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Abstdcl: PhrrDhnh,r coomunilics nnd rssminred enrironmenrd .ondiriors in L.te $,r-
shingron. S.xtrlc. ( S A. r. discusscd nuiflly fro'n lhc Fht)e<tnc of ii'terannunl ldiutions.
Thn. nrt(trs*ic id.nritcd: "luropticalion (l94l 1968): Recolery lrun Eutruphicarion'
(1969 l9r5r:.dd l).4/ranr lin (1976 pesen0. Each etu ir dhriiguished by dislinctilc spccies
r\\cnlbhgc\ ns{{intcd $ irh uintu€ physicrl lnd chcnicalconditiors. Sclcrul srothticil nElhods
rs \ell r\ \ubjccrnc Brrphi.rl rlyscs *crc explo!.d ns rools to or8artc rhe d r inro pntr4ns.
Phrk,pllnlknr rnecics \.rc nriliully !88rcgated into 41 trxononlic catcSories, Md thcir dcuF
rcn..\ b\ \crr rnd nru(h scr!.on'Fred wnh envilonnMtlL $rinbl.! (hrough .lLrrrdinB sl8o-
ri'hi\ a (,ncl'rnrs. DificNrt onalr(i(rl models frnho asSNgxred fte pbyrophrkrod inro ? or
|| ruller.xrc!dfi$, bur lhr con'F\ilion o(ekh otlc8ory dif|crcd riNnC modcls md ro riiveBal
.dn\erleoee cnroryoLl !cros alSEgrlron merhods. AnFr_! l7 cnvironmcnhl lari.bles. the
{(,n!cn lincd corNlari,rtr lnh phrtupllnlton biona$ qmelled to! SHr rr rorspaGn r, pll.
rithrn)n nlkrlinirl- lhosphirc. rml *ind sFcd. lhc long-tem study deunrlnred a riSniliclnr.
pn)se\snc incEN. in lnnurl !rcr!$ epihnneric r.ml,crarurcs duriry rhe pNr h l ccnl!ry.
Nl.chlni\ric lh.orj_ b!\cdon nurierr comp.rnbn forliSht- N.l.trd Si. totcrhcr*irh inlendion
\nh lD\\ nrl.\, ln)ridcs..onrisl€nr lim.worl fo.thcdomi.rnce rr.$iti{}ns b.Nccn blue-gredns
inl dilron\du.ing rccorcry liont 4oophicrtion. as eelli5 thedirt(,m \pccics mnlnioN in hrer
)c!A. Kc\ f.ckr\ npFnr ro bc on-ittrtori4./Pkrtktothti\ stnlpcririvc abilidA rr low liShr lcrcls.
bluc'gmn coiDernilen $ i,, usiiS cninDniub !r low TNrlP mrn\ rnd lo* lors tu|cs fronj
\inking- gd/in8, md wrrcr cxchlnge. At clc\lted conccntm(ions ol nntur, dilkus .id greeo
ileie tuhievdd doui,r!trcc. ood spe.iei .onlosnion a$oned rlory si:N or si:P i,lio gndier$.
Chlngc\ irl 8raz.r \Fcies rpprlr to h!!c cort.ihuted ro lhc nutricnl chatr-tcs by poroting dif,
l.rcDriul lo$ by sidlrins ol prnicuhtc Sl co rp$ed sith N lrd P.

Kcy words: Ihtrophnlknr conrNuniry, comDunity strudurc. nnernnrul !! urion. furicnr
rvrilnbiliry, nurricnr rurio\,

lntroductlon

This pnpcr descdbes and cxpk)res the long-rerm chrges in the phyloplankbn
communiry of l.alie Washington as it responded ro cuhural e0rrophicarion. Iand
dclebpmenl. walershcd manrSemenl, and othcr lactors. Eutrophicatirh stemmed
from rhe input ol-rrcrrd sewa8e eflluent from Seattle nnd ils suburbs Its rhey
dcveloped. bul delbrcslation and changes in land use in lhc wdcrshed boft
preceded and accompanied it (DAv$ 1973). The appearancc ot Ot.illalotio in
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1955 $as u strong \ignrl th{r fie 1 e {r. .lo\e to producing nuisance conditions
(EDIroNDsoN et ol. 1956). lnd ses!-gc .lluenr was divcrtcd liom the lake
beginning in 1963. crelrin-s !n c\cellenr \iturrion ibr a study ol thc lake as I
quasi'expe.imenr in hlc fcniliration (ED\ro\DsoN 1993n). Howcyer we lbund
that other ,rlter,rtions in $.ucrshcd condnio \ nl\o nft.cted thc lnlc. so we acrually
hld a series o1 quasi-experimenrs ro e\alu!r..

Otlr general approach was to slud\ \Fcific d\cnrs or chanles in the planklon
and ther to search lbf coordinrtion or cor.lrtion with coldition\. either $ crusal
laclors or responses. To seprftte causc and cliccl lronr cornciden0e in cxphining
(hc changes. we tbund substitutes for.\pcrinrcnlrl coutrol and replicalion
(EDMoNDSoN 199]ll). For accouots of our rheorcrical prcccpls and references &l
dc la i lcd prpcrs.  see EDMoNrrsoN ( l99lb.  1991b.  199.1.  1997).

'l 
he mrin approrch oI the study sas hased on ecosyslcn loncepts. delining an

ecosyslcm ns Lhc inlcgmrion of biological conrnrunirics *ith the physical and
chemicrl cnlironmenr. sonretinres enrphrsizin! ditfercnt {spects of rhe system,
but ll$rys considcring lhe coflrext (see Flr)\roNDsoN l99lb: 58-59). For the
phyblhnklr)n. Lhc scopc of rhe stldy rheretbrc includcs thc ulltcls of conc€ntra-
tions of nurrients on phyloplankton grolrih as well as thc clitct ol biological
acli!ity on nLrtrient concentr{lions. Othcr imponflnt paranrlcrs includc slrctifica-
tion. solar radiation, rnd tcnrpcr turc changes. Zoopiantton gr'zing {lso has bad
nrajor inip.rcts {r vrrj('us lin$ lhroughout dre period. bur will bc oddressed only
briefly in this prpcr

'lhc pcri(d oi thc sLLrdy can be divided into three scgnN lr ol time or "eras'
bLtsed on condiliofls in thc lake.

Eutrophlcatlon, 1941-1968

Betbre l9,ll,l-ake W$hingbn rcccived raw sewag€, but with incrc.rsing humnD
populltbn gfowrh in lhc wrlcrshcd. secondiry sewage tretlrmcnt planls were
coosmcred, srill disch.Lrging irto thc lakc. ANDTRSoN (195.1) found pr(nnincnl
spring diatom bloom in 1950. followcd by r clcir period durinS ihe sunnrcr.
Otcilkttoriu .tsfltlhii wns present, but was nol r lronspicuous poflion of th€ fknr
(CoNtrrA & ANDERSCIN 1959r EDMoNDSoN l99lb). Thc lake was showing some
!hcmical sigr ls ol change: phosphate concentrutions wcrc abou( nvice as hieh as
in l9l3 and lntc-surNner hypolimneric oxygen conccnrrlrio,rs were lower Sam-
pl;ng bcgrn again in Jrne 1955 after di$overy thnt Oflilkltoriu,?rr.rlza,r \!as
thriving (EDt()NDsoN cr al. 1956: EDI\roNDsoN l99lb). lnd thc inrensive srudy
begrn in su'nmcr 196l (Table l)- Sewase dileNion fn)m Lhc lale begm in effly
1963. inirially removing l6% ol rhe eliluen(. ln July 1965 rn rdditn)nal 2l C. was
removed, fbllowed by 6t1 morc ir April 1966. The bi8-!est diveNion. in March
1967. eljminated all bot n f.lclion ol r percent of the origin l input, wiLh final
divelsion in February 1968.
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Table I Genenlized sunnary of empling in LdLe W hirgton. Th€ yem Iisled have complctc
co\ enge lG e&h pldnerer Othcr yem were stmpled parrially or spo.adicdly. IntcRals bctwccn
sinple\ tuSe fod \(eekly ro monthly. dcpending on thc sc.son and lhe f@us of the study at that
lime. Samplin8 deFhs .lso vtried, in sumnrer nsuaily every 5 lo l0 n Eom (he surldce to the
bonom lbr cn mGtl and phytoplankon. Z@plm|1on were empled h 3 oblique sections.

Tot l  P 1957 58,1962 9?
Toral dilelred P 1957-54, 1962-91

Unfikeed 1949-50, 1957 5ll, 1962-97
Filteed iSRP) 1961 97

Tdrl Fduccd N 1957-58, 1962 82. 1989
Di$ol\.d Ndu.cd N 195?-58, 1962 78
Nhd'c 1950. 1957 58. 1962-97
Nifire 1957-58, 1962-76
Amnoniun 195?-5E. 1962-76

Arfrlinn) t%9-50, $51 58.1962-97
rH 1950, 1957-58, 1962-9?
CrtNi dn'xide (nnrion) 1950, 1957-5E. 1962-76
Condldilir) 1989-9?
Oxrsen 1949-50, 195?-58, 1962 97
s ' r icon t957, l r7t97
sesron 1965-82
Prnicullr. Iron 1970-82

Bidocr:

Ahundlncc 1950, 195? 58, 1962-99
chktrophyll 1949-50, 1957-58, 1962-99
O\rs.o pruduclion 195?-58, 1963-79
C{tDn-1.1!ptt|kc 1963-{i6, 1970-8ll

Zq)pl.n*n)n ubuddncc 195?-58, 1962-t9
Bcnrhos Y)63-44, 1961-72, 197+15
Pdphttoi 1964-75

Changcs in lhe conccntnrtion ofphosphat€ in the lake did oot lbllow thc scwrge
diversion sequencc inrt{ntancously or in direct proportion. Howevcr, lhcrc w&\ ir
cbnr rcduclion of phosFhate in the lak€ by 1965 (EDMoNDsoN & LEHMAN l98l).
Alier linal diversion. lhc lake continued to receive e11luent occarjonally irom
combincd ovcrflows from storm s€w€rs. but this small amount had no discemable
effecl on phosphatc concentrations (tsDMoNDsoN & LEHMAN l98l).

