suxvlvmg rccrUlts, which would cstabhsl3 B rclBitlon bclwcen !Rrval



n~trition and subsequent recluitment. it could also be iYYIportBEYt to identify the
sites responsible fol succcssLUl Tecrultmcnt in yc<lrs '4'hcn overall Tccrultmcnt
was strong Bnd Ul yeBrs vvheEI if. Yvas vvcBk. Ldcntifymg and IAREIBgmg sxtcs thEEY
sustahl a population Yhrough poor years is obviously of practical LYIYportBEEce.

ODC wvould sf ill need fo assess thc 1'oic of pl'erlatlon on prerccTEEiY juve-
Eulcs Bs vvcLL Bs 1BIvRc, vouch vvouid 13c dYfficult if fhc Bbund<lnccs of predators
Hnd larval food covary. Lf lalvai fooil supply Is the prEYEYRTV dctcxITUYIRYlf. of
recruitment, one should be able to shov either that pretlation is negligible,
Ulvariant< or UncorrclBtcd vvlfh total LBIvBL nlortEELity 01 that Et is dirccfcd
plirnalllv BgaYAst Inalnounshcd Larvae �.c., fllat. prcdatloYE ls R pi'oxunafc YIYorc
than BEY Ultlmat<. cause of death!.

EilclYscn cl Bi. did noY Iry to cstaMish R du'ccY coilncction bet%'ccEY Yilc
Ynagnitude or tinurlg of production of copepod Ilauplii and prilrtary production,
nor befvveen those processes and the hydrodynamics affecting them. Vcriixca-
tion of the lnlpoitancc of pnInary producllioYE ideally Kvould 13c based 0EI BA
analogous sct of obscETBtions relating Unambiguously thc van'Hbihty in plo-
dtEctlon of ABUphi by copepods  or pY'odUctlon Of other 1<uvai foods, such as
tlritEYUEEds! to that of prnnary production � a truly daunting task!

PredHYioEY Hnd cNli!'UbafisnY 01'1 Iuveniles nlay bc Bx LCRst Hs sigEYif leant Bs
Larval food supply�particularly for denlersal species  e.g., Sissenvvine 1986!.
Because of the difhculty of determining a moTERLIty rate vvith any precision
 since juveniles avoid pLBIEkfon nets and arc often too smaiL to be captured by
COITUYlcrclai <~car since dctcIYTUYEUIg Bgcs Es tedious %'ork, BYEd slncc morEBLYty
I atc ls H proL3crtjj of populations! alber fhaE1 of indivldua]s!, Yfctcciing sigHLI-
cRAY vrE+tQYEoii in IY101EBLIEy EYatcs dUc to predatioEY----thc central lssUc---ls an-
other dauntlllg tRsk, Yhc task ls mUch greater thRA asscssmg thc cffccLS of larvRL
food, !3ccBUsc BT0%'th Tates of EndlviduBl Larvae ca!'l be dctcIYlAIned Bnd R

thorough understEEndEYEg of vanancc obtREncd I'cianv'cly easily�and Et ls thcE'c"
fore Ynuch cBslcr' to test for' statistically slgnlficanf. d]ffcrcnccs Yn grovvth
bet vvecn sifes or periods than ill IAorfahfv f1 oui pIcdatlon.

Studies of the degree fo lvhich predatiorl on larvae and juveniles at'f'ects
subscqUcnf. TCCTUE tment hBvc seldom been condUcfcri ln thc context of phys]cd
and chemical processes in the oceaEY. Yius is partly because many of the
predators <ue highly mobile aYld dit'ficult to sample. Relations betv,een fhe
Hblindtlnccs of pESCIvorous predafols Hild physical<YchcnlicaL pTopcrlics arc
dificult to establish. AIE ultcrestulg success is fhe %'ork of FXHEYk Rnd Leggctf
�981�1983!. Yhey conchlded that the directiorl of the vviEYd determhles
Yvhether capehn! Hrvae hatched in Nevvfoulldland bays are exposed to food or
fo prcdatoi.'s. Ln priuncipic< %'cbs Bnd scales Brc just Hs unpoEYBEIY foi EnoitahP,



Bs for larva! feeding, but kn Lrkc cokktext of klkorka!ity Yhcy Rte less readk!y
addressed.

BccBLEse' 0'l tEI'Dc !ags, sREDp!Ulg ID B very tc313pot B!ly patchv ckkvkfonxYxeIkt
n akst bc Dot on!y pTccksc but On thc cokrcct scale. Fvcn Bcckkratc Rnd pIcclsc
deteYDkiklatiokk of concurrent abun tances ID the fkc!d of tood, larvae. Bkkd

predators can !cRd to crroncous c031ch3skons conccxkkiDg thic Te!ativc IITkpox-
tkkkkcc of stBTvatkon HIkd pr'cdBEloln. Taggart BD ! Frakk!   !990! mode!cd R
sktuatkokk M vv!Mch O'NE'ER� Ey duc 10 starvaitron vvas ID01'c scrEous khan tilat due
Lo prcdatkoD, but thc Bbundancc of food Exlitegrakcd ovcl' thc prcvkous three days
affected skarvatkon OD Brlv day, vv!D!c predatkokk vvas BD knstakktak'le kus hknckkon
ot the Rbilndarkcc ot predators, ln t!Ds nlodcl, Y!kc Tcgrcsskokk 0! !Rrva! Dlorta!kky
Iatcs Bgaknsk tile concurrent bkokrkasscs, Of food vvas Dot skgxkkfkcakkt, vvhk!c the
c kmparab!e lcgrcsskon against the coincnxrcnt Bbundanccs of pYcdators vvas
sio133hcant. 1l hEs Tvould imip! v  KT033g!y! Y!Eat plcdatlon Vvas Yhc Dlorc ln'lpoY'-
tant detexklrikkakkt of vakiabi!ity in rccnkitment, Deca kse of the mobility and
sc�00!kkkg of Inany predators, thc cokkversc error Dught bc made Ef thc Investi-
gator fai! .d to ln'Lcgratc Y!kc EkbukkdÃkcc of. pkcdatol's Over B !Blgcl voknlle thakk
that occupied by a sample ot !Rrvae. The model i!!kkstrates Etkk impoktaxlt
pnYkckp!c, t!longh kt ls ukkxca!kstkc Ekk suggestulg thtkt krkorta!kky Y'ates can bc
ca!cu!atcd fE.ODI tleki samp!es vvith any precisiorl over such sma!! scales ik3
space Bnd tkkne.

l have Dot discussed at length the advective transpokt or drift of !Rn'Re,
though kt ks c!carly duc to physkca! processes, Thc ccologkcai Dlcchakkksms
 Fegnlatiokl of grovvth Bkld death katesj by vvhich transport or drift affects
pc!aglc spcclcs Lksua!!y have 11 kt beckk cically dcfkncd Lthokig!k dcD'lcrsa! shelf
species obvious!y face a prob!cnl if the bottom is '" ! ID belkeath them vvhen
they ErketRID0Yp!lose!. Nokkckhc!css, Rdvcctkon R!so !kas sonic scR!cs thHY. Ble
mollc ikxkporDEnt thakk othcls. Fol' cxBDlpic, thc cvcl'lt sca!c of v, lrltcl' stoTFns is
BppaleDtly siyaficant for Lhe transport of l uval Ykkerk!laden on the U.S, east
coast fk'0YD offshore spavvkking areas YovvRT !s cskuRrinc Ikkkrsevj areas  C!keck!cy
ct Rl. !988!, BIK! !Brvac 0'l sc'vera! Othcx spcckcs nnksst Exkakc B skmk!RT tTBDskt.
Cotlvcrse!y, offshore transporL Oil. CORstal !REvac in cckltrai axe x30rthenI CB!i�
foDEEB ls probab!y olk thc mcsoscB!c, spatka!!y, snlcc  Iffshorc suI!acc t!oxv Es
concentrated in topographica!!y detexkDikked locations Bnd Lhe Intensity is
lc!afed Eo cvcnt-scale %'Ends Ichaptck 4!.



To XCXurn to a point. from Chapter i, rea1I variation in Ehe size of a
popuiaiEOB 01 Xhe struct�xc of R� ccosyslcln 3x3 tETT!e OT' space  I.c., vanatlon
beyond genuine sanlp/iTEg or anaiyticai ilnprecision! can provide in''ornlation
abol3t Xhc controis on thc popUiation  lr Ehc furlctiomTEg or tile ccosvstcln Yhis
is especiaiiy Xlue if the variance is kEIown as a hlnction 4'scaie. Given the fact
that thcrc arc ycaT's ot stl'ong Rnd weak rcclultEQcllt> Et Elught ciarEXV tiK' lsslles
to understand rllor'c f iffy tile Hpailai scaics on which thc  fitYcrcTEccs bclwccn
years alc ETEost ITEaxkcd, Ti381 Es, stxollg lccnutlncnt 41 8 good year coujd I'csuit
fxon 3 c iuafiy 13XIprovc f repx� fuct3 ITE RTE for survlvai tfEroughout thc popuiatloll's
XRBgc  Elnpivulo 8 iN o'e-Hcaic pl'occss RH Xt3c CRUsc 3 or fl'0IB BBplovcIBcnt. oniv
IB Specific iocRtlol'ls 0TE thc EBcsoscaic  unpiying posslbiy different causai
pl'occsscs on tlhat scale!.