Recovery, 1969-1975

By 1969, maxirnum summer bnrvolume of phltoplankton had dccrcascd sharply.
^td Os(il|atuna was no longer the nain cyanobacterium prcsenr. Oscillatofia
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conlinred to d€crease in successile yca^ unlil ils abrodance fell bek)w detcclion
limits in rhe nndde of 1976. to 6+ \ecn only rarely since. It made ! small
rcsurgcncc bneily in 1972. acconrpanicd b\' ! dccrcrse in diaton ahundance,
probably as n consequence of a winler tlood (EDMoNDsoN 1991a).

By 1975, the winter concentration ol dissolved phosphorus iad d€crcascd t()
667. of its 1968 valuo. und rhe lnk. appeared tr) bc eprorching ..rrophic

eq librium" (EDuoNDsoN 1977)- a shre in $hich il would bc expecFd to vaq,
from ycar k) ycar in rcsponse to a vnrier) oI t-aciors orhcr lhan P inputs. Recovery
frcm culruphic.tlion did nor Inean thnt rhe lake was rcslored to its original
condition. Ch.tnecs in cnvircnmental lhcrcrs orher rhan scwlgc inpuls had tnken
plac€ in th€ lake and its w.rtcrshcd. rnd thc lflke signaled only bricfly .l possible
troph'c equilibrium condili('n in thc phlbphr iton before orher facr('s c{me into
eflecl.

Daphnla era, 1976-present

ln 1916. Dophria, a genus of clndoccfun rooplankron rhar hld prcln)usl) bccn
inliequent and scarce, suddenly hecrmu donrinant durioS lare spring (llDMoNDsoN
& LIr l 1982: EDMoNDSoN 1985). ll h.is dominarcd rooplnnkron bionrass during
summer cver since. The rise of Ddl/rrnr c.ur bc undcrstood as a reeult ofchurges in
lwo dilltrenl lhciors: reduced J)opulrti(nr\ ot prcdalors on ,.4,/r'tu (EDrvoNDsoN
& ABtiLL^ f988) and the subsidcncc ol O'dllototi . which interfcrcs tlirh
D.?rrr'.r le€ding nrech,rnics (lNF^Nrr & ABTLLA 1985). After 1975. phyt('plank-
ton populations wefe rclc.rscd lrom don)inant corrrol hy bouom Lrp (i.e..
rcsource-controlled) nutritionul conditi(,ns. hccause eliiciell erazing by /)r?r,rid
crn h!!c { Irrgc cllecr oD rhe rypes lnd quartit} oiphyloph*ron present (t'oRrrR
I977: McC.{uLrjy & BRr^ND 1979i LT NAN & SrNujRrN 1985: l-^rlPnRr t987).

In nddiLion Lo the iotluence of D.Uhttia, Lakc Wlshiogron has eJ(perienced
vitrious lirDd nse changes in the w.uershcd. Our rccords show thar rhe low alk linily
( cid nculralizing capncity) of l..rke Wlshjngron w.rlers has been increasing
jrregularl! sincc the early 1960s. This knrg'lcrm risc rrnces ro :tnrhropo8enic
delek)pmcnL in thc clttchmenrs. nmdified by hydn)logicrl inpur (EDrroNDsoN
1990. l99lr). Thc risc in nlkalinily has be€n acconrpanicd by subrtc changes in
the phytoplankton. including an incrcrlied proportion ofcoccoid cyrnob{crcria and
rh€ enreryence of triu ncw t(' lhe lake s ch as ?/rcllaria .fcnesttua nl OoL|stit

Methods
whcn an a7s.r'Ld,,rtd bl@m uppcued in Lxle Washingio! in 1955. lhere wdE still nrjor ui-
ccntLinlies $o dr basic trtrc$ of eu'rophict ion ( ED!rcNrrs(,N 1969. l9t2), $t ser upi
rmphrg pogrc.r (Table | ) hscd on rh. contempormeou\ trnde6(Mding of rhc rct bns rmong
nutricnr supplie\ and coruenlrnlion( lnd rhc lcslhing rypcs lnd lumrnies ol ptfutronic o.e!
trinns Ourrurpose*ds ro puluee I delailed dcscriprioD ofthe chcnlicll md biotogicrlcondirions
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Fl& L Map of LIL W&rhingron stoeiDg IG
clions wh.E phybplMkron has bc.! mplcd
nw thln (re. Thc m.in |lfcrere $dion off
Madi$n P,rt is storrtd. Tri{ngld shN $ltios
empl.d cpcltcdlt dpeidly dudng aEu
phicltiq sd Eowry. Dors shov loc{ioB
snplcd ftr sF.ill p!{ns. S = SalMmish
Riven M = M.Erhlmd:C-CcduRivcc U =

30'

&s th€y chdS€d under |he i lu.tr@ of increasins luricnt inpu( The r.cord of |nc chDngcs would
povid. thrn rhat could bc uscd for te6ring idai sbout cod$lling pmccrlcs.

Earlier inve(igarionx (Sclrl,|,uR& R$rNsoN 1939)hrd sumnted ot r!ru | drjonironeeiLhq
cnd olthc clon8utc lakc plus ole nd ira mddle. Pld lon, chcDiiirry dnd ru\onltchrntc w.rc
similarur ull fircc ir0tions. Tle D.Idrtme.l oL O$anograthy n{d! mcsurcnEnrc ol somc
chemicll und physic0l l!|tuM (SpcKU! & R^rrRAy 1953i Colu^s & SICX-EL t954) in con-
n..tion wj|h 3 soliniry study. Purr$oN (1955) me!$rcd $rf0c€ arnperuluE. chtorophyU,
phd\photc md nifttc ar 26 sr0tio6 dist ibuted lrourd Lh. hkc on 20 occssions b.${een 9 Juty
1952 lnd 22 July 1953. He als foud gnat siEitsity lnong *fions. Shrllow w{ter $rltions
t€nd.d to b. lers lralsprEnt, slighdy w@.r, &d ro hovc u €rlicr s&n o! lh. spinS phyb-

Becaus wc initially emph$i&d ssd dd lons-r.nn changts h phytophnkrod dld chc-
nistry. lh. m6r .ffici€nt ed j$nfiable medod m lo conctr|f.t lmpling 0r oD. Fid-tttc
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Table 2. Nunrhc. of dltoplanhon counrs each yed dd deir eAonal dislrihution.

1950
l95l

1955
1956
r95?
r958
1959

l96l
1962
1963
1964
1965
1966
1967
1968
r 969
t910
t97 |
1972
1913
t974
t975
1976
t977
1978
1979
r980
l98 l
1982
1983
t9E4
r985
l9E6
1987
1988
1989
1990
l99l
1992
r993
1994
1995
1996
1997
l99E

22
27
2l
l 8
20
23
23
23
25
28
28

36
36

47
48
52
4E
47

32
26
3 l
l3
35
27
33
2E
28
33
3 l

42
42
26
20
l8

l 3
2

7
2 l
8
2

2
1

0
0
l

2

0
1

5
l
l
5
7
7

I ]
6

t 0
l t
l 3
l 3
l 2
8
8

1
8
6

6

6
7

5
1

6
3

3

0
3

l 0

0

0

6
5

8

5
6
7
8

l t
t 0
l 0
l 0
r3
l 3
t 3
t 2
I ]
l 2
. ;

8
l 2

7
l 0
9

l0
l 0
t 2
l l
l 3
9

5

5
0

3
5
2
0

5
6

t0

5
t0
9
8
I
7

l0

l 0
l 0

l 0
l l
t 4

l 3
7
7

8
r3
7

l0

l0
l0

l l
l l
5

5

3

0
I
3

0

5
6
5
5

5

6
6

6
l 0
. ;

14
t 2't2

I 3
l0
1 2
1 2
6
6
7
7
7
7
7
7
7

6
l 0
8
6

5

2983593602731290
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r.r.r.r:-. {ji,,n. lNrred oll lihdi$n PitrL on rhe wesl shore (Fi.s 1). we supplcmcnrcd rh h w th
iLJr$rrL .\n.nrir rnr\ b orher locrrions. Over dne. ve sampl.d morc than:10 diffcrcnt sites in
(h. l]1. Tir Ftu!rum continued aierdivcNnD oiscwrgc to rccord the effech ofreduced nunjent
iDfu i Jri: J. t'ur .nrtbrrl\ \hiried h (F 1970s to sludyins lhe zooplrrtton popuhtbns. se
rDr.r!'iJ.1 1ii bk)lo!,.!l \r.rtliigandreducedthe chemicalprogrrn.

\\J r\.1liinl.. rhn)lsh lhe walercolutuill d€plhinlenllsth raricd with scasonalchanles
r0 rlirnrtrl.r$rirr.od Ccrerall! rhee l. tuurLleplhs Rcre srnpled when the hlie s$ isothcnnal
JnLl I I (j l r JitrrN {N. \lmtled dunig full sloner n.dtilic{tion. \!! pEse^ed phttoplanhon
ItLlr ditr.t L! rh. .r tl.J deprlN. we dalJsed rU surl'nce slnrples. md mant rcfrcscntrtivc
\riinl.\ rirnr Ih- rnihnrntun nnd bypolimion hrve been qulntificd as *cll (hhlc 2).