The sketches hl Figure 5.i iliustrate this diff'erence, emphasizing it in
terms of concentration ot tood f' or the species and Lhe. resulting rate of growtf3,
bRscd on thc assufrlpilon  by 833aiogy Lo an in fividua]! That thcPc Rf'c  8! 8
BIRintcnaIKc coTEccrltratioll below which the popuiRtloB HXaxves  ox faiIS to
pxo iUcc 3ccXUIts! Rnd  b! 8 43gNXcx c�nccTItratlol3 at whEch growth ls hunted bv
solnc factor other tiMB food. BCXIvecEI these, tbc rate of gowth  or rcclult-
Blcnt! lncxcascs BonhtlcRriy with collccTEXXRE30TE, clnd thc Lwo wEii bc posltlvciv
corrciatcd IQ boih 'good"' vcaxs~ the gcographcaJ, cxtcTIt of success Ui xeclult-
Tnent expaxlds 'aid the~e are regions irl wilich rccruitlnent is TIIRxinlak Yhc
cl pansloB of rangcwoUM, ln rcaJ1ty, dcpcnd Bol 0Eliy 011 supply of food but
Eliso on dlspersloEI of RdUits.

DisLIBKBEshu3g bctwceEI Xhc two khlds oi patterlls of good ycals wouid
reveal thc HpaXERL scale of Rilundant .food, and perhaps Ehe UB icriylng physical/
chclnlcRi forcETEP. Xhat ls IBost slgnlflcNIt to lal»vai growth. As Qotled ab�vc,
gcnetK culRiysls nught be hclpf ui hcl'c. Ally fcai ecosysteln wouid. Of course.
evoive through time from good to bad conlfitions, with various tinle iags arid
orher colnpicxitics obscuIIEIg the rciation bctwceEI thc suppiy of food NI f
kYowth. hl principfe, howcvcT', thc dcgEcc ot rcailty of tlus sketch couM be
tested by deterlniEIiBg thc Hpatlc3i distribution of iRT'vai growth XRXC  c.g.,
8uckicV and Lough f987; Figures 5,2 33xld 5.3!, lts vaxTNxcc wlti33B Tlnd
between H3tcs  which, RH Shown En FlgUlc 5.4, ls 8 iulutcd fonxE of thc scalc-
spcclfle vREIEEIKc spcct3%1QI!, Nld how these dl ifer bctwccn ycax's of dlttcrETEg
recruitlnellt. P;u Eiculariy UsefU1 are teciXEIiqucs that reveal how g3 owth rate has
varied over the iclxvai hfe span, HEBcc lt thc coBdltlol'Es fol rapid grov, th axe on
HIBaii scaics RBd Transient, the Iaxvac growing Qlost rapldiy Rt. Lhc LBXlc of
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RNA - DNA RATiO

capture may not have had ibis advantage since fErst feeding, The widths of
otohth daily rings can provide such infortnation, bra ortly for those individuals
sutaiving to be caught by the iittvcstiigator. Lf it were possible to recover
readable otohths &om the guts of predators on larvae or from sediment traps,
an interestiEtg comparison would be possible.

As shov'El i EE exalnpjes tro!'B the Caltforttta Currettt Systctn, larval
grow/.h Es not equivalent to EccE'uttntent, wlttclE depends also on the spatial
diistt1butions of parental reproduction and overall predation. However, if
slowly growirtg larvae are more subject to predation thaEE theit more robust
sibltngs  as rnodejed m Figure 4.20't, evenly dispersed predators could en-



hancc nunkericaliy the geographical pattern of abundances similar to the
patkcn3 shov?n by Elle Yafe oi grow Yh of Endlvkdlkals.

VeN'Iabmmi+, un@evekancling,
ance PN"ec!mctmc!n

in Chaprcr l, l cxpTcsscd solxkc of Jny opiniokls cokkccn3ixkg diAcrelkf
approaches t0 fnarukc ecology Bnd Elsher3cs occREkography. i liow TcfUTA fo
fundal'ncnfal rcasokks fOT investigatikkg fhc scales of vanability !n space REKl
thne of' ecological pl.operkies and processes affecting food lvcbs Brkd larval
fksh,