Thr LIJ \r. nmtled ietr times in 1955 3iler Os.illt rd w$ dkcovcrcd. Periodic saDrpllng
nrd.J l.n. Ln 1t)i.r ntuj .onrinucd lhmugh lhc striDe of 1959, covering lwo eddr ters and two
frn rJl \ .J^ ( )trr \rDtllrg scl'cdulc was nryended bel ween nrnmd ol | 959 md spring of I 961 .
I hr \\r.ritrrlr'd P,,lluri({ Conltul ConDnson (1961) mels'red chLomphtllard nul ctrh during
thdh, . r , i . ( )unn) !nnr (nnedn ln in in tu ly l96 lmdconr i r rucddnough l999onarego larbrs is .
Th. inr.o,il iir\..n \nmpl.s \!r cd from onc wcck ro abour thee weeks. beidg rhorlen during
\'.b,rn (b.D !fntlrnh \crc.hargnrg nron iapidl,,

Phldoplankton counting methods
(i{rn!fr ridh({\ r.trrriD.d c$c ially conshnl (lroughout the stLrdy warci wrs collcercd ht
f.r !\r kr R ..mtl.^ llring lhc ir50s, rnd lhei by v^N DoRN slmnlcrs subsequently froD erch
,,)lLL.r.n ,' lrxr rn \idplc wns prcservcd {ith $id l-1!rr 's sol'niM. illo$el lo sel1le lor one
\.r1. ,nrJ rhr0 r.n.cnrarcd hy lspndrioD. Sutsanples rurging lioin 2 lo 5 nrl wert scttcd
o\.oLlhr n.ounriD!.hrnrbcn. lhyroplnnklon wns coonted wilh u ZHss inlcncd phasc d1i-
rn \ .1 ' t x  ! ! r r Im i iedUr IRMIJHLme(hod(LUNDl95 l iL lN)c r31 .  1958) . ' l i .nsech were
r , r t r rd l  .n  n is r i l r .nn$ o l  l25x  ud  312,5x  to  f lnd  bo th  in . l l .  i lmcrous . lgde rnd  la rge
rn l r . !u . t r r  r l . . (  rh . i  n r ighr  (onr  bL  c  s ign i l i cx i t l t  to  ro t ! lb  o lo iunrc  lhegor l  o lc&hcounLsrs
!, rli!lrr l..nr l(ri).clls. bul NN) n$rc wcrc oftcr co!r'rcd ro gctrefresdntrtion of rnie species.
rhs btr\rLuN.r rllnllcDtdrs oquniNns wls dctsnrifd by coun(ilg interse.tions ol lllunrcnts
\ , rh  r  l rnJ r tu j  \ \ l r  r . r i  g r id  (Ory)N 1950) .  ANDERSoN S ( ,u  s  in  1950 wcr !  Dr ldc  by  rhc
l. ! rn nr,f I.r\.d nrethod (L^c$y 1938). Ati$counriiB. sdtr'ples were noled wirh LL,ooL s
r,ldnD . Ll hnlildchtde lirr futltrc rcfcEncc.

Ih. nurib.!.r rlxr dclccrcd ln a sdrldc cor ldry ailll prcpdrnlion, mrounl ol nulelid cx-
.fl,r1\1. JrJ rhc c\r--ricicc ofrhe observql ln $ii stud). ronplc frcpardrior and $Nf c size lrrve
hr.n r.r!! hh codsi\renr rhrulgho!1. Eirly cornts wer! pcd(mrd bl scvcral peonle {nh dil:
rrrin!.\Bncr..i \nk l9?4. coun{s werr oonduotcd by  Fr:r ra or uMer herdnect srpe.vision.'In.^.e$ 

ronrlm,irt. she h(s dl$ rcooulrcd Mo'd$ froi' ds litl bicl, r 1961.
ll.lrrDxrs ii 1971.I ofwar$ais dnw. through Millipore lllGh, tlrcn d cddndcxanincd

inrn\lopL.rll) njr ruficse .ri!4 or luge eoloDiil gcrcru th wsc lcss abund! . such N
\rrhtor, ,\lhdri.orn ut 8,t1,.,..rr Md Mn.,rtrrrr.

ln rhn pll].i.oll v.luDr.s lrc cxfcsccd as !nir lbr lil.nclLols cyNobudoi! i! which cclh
.!diL{ hc dl\riDlul\hcd lo nrc courrhg chrmbch vollmcs rrc reponcd as I /oN olnlaDoll
lcngrh, P(inulrrdr \izcs rre erpressed i! remrs ol t{nrl biololuN. (rorr/ ).

Inllnidunl ecll volumes $€E cll.uhrcd b! mcasurirg direnrioos ol itulivnturls uJ relntin!
rhenr b \inrplc lcometi.nl shrp.s, without suhiricriig \rctroh vonmc. Sonre cell\. su.h,s
Srftrdr,l/rr.rrrz(drd., varv so much ir volu e rbal nrr$tremenls ol nrdividuds w.rc Dradc f.r
.rJn! drr.\ r'lrhlc 1) Volunes ofcolodies rhtll nrcludc r l ge vlc r iDtcr.clluhr {face such .s
( /4?,vtuaimr \ere nbdiiied lo erclude lhe \p!cc fmn nrc biovolu e esddrle.

T\\o rmr lhxr h polemill \ilninc c.wcr! Dot refreserted wellbt ourcotrnlingDetholl\. A
.olonirl prohvotc rcDrativcly idc ifiel 6 A//rr,,tk'c llzrr,?rd occuard sNmdi.ally fr.nl
1969 ro 1979 li 1980. ir beenme so t$undrnt in sumnrcr drar ir irrcrfered $rbna.dill! in lhc
..uDlii-! Proce\!, providing r nes ncunrg for thc tc n nuisance blood- Beedrse it gross in
\e!- rregtrlttr colonies ofditrcrnre sizcs lDd deisiries. we could not ntd.e precise medsurcnrcnrs
using our nrethods, ard usitrg r nuoesceice drelhod ro elLmine illered slmplcs stain.d wirl)
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a$njine oran-le ptulcd cunbersone. Isolaied clloiies qould not lrow ir culu!.. leavirg us slill
u.sure ol ir\ r ononic narus. Ttrereforc, our cstimitcs oi,lrllx/r[?.c hiovolun€ de nol in
cludcd in lhis pJper bul its fluctuatine presence must be kept in ntnd lor lbe ]eG dicr 1980.

T|t sccond huhlesome €xon is de dinonrlcll e C.rdtn , irirradnltla, $hich wr found
inrcnnittcnrly itr dN phytopllntrud srnplci. bur $hich olien sis o ndor con{itucnt ofin. b'al
bio$lume \hen encounleed becruse ofits lttrlc ccll sizc, Altqna(irc €ninrat€\ ofilr.bundadce
wcE nrndc iionr larger \olunr nel huuls l*en tur z@plnnlon. und Nc fonnd inar ih. rNnds oi
ncnmncc in lhc Toophnrron umplcs \crc simild lo pdn.ms ob\cncd in rhc phJtophtrkon

l)uring rhe nud!. a lisl of nanes \N conpilcd th.t includcd ncarly {00 tax! add rountin-g
caregones. Natr'cs includcd confimed sFcics idcntifications .s Ncll .s group desilnaliotrs for
orgunms rhrl could nol b€ idcnlificd prccisch: Nilh erprric&e ud srudy ol lirc n en!I. sc
$crc $le to rcoenirc son,c of rhese krer !n. nnd pre\ ur deriSnlrion\ w.rc dju{cd Nl'm
appmlrilrc. lhe zooplanlilon smplcs $ee snnihr lo puncros olscNc.l ir ftc ph]ropldrlitod

Results

Laks Washington phytoplanktqn before l955

Lako Washirgk has been the fbcus ol ceok)gic,Ll studics for nxrre than half n
ccnruy (for a co prehe sive list. scc CrririNBriRc & Snrny 1994). A pathnark
srrdy of thytoplanliton conductcd b) V(rrrR Il. S.nrrrrR in 1933 (ScHrrER
l916: ScrranrR & RoBrNsoN 1939) lrbulllcd scLNonrl occurrcnce of 72 taxr in
ncl Lo$'s (T$lc l), but biovolumes and rehlivc rbund{ncc wcrc nor estinrated.
Otrillatorio octrlrred in sunrmer and lill. bu spccimcns wcrc nor idenrified to
specics fcvcl. Alha i.o,,tcto,t ll.tt<t4r./r irpplrrctl pcriodicnlly rhrougho0t the
ycar. l)iubms seemed to dominarc lhc pltukt(nr rhrough rrcsr of the y€ar. wirh a
lxrge perk in spri g rnd i lcsscr pc.rL in thc f.lll. vdrious lreen alsae appcarcd
tro lnte spring rhrough carly lrll. rclonrponicd by coccoid colonirl cyanobac-
terir. l'he n)esh sizc oL thc ncl .rnd rhc lcngth of r{)ws were not recorded. nuking il
difficulr to relare ScHErrrR \ dirrir l,) thc curTent study beyo d noring thc
identificrtaons and relatilc occurrcnccs of trxa. Snull lgae that could hrvc
escaped the net cannot bc conrprrcd in any case.

l0 1950. thc lakc was heginning to show chemical changcs rclalcd 1o scwag€
ilpLrts (ANDEnsoN 1954i Corvrr^ & ANDLRSC'N 1959), btll tho diat(nn floru
inspcclcd by G. ANDTRSoN was dorinaled by lhc s{nrc rLrxn found by ScHrrr.lR
(TAblc 3). ANDTRSoN s€fiI€d particulare mrtcrirl fir) w ter NuDrples, thell
identilicd rnd counted lhe atgae; he also produccd biovolLrnrc cstinrrtes. He folrnd
lhal tolsl biovolume of dialons waned in nridsrmncf rnd hc identifi€d ftwef
chk)rophylcs than did S(HrllLr A largc dinonxgcllare, Aridll)i.,,r .//r'rr'8(nr. was
unusLully .6undani in one sanple drnng AugLrst. Ot.ilhtotiu uguttlhii w^s

nrcsent in snull numbers during sumnrer. but reached a penk in midwintcr.
Alh.l'ti.onv oD \,,,us prtlcnt. but r,rre. Coccoid blue-greens such as,4prrxrrdprd
and Ml.ro.)rrir were abundant lt the beginning of September
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Table 3 Ph\ iopleliion foo.d in Lile Washingion durine this snrdy. The lisr of nunbered nanrcs
rcpons b(3 rerted in rhis paper abe nunbcF uc used for idend[cadm in eraphs and rahles.
Componenr\ of ag:re_qated cale8ories dc indcnted aod listed bclow Lhe nunbercd category nue.
Some of fi. numb.ed bxa ae goups uI species joined by a + . In dre ter! (hey will be rcl€md
tobr lh.li^r nm.li\red,nda +". Lette$ in prentheses rcfcr to mcnrencesno(edbt ScEm&
l916 {Sr d A\DrRsN- 1954 (A).

I O{rrsrr Big/J
I O.r.fr^ spp,

O b"aqei (S, A)
O. la.rirn
o. /,/^z (S, A)
O. 11u:ilk1
o. solitaria
Oo.)116 spp.

1 StuRlntn N/dtlorm (5, A)
J Celarinous grccd rlgae

c.e14t nri ,ti.tuponnr (5, A)
(n(.ir?rnt spp. (S, A)
D,.^o.?raaair spp. (S, A)
Eldkdtu)thrix sp.
I:ut nB sp. g)
O/.).o.ryir sp.
(,r'lr'.ri.//aspp. (S)
rr'?r/'D..virrrspp. (S)
A|rhind hbtutt \S)
Ps.rdovha.n \ttit hntlii
Qrcd.i8uta sp.
S.t.n!!ruh sW,
Stihd.tul1,sth tchhetcti lS. A)
lattdstrlru s?.

5 A.iculurSrccn ol80e
,1,*n1a,r/arrrj spp. (S. A)
Ank,"at i ali
Monamphidntn .onhrtun
Monaraplidnh rpp.
S.htu tlcrit spp.

6 ,.rry!!{Ini spp. (S, A)
? Olh*grcen llguc

C I tatc tuVt i t I on ti t t ina
chrrcrn" spp. (s)
Cneariln spp. (S, A)
Pa.li tnot.h!,lct (S)
P ru t rb.hlamr.lo,non at i n p re 8o
S.erd",,r!r spp. (S)
Ukrhrixtubcoriicta (S)
ofier g&en dge

I Ailerionctlo hnn'sa (5, ^)
9 Ct.btellu psetulonellig.m + stelliq?ru + ston.nt|

l0 C!(latella bo.lanica + .ontu lS, A)
tt c!".tot.ttd ocellata (5, A)
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t 2
l 3

l 5
l 6
l 7
I E
l9
m
2 l

25

22
2I
24

Fnqilunn (tutanebn {5. A)
Auk\r'tciru sbqli.a lS. A)
Auludcna itulicu \^r- lentitiDkt (5, A)
Malutitu ruria \5. A)
Rhizusolenin enensis (5. AJ
ttqhuno.li s n Mnraea + rrlr'iln (S. A)
Stcph@odhcus han,shii + alpn 6
St.phonodhcns ogam. lS. Al

5. rlnn + dcns +.t ticatissintu (5. A)

tubellatid fenestata tS. A)

M. t h.lrdo (5. At

A. $pp. (S. A)
Aphanizo .non llos-aq@e lS. ^)
Chn tuotaats li'nneti&! lS. A)
Coelolphaqim spp. (5, i)
Micncrnis aerusi@w (s. A)

O! illubnt aea'lhii + mbevaa + ptutifd

Olh€r colorial c$oid cydobacr.rir

26
21

2a

29
30
l l
32
33
l4
35
36
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t8

Aplm,,.apr. s!p. (S, A)
Aonphosphaena W. (A)

C.ruti|n hinddih. a (A)

c rnnod ht itn hcl ra t i< un

rnyrhing clse nor incllded in olhe! c{lesories

Lake Washington phytoplankton afier 1955
Pht. toplanliron wcrc grouped into lbur categories to examine majof trends over
timc: r I)cynnobacrcria othet [Mn Otillatoia, (21Oscl//alora itself, (3) diatoms,
lnd rJ) r l l  othcrs (Figs. 2.  3).

Ph!roplankton biovolume was somewhat Iarger in I957 than in 1950, and about
hall of rhe biovolumc wls rcprcscnted by Oscillatuia. The dominance of
os.ilh orie Brcw ar Fytoplrnkt{)n abundancc increased. Diabm populations
conrinucd ro €xp.rnd in spring. but thcy no longcr dominatcd as rhcy had in
l93l and 1950. Th€ annual phytoplankton maximum was achieved in sumrncr
coincident wirh maximal develoDment of Oscillaloria. This situation continued
rhrough thc years ofnutrient effichment. with noticeable departure beginning only
in 196ll as rhe lasl of the treated sewage was ahverted from the lake. Th€ year 1968
wt$ rlrikirg because a species ot Anabaena joilrcd Oscillotorid ro dol|'],inate the
summer plankon, fbreshadowing chaDges that would occur ov€r the next sev€ral
years. Beginning in 1969, relativ€ proportioDs of the major groups changed in a
sysrematic way. Cyanobactcria bcgan a dccline, and dialoms began l1 relative
increas€ lhat would continuc through l9?5 (Fig.4). The community realignments
produced an accomprnying progressive shilt frcm summcr to spring in the liming
of maximum totalbiovolume. The proportion ofdiatoms bcgan to incrcasc iD IlLc
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1990 1091 1992 1993 1994 1995 1996 1997 i993 1999

Fig.2 M.r(hlt rvetu8e phlropLntLon liom l9i0 tu 1999 by d.cxdr\ Thc Lowcr p!D.L within
erch oIllt lircde.nde seies rcFon\ rlre nrtl] bnnoLum. oaDhtrophtrkroD (rnnrr/ ).d a rcc e lor
0lo 10. The upperpuel in.rh scrics rcti.'ls rhc Nr..oiig. dnrriLrur of olbidllLxne (scde = 0
b 100) rnrons four catcgorie\: dirur ($hne rrer rr bouon). Or.i//rtr.,rn (dn^). dl other
cymobrt.ria lhlrchedl iDd xll ollrr phlloplmlron ($hne tidrop).
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Fis. -r \l 'nlhl! !\cru8e bio!(,lunc ofphytotlankton by catcSory as in l-ig.2 (n'm'/l) oi o sclle
riod l) h ll). The rhree eras of ( I ) europhi.odon, (2) recolery, md (3) post-ecovery ue lept&rcd
b\ \cni.rl dotrcd lines r 1969 utrd 1976,

l. l and e.rly wintcr, wcll in advance of lhe spring bloom each year After 1970,
the proponional incre.$€ in diahms becam€ evident even earlier each y€ar, so that
by 1975 it comrnenced in mid-August. well before the 19?6 spring bloom. The
shiliing proponions were not caused by incr€ases in diatom biovolum€, but ratber
by declines in the rest of th€ phytoplantton. The phytoplanllon seasonaliry in I 976
was unusual (Fig.2) in that diatoms dominaled throughour thc yoar. This
domination was not repeated subsequendy. Instead, thc basic pattcm for annual
succession of the phytoplankron ientured domination by didoms during spring.
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followed by nore equilable and diverse communiry comp$ition in summer when
the toral poFrlations were small. Occasionally a smaller bursl of grox'tl was
obsen'ed in the fall. featuring d;atoms accompanied by coccoid colodal cyano-

\r'ertical distribution

Phyroplar iton biomass, as estimated by thc proxy itrdicabr ohlorophylt a, wes
mther uniformly disribuled in the sortbce mixcd layer Surfscc chlorophyll thur
senes ar a reasonable cslimate for thc uverage conccntration lirough the
epilimnim (Fig. 5). Surface cblorophyll may slightly overestimate biomrrs for
lhe !'uuDphic yean 1962 to | 968, as illustrul€d by the dcviation of data points from
thc rcferEoce I : I rclalionship. During the €utlophication era, phytoplankton were

10
=20
6'

F
I

9

g
E

Fls. 5. surf*. chloruphyll conccntmtion ploltcd lSoiist arngc cnlomphylt corcc Btion
rhRrsh th. cpilinnion, 1962-1968 and 1969-1999. in trr. ft! dashed lin€! rc b.st fir hl€ar
rsE\\n)ni b thc ddlu qlth propoaion ofcxtldined vrianoc (.') indiculld, A Nolid liie of lrl
noF i\ \ho*n fu rciete ce.

splllmnlon

hypol lmnto' i '  
-  r ' . ' . , ' r ' ; , . ,  

" . ' ; . : ' . " : ' - ' . , '
t945 19€0 2@O

Fle. 6. AveBse chlorcphyU (p8/l) frem April ro Ocrohcr wirhi! rhc cpilinnion 0nd hypolimnion al
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less evenly distributed through tbe cpilinnion when blooms of buoyanr blue-
greens floalcd to $e surface, which is illustrared by the poinls below the t:l line
at tbe highe. values ol chlorophyll. However fbr years during and after recovery,
the slope of the regression is nor dist;nguishable liom 1.0.