Quahfatxvcly, kt ls part of fhc sckcntkllc ldcR1 K5 csfknlkktc Yhc statkstkcai
ukkccrkaiYkty ln the nlcan valUc of B Talc oT property so that Onc CRYl lcsl a nUl '
hypothesis such Rs Jvhcther thai nlean value is the salne as anofl3CT meakl
vaLue. 'This priklciplc is 0$'ten ignored in practice, especially i'or a process
whose vahlc lsnot nkcasurcd dkrectly buf ls cBlcUiRfcd frork3 two OT morc
measured. variable. p Uameters: kor example, fhe mean rate of Utilizafiolk, U, ot'
a resource of meall concentration, R., by a coYksumer af mean coklcentration, C,
where R Bnd C vary over' the space/rime domam Hnd are combined by some
EYERthclnatlcxli ETBJEsfer f UACY30n � -probably d. I'konhrlcar Onc Bf fhaf.

Estunates of tbe vHAYEklces of R RJKl  .. could bc CREAcd through the
calckklkktkon oi U  cf. HU'ofR f 974, Platt l975!. Mosl. 3nvcsugators do nof. llothck'
t0 clo thEs, bccRUsc thc palankcteks Hre seldom dksYAbutcd kkoAIkaily?
k'cldtloxl bctwcckk fhcxEE ks Ekorklkklcar�and the 3 csulfkng vRAHrlcc Hroulld U cBEX bc
hokTEQ'Ekkgly large. Thks last I'eason ls akin to the colkcatcnafkon ot UnccItBult3cs
l rkkckYU0Jkcd Jn Chapfe3 l, %9Eether lt ls dn kssUC of intcllccrual hokkcsky 01'
comnlon sense is debatable.

Even if this issue can bc set aside, the iklvestigator should bc coklcemed
Ykbout the possibi!ity of crroncousiv csUIYERllng 4, itself. Suppose, fol' cxMYkplc,
fl3af thc Tate of Utklkzatko33 of R pcl Unkf C  = U/C! foHows hypc3 l50llc or
Mkchacl 1 s lMcklte Jk k 3 net les   c g U/C a  U?p Px!   K??? . R ! I? Vvhcrc U??? Es khe
klkaxmkal Tate and K?�Es the so-caHcd ha!f-saturatkon c?okksfREkt!. If R:: K . the
TclRt3on becokncs essentially !iJkcar, Ylnll tike tofRl TRtc of Uptdke, U? Es Hppxoxk-
mately equal:

p.:�,  K�! 'I  k'.R! .

Now suppose that R Hnd C covaly such that lhev are positively coxre-
lakcd E31 YikYkc BIKl/0Y' space.   elis Es rcasoIEHblc Stir a consun3cr Bnd lfs I?Csourcc
OI'k SYTEH!l scales, On thc ol'dcI' Of the dai!y forRging volUmc of UKllv3dUBls, Bkld



on vck ! lal'gc scales, silicc tbe bk�gcograph"}~ of B coBsunlcY ls constx<urlcd bj'
that of its resource,! The mean ot their products calcularcd for each poirlt
sampled will be greater thail the, product ot tlikeir meNYs:

jK ! ] L  R! ~  S � a JL, JK ~ 'I    ! LR!
Because ot the covariation and the product, C; R;, the locations vvhere C;

Bkkd R Rlc glcat vvkil contnblEtc Hnpolbfnil!v to JL: Jvhkch Morc Qcaiiy rcpllc-
scl'kts the ovcTRll utklkzat3031 Ll'lan JL'g docs  cf. Pl<'itt Bnd HBKBs JB 19853. Thc
reverse is tine if R arid C Bre negatively correlated  svhich Ls lii cly Rt other,
intcnnediale scales< due Lo imbalances betJvceik the consumer populatiokk's
Tate ot utilization and the Jcgener<uion rate of the resource!, Therefore, even if

mvcstMBtoi cBIes okil'}! Rb kut Yhc iineNE value, U, lhcic Rrc pT�babiv
circunksLRYEccs in wvhich tile pattcJYY of covBEERbon of C Bnd Pa Is EBJportant.
Ylus 3s Rkm. to ihe problems of aiiashlg Bnd biasuig 1 mentioned irl Chapter 1,