Chlorophyll concentrations in the cpiUmnion were consisrcnlly sreater than in
Lhe hypolimnion dudng themal stratification, thus most phytoptanllon occuned
abovc the drermo{line (Fi8. 6). There is no evidence for development of
mctalimnetic phltoplankbn blooms in Lake mshington. Neirher chlorophy
data nor veftical disEibution counrs of phytoplanklon show any increases rbrough
or below $e thermoclinc. Rather. rber€ is a sharp decline in cblorophyll behw the
mixing depth aftcr sLratification is established each year

Vertical series of phytoplanlfton sampl€s were counted at inlervuls ftom 1962
through 1988 lo check rhe reliability of surface samples in rcpresenting the
phytoplanltod communities of the lake. No large popularions of any species were

E
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3

iotal phylodai kloi
, 

,, //,
' i

,.,,i{. 
"
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Iis.7. Plors ol phyrotlan kron biovol ume in nur/tfron srt c€ sanphs (X &xh) againsr a!€Ese
biovoluno within the epilimion (Y'uk) from 1962 drouEh I 988, The solid tine rclr€setrh a I I I
rcldionship while de dNbed linc Bprcse s lhe besr 6t lincar reAessiod rttrough thepoinis.
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a ! m 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0

t i ! . l l  \ , . :  i (  r iu rn r ln f l rgCD:dry rcdcutabd l ioml ighr  dd l r t  h . t l t c i  j i c rb i red  to r  l . l
h, :a tr: .r,ll.knr Jcprh\ in Lnlic Wlshington. All cxp.rimcnh for e(h ycu nE Nperimpofd.
\ ,!, :'. rr$ ',n\,tr! opd 

"nd 
SEccrr rruispsrdcy duins srariticnrion shorh rr holizontdl

lu : . .  \ t J i \  Ln  rh  1978 cxncr in lc I rswe€ i i cubated  i lnsne thn l  wN t im i rcd  11)  i  n ru (  n ruN dcnrh

l.onJ .,r I(^tcr dctlhs thrt could have been misscd by srrfncc counts. Addilionally,
nr\r r.r. \t!-!i.\ llithin rhe epiliftion were nlso rcprcse red al rhe surface. For
c.,.h JJr.. {rrli'cc !rlues were plo(ed againsl lhe avcrrgc iiom thc cpjlinnion for
rht n 'rr l th\r()pl  nkto|r  biovolume. rhe sum ofal ldi  oms, and rhe sum ofal l  blue-
!to.n\ Ihc nrcrsured biololum$ trdckcd cach other well in general (Fig. 7). For
di.,r(qn.. hncrr regressions showed rhat surfacc lnlucs were reliable eslimares of
rhe h,,tr,,lurirr rhronghour thc cpilimnion. For blu€-tsreens. surtace samples somc-
hn)c\ (^crc\rt||lirrcd nrnn biovolumc bcc,ruse ofbuoyancy..nd irs inr€racLion with
$1rJ. $h1!h .ould redinributc algac both venically and horizontatty. Whcn
br,tr,,lu rc drrr Ii'. 111 trx.r wcrc combin€d, the lurge populitions ol btLrc grccns
tre\cnr doriIl! cu(rophicnLi(tn affect€d the as8regale relalionsbip bcrwccn surfacc
\trrrrnlc\ rrd srnrplcs raken at lower deplhs. Howevcr. lhc (,ccrsion.rl hirs
inr,\irc.rl b\ lNrge densities of blue-greens in surlhcc sr|nrples wrs uninporiant

\.t rrl.\ ol errhon llxation were measurod by 24,hour incubation of light and
drr l  bor l ! \  \ i th dded'"C ar f ixed deDrhs down ro 20 ln from 1978 io l98l
r|i!.lr. Ilon pholosynlhesis in lhe lake occurs wcll rbole the.rlerage depth of
thc nri\.d h!er: thus sumrler phytoplankron havc limited access ro outrierts in rhe
h\polinnion. e\cepl by enlrairmcnl ot hypolimnetic wrrer Mon cnrbon lixaLi('n
({!urrcd uho\c lhc dcplh of dve.age srccHr hnsparency as \!cll.
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1930 1940 1950 1960 1970 1980 1990 2000

$e,9. Specic\ dchncss erpre\sed n\ Dunberoflnx! rcorded ench ter ln tbe uppemosl puel,
lbe rop line repEsents dlraxorr rccord\ includin! singlc ..cumncc\. lnd the lo*er line reprsents
thc numbcr of raxa dMt .ppeared at least nve iiDes ii ilie counrs for th.r y.ar 'l[. fonr low.f
fanels relnrl lpecies richness b) drior.lgil groups.

Species richness

We comparcd our lisls of identilied taxa ro those of SCHETTER (1936) and
ANr,'rRsoN (1954). ln 1950. species richness was cons;dcrrbly lowcr than in
1933; h particuhr fewer chlorophyr. rua wcre rccordcd (Fig.9). Spccics
richncss in 1962 w{s sirnilar to 1950 rnd 1957. elen lhough difierent investigalors
nude those counts and the taxa reported are nor identical. Numbem of recorded
species remained lairly constaot rluorrgh 1968. when sewage diversion was
completed. tuchress ther incrcased shrrplt through 1975, paralleling changes in
chemical conditions. Again. the biggest change was ir numbers of chlo.ophyte
laxa. most olwhich occur in the summcr months. There was a tenpornry increase
in cyanobaclerial taxa immcdirtcly alirr sesage dilersion was conpleted. Diaton
laxa rlso incrcascd. b L thc nrmbcrs of othcr l{xr showcd no trends. Sirce 1975
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t ie. l0 \n)nrhl\ n,eun biololumc ir1 nnrll fo! I 950-1 999, amnged i. groups A ro G us delined
1n rh. r.\r \ol. thor dc !crlicalscalcs difterro i'axinize visibilirt ofvuiltiou to! edch sliccics,
litr ,r.rionJl Fdks dat cxcccd rhc Y'axh dmxnnud\ rheperlrvdue isp nred tothc righrofrhc
ttunrlr.Li Frl.,\ horizonral line in erh pucl lcplesents I sundlrd dcviarion ahovc d'c neanol
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0

1950 1960 1970 1930 1990

total richness hxs vdricd widrour I dininlli\c lfcnd tiom year ro ycar. Thc low
poinr of richness in I g?3 seens ro bc !n Luillcr of I ore-yellr chrngc in countinr

Grouping iaxa and years

We chssified all of the phyroflankton i o .ll clLcgorics 0ible 3) thar includc 33
di(nrct genera rnd spccies. T\ro caregorics include chlorophyrcs grouped by
moryhologies Lhat .ould aflecr zoophDktdr gruzing: colonial grccn algae rhat
have a polysacchrride nratrix as prorccLnrn (Category.1: celatinotrs green al8ae).
and slnall algdc with a needle shapc (Crtegory 5: Acicular grccD rlgae). Rare taxa



Phylop anhlon in Lale Washington 255

115) A. italie u. tenuissima

'+ t6J 1970 l9S0 1990 2000 0.06
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l'3r) 
c. ,lrtundrel'€ 
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.1 ; , lf,,ltlliti,t I
1950 i960 1970 1930 1990 2oOO

\.r.. Jr.rnhurcd irnn)ng 6 c.rreSories (7, 2,1, 37, 38, 40, 41) marked as "othei'. e.9.,
l,i:, \ rn l)rhcr green nlSae (Category 7). Algae not nonnally lbLrnd in lhc
fh\r,,t]]nlt()n (i.e. pefiphytic and beothic dwellers) werc includcd in thc 'Othcr

t r l ! ' J .  ,Crk 'go t  : l l ) .

\\c r,:!rrd hio\olumc (nrm3/l) as thc expr€ssion of the quantity of environ-
nrcrtrl re{)u.ccs uscd or occupicd b} a rpccics. rnd therefore not available to o rer
.rsrrri.nr\ \l.r\inrum and nrcan biovolumes for all occurrences were tabulaled fbr
cr.h u\on carcgory (Table 4), documenting a wide rdnge offiequency, abundance
ird unrns in Tnpulalion maxinrr Some categories such as Diulonu (longulunt

tlat )t1tt P|ul.rtabac a sp. (35) were distinctive because they were abrndanr. bnr
\.r! |nrircd i distribution. Others were noteworthy because Lhey were prescDt
nx^t \er^. but rarelv became abnndan(, snch ̂ s Aphani..tnenon. iDconspicuous
nrc\t \.a^ c\cept ibr 1988 when iL n de a l.rrgc popuhlioD (EDMoNDSoN 1997).

ED\r.)\DsoN es(ablishcd 7 groups of L{xa wilh comnn)n lropuldtion chardc!€r,
i\ric\. blsed on p.rccprions gaincd through study of graph ical pattems ofvariation
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of monlhly averu8e biovolumes (Fig. l0). with spccial arcnlion paid lo lhc ycirrs
I962 to I999. Criteria iocluded the yean ol occurrcncc, timiug and pcak vulucs oI
maximum development. and year to ycdr lluctuali(nrs. Ol counc. \onc assign'
menls were nol clear cut, and a lew dccirions were dilficult. Each group nam€ is
fbllowed by (hc a\signcd numher of €ach taxon included in the Sroup (Table 3).