Yhc stinYuius fo<r much of this reviev, is the Rssuniption, vvhich also
kustdEcs sknlplc c JJTeiatkokk analyses, LABE parkkculN causes of vBYYBYYork-
causes related Eo the food web---caJY be idekktitked because they have a
donkkklant Rnd  luask-1U3CN' HYfiuclkcc, even kf oillv Ri CCEXRHY scRlcs, tlklis
pern1ikting mferences concerning relationships. 1 believe rtkis to be true in
Ykianp' cases or 1 wvould not ARvc Yvritten this book< although j[ also illustrate l
carlEci' H1 this chRptcr hovv difficult it can bc to obtakn uikakniHguous cvidcncc.
H�vvcvcr, undcrsYBndkik« ln thc scnsc ot kkko%'HYg cRUsal TEkcchakusJYJs< IBRy
bc dktfck cnk troIB succcssf ill predkctioEY, Rnd sockcty ottckk Js  lkkktc c EntcnY xvkth
s'uch prcdiction, v'hatcvcf its basis. Kills pcrspcctivc suggests that Ai cases
'Lvl lcl'c B. sufficient Ykmc series of data exists, lt cBB be JTkorc cffkckek13 to ignore
causBtloEk Rnd us thc pRst Mstokp' ot variati�31 itself Rs R ARSES foY' p,cdictioJY.

Various kinds of autoconeiation analyses have been used to search for
regkkiarities sikch as periodicitics, since R periodic proces» is predictable, but
lnost sets ol I'cal data Nc so Yk!Bks~v that prcltkctabkhty ls posslblc only 3H B,
13rolXYbiliS3 3' ; sens:., Tik,":it is, one typic<1113! Jvokkld LIYIRL kne Snlall-scale variabil-
ktv iis YIYEI kJN vkYk'k«3k/�31 L Ykl'.<is» ! EEB3uAd Sclkkke 3r!YE3  <  Yrl R lorkgek' scakc, BYKi usc
Ll'kis tre13d Lc< deY'xve R pliudick3 ;<33 <<vlkose 13P;,c'iMBE3  <<oklid d '..lkend on thc nlagl'H-
Ludc ot tbc 31oksc, A varkancc spcctl'MYE  sec CA<1pte4's 1 Bnd 3! Js B. Q3orc
claborakc version ot this Bpploacl'1, BNBclv< thc dcl"<vauon of R scale-spcckfle
dcsckiption ol variation based on. thc sumirkatlon ot pcl i�dkcitics of diffeTCIYt
frequcnckcs RB t RIYEphnldcs. Onc Yrught oi' n Hght not tlkcll YPj' to lcleI'EL'Efv< lay
c MYcllatkon, R pr�l'Jabie cause kok thc irckKi, oI' dktfcrcnk c<H:lscs to dlifcil'cBL
SCBlCS.

<J  lrloi'c 92 cccnl vkcvv ls 'hat v.'hRt RppcN s as noise QYBy bc B tuilcuon ot B
cARQL!" pl'occss Bt 'vvork l chaos, IH tl'H s Tcst3'Ective sense, ls IKJL rakldoJYEHCSS< but



Brtscs fronk dctciYmnlstlc, 3103313ncttr rcIB3303ES!. FOE exampIC, Suglhara cf 81.
�990! hBvc showkk that. 8 kveII-recorded pkkrasltc-host svstckrk !the hkkman
disease, measles! at solne scaIes can 13c more predictable in the near term
when analyzed as a low-dhnensional, kn3313iplicative chaos than as  or, ilk some
cases, 131 addition fo! 8 noksy peri Edict . A ulrke. scrics of diaron3 Rbundanccs
at Scripps Pier, San Diego, has been treated similarly  Sugihara and IvIBy
1990!. AB iknportakkf advantage of this Bppl.oach krkay bc tb81!' thc pl'oblcln 0$
Ekonstationariry  i.e., 8 chBl!'Egc, dunng fIEC fhrkc scrics, i3% the cBEEsc 1.kndcl'Ivhlg
khe tmlc scrles ktsclf! ks less scnolls lrE Bn Bnalysts of chBotkc bchav303 fhBEE Hl
autocorrelalion  Sugihara et al. 1990!,

ls n lt clear "A'hethcr data sets of sufflcEcnk Iekkgth and charBcfcl'
concerning recruifment sviII exist fo employ 313is technique irl fisheries ocean-
ogl'aphy. i'X sccondBYv goBI of Erkany tradlflonal cokTcfa330ns ls not nlct: to
predict a property that is dkfficnlt or expensive to measure frolrk another which
is easy akld ikle3 pensive. Fi31BIIy, fIEC advantage of this tccfkni�33e for prediction
reknaEEES to bc dcrnonstl'atcd fol' data sets Hk Xvhkch thc var! Btlon ks domEEERntIy
of Iarge scale  'red" rather khan "wlkitc"!, as is lhe case in tlhe ocean  J! ohn H.
Sfeelc, AVOods II lie Oceanograpllic Inskitklte, persona  c�krkmklrk ication'!. Nev-
ertheles, even firm believers in fhe food v, eb paradigm should considel such
Bltcrnaf Eve approaches 30 p! edict lou.
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