Group A (17, 28, 33, 34, 36)

These taxa were prcscnt only beft)re 1976 or were very scarc€ atler that year.
Osdlhtloriu uquflJhii ̂nd \irtcr species (3.1) donrinate the group. The sp€cies of
Oi?i/lar.,n? that we consider here are included in lhe proposed genus P/zrntrddrrl-r
(ANAcNosrtDIs & KoMiRriK 1988), but here we retain lhe old name found in many
limnological pdpers. lt is interesting thar fte lirsl Otdlhttoia Io becomc con,
spicuous in f-ake Washington was O. be!un!, which indicalcd cuhural cutro,
phic.rtion was taking place because of its history in Swiss lakcs (HASLER 194?). O-
rub?s.?rr was more abundanr thDn O. aqatlhii ;n thc 1950s. bul was not found
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rli.r 196S. hr\ed on ils chamct€ristic color established by DRouEr (pcrs. comm.).
O. dldnl/rii decreased progressiv€ly after s€wdge d;versnrn. finully disappcaring in
mid' I 976 There $ as a small resur8ence in I 972. after a spring flood on the Cedar
Ri\cr r . .e ED\ro\DsoN l99lb lbr detai l r) .  Samples from the I960s and 1970s
$.r..\Jnrincd b\ seleral Europern lhycologists (LrrND. C^NrnR-LUND, SxurA,
Fi,r r r. sho rl\o tbund A prolrrrd. IdcntificaLion of Or.illlr.,nr| species can be
d'ltl.ult Jnd conrrorersial. md considerable dillerences exisr among inv€srigaion
Jttur rhc recognitiLrn ol raxa.

t)\tlltkrrid \p_ 116). which was idenrified by F. DRour,l (pers. cornm_) as
s,ht1,rhn\ dhn\ d. lchiclcd pcrk success in fte pcnod whcn Or.t/1.ir,'?a
drd.J/rr Jnd \i\r.r species were decrcNing. rnd it disdppeared wirh thcm. Asidc
tiLnn .t lrrlc t-..!t in 1965, Llxsrld (33) ulso w.N most abtrndrnr during rhc pcriod
oi Ll|rlning OJr i/1.rorl(/. /4/rdbd?/rd (28) maintrined very lnr ll nunibers through
rh.qhol. Ikr i tx l .bur in1968madermajoroutburst.  lhe only di .r tun toasy)cir te
$,rh rhl\ Snlup is Rhi.osoleria eie,tfis (17). ! sunnner bloonrin! spccies ihlt
.-.ntr.nl\ di\lppea.ed from the lake,rft€r the mid 1970s.

(;tuup l| 1.9, 19. 22. 2J. 30, 31, 12)

Th.<. rJ\! $crc restricted to lhe later years. or were most ab[odnnr atier 1975.
Sonr. .t--ri$ in rhe groLrp. such asnlrrlktti( lue!t/1r.r (21). nre Be0er.lly scarce,
r'.,llo! (re!\ional large peaks. Three pe1\ks of Ti rdhri are nrrrched by
s r , t ' h n r t \ l i \ ' r \ h u . s t h i i + ( l 9 ) . O o ( ) r r i r S i S a r ( I ) s h o w e d a r u p i d i n c r e . r s e f r c n l
I t )-e.  rh( l l r \ l  !€ar of detect ion, &r a nraximunr in 1981, ofrer which i t  has
tft)Sr.sl\Ll\ dccreased. C'r,./o/.y'/d ps.udosttlligcra (9) is n borderline case.
\\ hll. .,rrtin.'d lr) lhc lat€r years. iL emerged earli€r thnn lhe o$er species of
thL :nut l1,ur other embers of this Sroup have their nuxi,nun p€aks in 1981.

( ; ^ , o p  ( - r 1 0 .  l l .  1 2 . 2 t , 3 5 )

lhc.( tJ\r hr!. pcriods of abundflnce c€nrered on 1975. lhrcc of thcm quitc
l rrt.J In tiDrL. DirldD4 ?/rrrgatrD (12) drvelopcd a vcr) lnrgc populnLnrn in rhc
.pnn: .f l97s lnd .t rm.rllcr onc in 1976, but hds rurcly bccn lound in thc lakc
,,rhe^\,'c Ihe nraxinrun of C\\:lok'lla oc?llata lll) was preceded by a ten-year
F-n,Nj {n {null populations. C. l)odd,,i{.a+ (10) w.$ abunduu in 1950 and had a
l .s.n' t r l l ( reurrences,rfrer i rsperkinl9T6.Plankronic$,r . . r?lpecies{21)were
.,hurJ.rn in one of ihe lew samples from 1956. bur achieled rheir m iimum
.trlrutrl n'crn in 1975. whereas their maximum monihly enn orcurred in 1976.
/\, r,l,rrl&,rr (15) is notewonhy becnuse it is the only tilaole,Io[s cyanobacrer-
rL'nr I0r r\igned ro Group A.

l ; .oup I )  12.  { .  l l .  1 ,1,20,26,27)
'lhc\. 

tx\r occurcd rh()ugh lhc wholc pcrnrd wilh considcruble annuxl fluctua-
ri,'r\. sc\crrl bccoming nost pronrincnl after eur.ophic,\tion. (;^Irtontonas (21)

297
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Tabl. 4. Abuduce dd ccurrcncc of pnfoplaf,klon by .alegory itr Latc Washington, 1962
1994. Tle nIlrihun ud ncm volnmes are expes*d as nm n. Ccll voluncs @ in Fn', bor lhe
entry w{s letl bllnk wiere i! ldied widely. Melns inchdc nonrero v0lues ooly. Pek t orpo-
puhtion h thc ponio! ol lokl comnunity bio\alnre fiade by I givcn tdxon, Se Fie. l0 ud
4rsei6tcd tcx1. l,esedcc is the percenta8c of tinrc the caregory w{s pFrcDt, bascd on intcqDlaled

Cell Volume
vohoe maximln ordcr ncan order

Stanmsttum Ndtdomh
Sel.tinous colo.id chloDphyee
dciculu chloothyce&

. Aulacos.im Nshonxicd
A, itulit:u w, tcnistitu

* Stefudrodle,u! nidgaru.

Apha nlzok. kor Jl1*uquaa
Chn$cdN:ut linnancrt

Mlcoawis ue sinolu

a Olcillabnd d|ddhii +

Cmp.d phylopbnklon

oucr beilluiol'hyee
ofid coloniat cyllobeldi!

45m
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t 5 l 0
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300
l0
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r t800
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t00o

I ]5
2100

106500
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0.?23
0, t22
0 . t E l

2.721\
0.555
0,120
0.1E6
0.359
3.213
.1,2.18

0.260
1.1,0.18

0.dn
0. : t l
5.686

0..ltl
1 .170

0.58t

8.t60
t .20t
0.418
o,2, t2
0.319
2.566

t 2 , 6 t t
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1,0{6
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65

268
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5
l0
t 1
2E
3 t

1

26

I E
t 5
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t l

2 l

3
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2
25
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0 . 1 t 5  9
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0.068 t2
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0.024 19
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0,m3 34
0.019 22
0,,|(18 3
0.  t32 7
0.023 20
0.0t4 28
tt.7E2 2
0.0,60 14
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0.019 2t
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0.3]l 4

0.008 rl

o0l? 23
0.078 r I

0.149 6

0.108 l0
0.010 t7
0.0t4 27
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1.084 |
0.02E lE
0.t22 8

0.006
0.m9
0.tru4
0'0t3
0.0{)7
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dailt rd6. F6 @h li* rhe ordor of cach catcgory by yolnme is give!. For e;dpl€, the cr
t€gm \irh the lar8.sr mlximum volune is Sklr&odis.rs rri43ara4 it hd rhe sond ldlgest
m$ br<d d M-ze6 abu.ddce dala, but is sirteerih in the peence list. Asterisks mark a

emt of cmgn@\ da (*e Fig- l0).

Peftent
narimum orddr mcaf,

Stttnt'r' ',n'lo\nn
!.|{tnr coboial chlorophyceue
rial!. a$phlc.ae

'  !/!'.atm t lpdi.a
.lt rhtl^d\t Inui\sin@

' Skt*D|,iau' nidtdr@
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a'hn\a'r\ lifu.tiut
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Goup.d phtloplmklon

orher bacitl&iophyccac
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^ntJ Chrootnonos (26) ate disringuished by somewhat binDd.J tong-tem distribu-
lions, with relative scnrciry in lhc 1970s. Oo.\.fln spp. (2).nd gctrtinous greens
(4) tended to be more abundant in later years. Fksild'id .,?ran?rsir (t3) was more
prominent during europhication than orher lalta in rhis group and wns somewhnl
crrutic after diyersion ol lhu nulrienr ell:luenr. .1!/rtrr,r. t a j|,barcdcd ( t4) ha5 been
pres€nl evcry year, hur made an espcciallr imponaor conrriburion to lhc sprjng
flora in 1976. Whcn &?pra o<lis.tts i.lsarde tl0) rpperrs. ir always domindes
rhe phyloplanlron hr\. u\e ot il\ hrfc ((ll i/{

Group E (s, E, 16,29)

lnter-annoal lluctuation of mean biolotunies ,]re less pronounccd than for Croup
D. but lhe hro categories are sifiihr olhcr rhrn in deSree of variarion. .4 rrrrio,?//d
(8) stnnds out fo. its large mflj{ima in 199{) lnd t996, qlilc diffcrcnt f.om its
typical annual distribution. ,,1plani:orklrrr tl9) atso nladc an unusuat bursr of
Srowth in 1988, and was the subjcct of r \.prr e pnper (EDMoNDsoN t997).

Cmup F (3,6,15, 1E,25,39)

Thcsc L:rx! have distribnlions rh:[ do not conlbnn \riLh orhcr 8mups, exlibiting
sclttcred peaks throLrgh rhc yc rs of rhe n ud). rlltr t o\lita italica \at. te !!i,na
(i5) showed ibu. periods of Dr:u(iniu rbundlncc. dccrc sing in population size
liom 1966lo 1987. Aor.r..,(.1rr ((r) and a.rdlnDr (39) rrny bc poorty e$tinuted
by lhc srmplin! melhods bcc usc {'l rhcir hrge sircs tlnd nuDrcric,rt rarity.

Groop G (7. :'1, 17..lE. {0.lll

This group includcs iill lhc orhea crtclorie\ rhal tlrc not represented by genus
nLrmc\. I-hey do no( hrr. cDnrn(n pxll.ro\ ol oceurrcncc, bur are included rs !
group for completcncss. Sunrnred k)!eth.r. rhc\c r:rra rlnge rion t.3 9. in 1963 lo
7.6' l  in 1979 ol  rhc k,rxl  ph)tod nkror xonurt lv bv volunr.

Alternative grouping algorithms
we also examiDed the dinribLllions und retrrionships nffong our original 4l
taxonomrc catcgories usilg larious nrarhc rxrical rechniqucs. oi which we will
discuss two. The TWI.{SPAN rlgorirhm (HrLr t9?9) ct.rssifics dara inro a rwo-
dimension,rl array, clusrerirrg spccics and \x )ptci b),ordinrLi(,n of ranked iaxa
$,ilhin ftc dirtir \er. Successilc ordination!.rre pertbnncd by rcciprocal nveraging
ol pcrccnt.{€ annual biololurne. .rnd dre resutl\ nrc dilided ;n|o two groups cach
rimc (GAU.rr 1982). Six gi(,ups lvere produc.d nr lhc third division (Table 5).
TWINSPAN makcs thrcc groups thar agrcc tlcll lvirh LDMoN[,soN\ graphically-
perceived Groups A, B rnd C. wnh some sn ll vafiarions. However, rhe orhcr three
TWINSPAN division$ did not conlbrm ctoscly witlr rhe visuat groupings. and
separaled fie mcnrbclx of IiDMoNDsriN's Crcups t), E and F. Sornc laxa renrlined
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Table 5- cmpatieN dotrg groups pmducld bt tisud inspoti@ of sraph (WTE: w sdlts
sdon r. T\]r..sPAN !.d VARCLUS. l da mdksl by drensk in th. VARCLUS Sroups indicale
! cladrel! Fs ft $ith thal8ruP.

ls.ll.gdiB: ffi * WIE TWINSPAN VARCLUS
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2 l
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rogethcr such as 2, 14. 26. and 27, but others rvere c l.Nsi fied very diffcrently by the
TWINSPAN muhivariate rnalysis.

Principal coffpon€nt cluster anrl)sis (VARCLUS. JoyNrl. 1985) splits ctusrcni
progressir€ly using the eoodness of fit of membcrs wirhin a clu(cr produced by
prouping taxa along rxesdefined by corelation. Al7 clusters. rn eslimated5T% of
the varialion was expln;ncd. There was liule fained by addirional spliuinE. The
defined groups ug.in werc $nrewhat diftcrcnr lrom gnlphical and TWINSPAN
Malysis (Tablc 5). Visunl Gr)ups A and C wcre again scp rated consisrcntly, bur
EDMoNDSoN'S Oroup B wrs split inro diffcrenr cluslers. There was no strong
coherence wilhin groups D, E, and F. similar ro rcsuhs by lWINSPAN.

Each ofthes€ lhrcc mcthods calcgoriTed rhe snmc drta difftrenrly and produced
different groupings. yct Lhere were sorne similarilics among results. To some exrent
they rcpr€sent extrcmcs in the wrls rh.t thc biovolunre data could be comDarcd
(e.g.. by correlation coctficients or bv fnction ol krrrl). Disparilics trace in pan to
the subjcctivity and ncxihility (hence. nonlincari(y) of EDMoNDsoN\ visual
assessmcnts {nd judgments aboul rhc e\renl trnd imponance of hng periods ol
€rrali€ occuffences ofsnrall popu] nrn\. \hcruas lhe lbnnal srarislical merhods we
used are more rigid and circumscribed. bur rhe) rre no( so rcsponsive ro non-linear

Grouping years by phytoplankton patterns

Limnok)gists who eondLrct long-term Iinrnologicrl srLrdies will rcmember ccrrrin
years a\ outshnding b€causc oi ilood\ or unu\[ l rlcnLhcr conditions. Similar
ycars can bccome grouFjd t(Eelhcr in nrcnlort. Likcwise. some ycani are
mcmonible bcc.ru\e of unosurl condirion\ in rhe plnnkr('n. ln the prcceding
scclnrn. wR sho\t!'d lhal alBnl specic\ cduld be c. cgorizcd variously according
to lheh remporal occuncncc. lly lhc sin c l{)len. ycn.s crn also be gn)uped by
rcfcrenc€ to phytoplanllon conr runitjes.

W€ used (hc sanre stlrislicll olcrhods. TWINSPAN tlnd VARCLUS. to group
yed-rs by comp ring phytopl.rnklr)n populxrbns. und each produced 8 clusrcrs
(Trble 6). 'lhe clustcrs rod rhcir con)poncnr yc,rrs re ordcrcd chfonologically
where po\Nible. Both methods scgrcgared our thc years 1962 ro 1970 in sequcnce,
although the years were somcwhat dittercnrl) rg-lregitcd. After rhar, ycars or
blocks of years arc scSregared diferenllf ind rssign€d lo v$ious gfoups by the
lwo ,rlgorilhms. Aflcr the appcarance of Di?lrnr. cluslers of y€ars are no krnger
sequential. The yc rr 1976. I98l-83. 1987. and 1990 appcar ro belong together, as
do 197? 78 with 1980, 1988. and 1992. When graphs of phyroplankron percenr
biovolumes tor each year ffe placed in g.oups dcfincd by TWINSPAN (Fig. 1t ),
the similarit;cs of liey catcgories lhrL define rhe groups can easily he se€n.
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Table 6- Study yd6 grcuped b, l!fte dilT@ot netho&. lhe ers ecrc dclimited by d$nnent€d
chdsd i! tb€ hre (r texo.

ERAS TWINSPAN VARCLUS

r962
r963
t964
r965
t965
l9<i7
t%E

1969
t9?0
t97l
t97Z
1973
1974
1915

1976
t977
l9?E
t919
t9E0
l98l
1982
1983
t9E4
1985
1986
t9E7
l9E6
t9E9
t990
r99l
t992
t993
t994
t995
t996
t991
1998
r999

1962
1963
1964
1965
1966
1967

r96E

t969

1970
l97l
t972
tn3

1974
1915
1976

t971
l98r
t982
t9E3
1986
1987
l9E9
1990
l99l
1992
r993
1994

1978
1979
l9E0
1984
1985
r988
1995
1996
1997
r998
1999

t962
1963
t964
1965
1966
1961
1968
1969
1970
t972

1973

t975

t977
1978
I9EE
t992

t911
1985
1986
l9E9
l99l
t993
t994
r995

1976
t98l
1982
1983
1987
1990

t974
I979
1980
l9E4
t997
1999

1996
t99E

z

3

4
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Peak populations

\l3n\ .l\.i.. h!\r rn Nnnull pe,lk in abundancc. often seasonally Fedictable
rFit lo,- intjr.Jrin! a h;gh growth rate. a prolonged period of dowcr Srowth. o.
horh. hur shr,ih rl$r\\ \uggests favorable condit;ons for thar species beforc the
mJ\rnrlnr \|.'\inhl biololumcs diff€red Srerlly in sizc rnd timing {see Fig. l0
rnd TJbl( {) hcr\cen species. bul rccognizahle patterns iiom tho l*e energed
$h.n.r l l r  nur ln \ imafbr f l  p i r t icu l  r  cr tegory were ovcr l i i in  on a common one-
\.!r .:r:. 'Frr l:r. We detined 0 pcdk as n maxinruin biololLnnc larger than one
nlnJ:rJ J,,\r.tr,Jr irbole the aveftgc of all non-zero occLrncnc€s fronr 196: lo
leq!  h{  . , )nrc tx \ r  (5.8 l l .  17.28.  and 30) .  one or  h lo years were so much
hr!-r..: :nJn .,ll lhc orhers thnt thc muximun achieled in mo\r vears fell belos our
r l - - . . . - .  r . i r .  r { r  l , ' r , 'h jccrr \c  FJk del in , r ion

1: JJ:JrJl. rh( chlorophylc peaks (crtegories I 6) had a l.re spring/lntc summer
Li r . : :c ! : !n .  ( r r f l r i r  s isdr  ( l )  w s conf ined to ln tc  sumnrer  whi le  lhc o lhcr
.F. :J . , . :  r r . r r ' t i r  (2)  m.dc la te spr ing lhrough sunrmef nrn)L in) i r .  Thc ac icr l r l
rh : , :  i l \ r r  r r \x  l1)  pcakcd f rcm n d-spr ing thro , rh o lk l -suNincr  wi th rn
, r . r . , , : r l  h t .  \ ruDncr grcwth spnn.  n l thot lgh lhe s ingle h igh pcal  in  Nlay
le-- :r:"Jc rhi\ di'tribution difticuh lo scc. /tor.rycor.r.1 ,,?{rrii 16) xppeared
r,, \'.5i!' ro n lc pelks in any scnson: however ils larg! sirc.rnd lh€ sporcdic
n!:i.r ,i' rr\ ().currL'nces in rhe coull|! mndc il difficuh ro bc cotrlldcnr rhrr rhe dalr
.h, ,n.J  r .J l  I f , r ls  ovcr  L ime.

\trir\ drrt(nD\ (crtcSo es 8-23), such as ,4rla.or?l(t l)utdi t (11), Sktphu-
)rrj:1, r\ ,.d\r?.d + ,r/rnl/!rr {18). nnd Steplntrcdittts 

"nr,{d,?" 
(20), were

t..!.::r In $inlcr. nnd nrade large popLrhtions in spri0g bclore the onser of
. r rJr r r r .Jur 'n  lhc)  \onret imes mrdc snul l  growth spuns in nurumn, ending wi lh
rh..orrl nr1\;n!. hur these rarely cxcccded the I standfid dcvirrion threshold.
\'tr.! ,\ lli h"i"t'\| ltSl followcd thc vme pane lbr thc two year! that ir nladc
\c^ lrr.c B)pulrti{nrr. rs did Crr'/dr.//.l bo.lulitu (l0l. Hovever, there wcrc
$crJl o,,r.rhlc cxeentions to this pallcr . FtTrBifuri( (rokrtcttsit (14) ofien nradi.j
rr\ l.rfc\r llr rhtio s betwccn striltificclion and nutrient exha{stion in thc
lnilrtlrni({r. r\ did ir/.rrxein itali. ,tnt. temissi n (15). Sr ult te,ktu (22).

shr.h li^r N.urs in lhc planklon ns in cpithyte on other diLrlonrr bul then
Jr.l,i:.. ro Ii,rnr \rcllate colonies. lblk)wed rhe sane progrcssii'n. Z/r?1r'rid
f,,r \,nrd rlir pcrsisted into early summcr in the yenrs thaL iL \!n\ pRnninent. a
pfllllr.m \hrrLd h) Rhi.osol?'tia erie$is (17).rnd several largc spccics oflhe genus

Th. .^pr,rph\r! rt\xi\, ChnnrMM!,rl,rta (26) (ibnncrly RhnlDututs) antl
\.\.ral \l^-cic\ ol ()1?/u,,rotrdr (27) nlde population i.crclses thronghout much
of thc \crr. thDurh neificr did well in Decembcr or January. This ineguh.ity
\ug:cn\ ofrJruri\tic rc{ponse\ lo charrges in conditions other than rcmpc.arure
and d.r\ lellgrh. Frhrp\ hc.bivore-related.

The .\rnobirercria (categories 28-36) madc no maximn in winlcrcirher, but the
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lirgest populations occuned in srmmer ercepr lbr Mi(?1, rrii dez,gtro.rd (32)
which nude sizeable lropulalions in mid to lnte lill.jusr befbre thermllm;x;ng. Thc
timing of the peak Or.l/furo,kr populrtions lcturlly taricd a grea! deal from ye{l
lo year anytine froln May (1968) ro htc Octobcr (1965). However some ofthis
vnriation could be due to the buo)rnc\' of the fihmcnls and wind conditions iust

Ccratinn hn1o litvlld. thc lonc dinotlasellate to make sizcable populations in
Lake %shinglon. made m$inrnl popularions in lt{c \pring to early summ€r.
appn)rimltcly thc same pcriod ol tinte as ft/ri/./ria ! n,tntpnris.

Another way to kx,k ul lhu ruccc!\ ol rhe diflerent laxa is to groop the dala by
years to show the mrgnitudcs:rnd scr!)nrl dirtributio0 of peak prcductivity by
dill€rent uxa over time ( Iiig. | 3 ). Lrsirg r k)gr.nhn)ic scnle. When th is is donc, thc
years of eutrophication rre secn lo h!!c hrd rchlively lew species able to mrkc
larse populations. and these f'opuliun,n pcrls occuned in l0te spring th.i)ugh
sumnrer All the species idcnlificd hrd the xbiliry lo |lake very large bir)lo
lurnes. ln the years follo\rin8 dilcr\ion. larser nu rblrs of taxa were successful.
making peafts of both large and sn)Jller bn)lolu rcs. wilh timing of these p€aks
sprc:d o!€r lhe eDtire yeir. BeSinning in 1976 thcrc is n lrcnd loward closterinS of
pcnk biomass by taxn in sprin8 xnd xfain in txll. ScvcrLrl ycars rppear unusual
whcn lhc drta arc vicwcd in (his nrxnnc. I'i)r.\{nrpl!, in 1983 lhc peaks cluster flt
thc wintcr-spring boundnry nnd gxin in cxrl\ sunrmcr. with no nxima occufiing
Lhcrcailet Even nore strikirs is rhc lighl clusrcring ol {ll lhe peaks in $e ea y
spring ol l994. while in 1995 dininct si(nrp ol l rrxr is .rdded in mid+all. The
yc,trs l99U and l999lnck strikir8 pcnl\ h\ indi\idurl lrxn: no tnxon did unusually
well conrparcd with orhers i lhc h\l \$!ril \cirh of the (udy.

lf lhe clusrers prod ccd by TWIIiSPA\ li,r horh phvloplunkton catcgorics and
years arc combincd $ilh lhc p.cccding pfxk\ Jn.rhsis. I cohcrcnl picture of
phyropl nkron srrccss in rhc hkc can bc pr(xluccd (T.rbl€ 7). Thc yct'rs ol'
eutrophic tion hans t(l8cthrr, clcrrl\ Durkcd b) the continuity ol thc s.rmc ltw
species nrakinS siSnilicrrfl gro$th lrtrh \c!r. Thc trnnsitiolr years rrc markcd by
increrses in the nLrmhers of \ucccsslul \pccic\. hul there flre no changcs in thc
clusler Sroups represented e ch )crr. Chargc bcrirrs ir 1976 (rhe first yc,ir ol'
D4plrxid sLrccess) and in ill l'e:rrs rliersrrds. clen lhoogh 19?6 is grouped with
197.1 ud 1975. The group ol luM lhxr inclLrdcs sonrc didLofts and the coccoid
cok)nirl cytuobacteria bcco,res prominenr. rhou8h lcss yr in $e final group of
yer.s. Convcrscly, thc lisl rwo groups. $hich:rre donrinalc.l by summer-blooning
di!ft)ms lnd filamcnlous cyanobnc(erin. drop our entirely.

Physical and chemical conditions

We looked fbr coodinltion of thc phytophnlton pntteros with chenrical nd
physicnl conditions in the l*e. High corclalion\ cnnnot be expected rincc nrsry
dcliniiive relationships could be rerlized only on rhorter time scales than wc
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nreasured. Howeler. some intbrmation can be -sained hy exanrining the reco.di fo.
erunrple. org.lnisms with .r requirement for high nutrienr concentr.(bnr will nevef
lhrive in a lake that does not produce such concenrrarions. The conditions we
exanrined were choren on tle basis of alSal ph\\iololy rnd Iitlcycles (AHLGRTN
1977:  Kn. I r^ [ r  1986r RryNor Ds lg l l - lb .  l t ] l9 i  Sr l l l r r  l98 l :  Sorvr f i iR 1988).

Thc casc for phosphalc bcing rhc limitins nulri.nr fof primary produclion in
Lnke Wnshinglon is lvell kno\ln ( EDrlo\D:, ,\ cr xl I 956: ED^toN DsoN I 969, 1971,
l99lb). Durilg eutrophicntion- thc !rinl,jr concenlrrlions ol phosphate in th€ lak€
depended largely oo the input of secondrr! \csrgc clll0ent (EDMoNrryJN &
LEHiTAN l9lll) and. oncc di\'errn)n $r\ .\.nrirlh conrplclcd. winlcr phosphatc
dccrc.tscd quictly (Fig. l.l). After rhrr. rl'lrli\'rh snrall inler-rnnu.rl .!ariarion
('!cuncd with no disccmdblc rrcnd. m\rl\ r.hrcd to llooding cvcnt\ of thc Cedlr
Rivcr .

Nitrrtcs dccrcascd more slowly u ntil I t)l7. rhc \ce(nrd year of the /)qlrld era
whcn chdoccr.rn n mhcrs redchcd on. ol rh. hilhc\i loluer se€n th() ghour rhe
w h o l c s ( u d ) . A i l c r t h a f i h c r e w e r c r \ \ o p c r i o d \ o r ' v  l l i n c r € a s e s i n l 9 8 2 r n d l 9 9 l ,
hul lhc nend overrll continued dosn$r(1. ConlinLrous nrersurements of silica
were rvrilahle only for 1978 lo 1997. hur fn)duccd r record of increases and
decrca\es wirh no obvious trcnd o\cr lirrc.

Aknhlity in lhe lake hfls bccn inenr\iis 'i cc t|]c bcgin ing ol thc study.
rclated morc to chrngeN in land use Nn,uDd rhc $rler{hed rnther drao ro processes
in lhc hkc (ljDr\roNDsoN l99l!. l99l). \\'lr.J.l ktr! nlknlirity conres from the
Ccdar Rive(  usual ly  account in!  l i r r  rbour  . l : . ;  ( t ' lhe anoLral  wnrer  inpur  ro the
l,rkc. Hose\er. when floods occur. rhi'.rn .cudh 571i (Dote rhe resLrlring dip in
nlkal iouy nr  1990-91) .  Tho o lc f t r l l  r rcnd, t  incrcxsc is  c lcr r ly  i l lusratcd in  lhc
annrnl plot. \'ilh sotlte phlcaus.rnd \ur:c\ rl:ig. l.l). hnl ! nrnighL linc lit through
dle dar.r h d n conclirion cocllicicnl ot 0.sl. ln lhc \oti \vlrcr ol Lllc wl|shingron.
snrlhce pH !rrics \cr\oo.rllr in rcspnsr't,' ehrns$ in phor('synLhctic.rctivity by
phyloplinkroo. Thc r,tngc ot ulu.\ li)llnd rn urlly hns dccrcascd olcr timc.
allhou8h years wirh lrrgc spring diaknD hlo,llnr !rill cxhibir clcvnrcd pH rpik€s.
Th€ anoual  nvcrd_lc pH dccl incd k '  nr in i r r runr  i I  l t )76.  and hrs hecn increasing

Of .rll Lhc v rious physic l iicrors r.r{red. oDly lhe iempenrNre of th€ wa(er
.tt 5 m dcprh showed I \ignitic,rnt lin.rr rtoa . inerc sing over the period of srudy.
Thc liDcrr regressknr fiad a correllrion coelllcic l ol 0.,19. The vnlue nt 5 m was
consi.lered represent ive ol epilnnn.ri. $irter tcn)pemture. Other variables
slx)wed year to ye variation, but no lrcnd\. Sol r radi tion data in the last yenrs
of the study may be underestimntcd dLre l,) cquipnrcnl problenrs nt the uW
Almospheric Sciences Depanncnt whcrc it $r\ measurcd. Thc hwcr wind
velo.ities in 196558 ltctcd Lhcnnal nri\ing rnd hld biological consequencer
(EDMoNDsoN 1988). Wind vclocity was irl\o kiwer duri g rhe oulhursr of
Apha i.lnpnoi in 1988 (EDrroNDsoN lggT).

Thc mosL clsily ob*ned coordination occurs be(ween the high concentrations
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of thosphalc in thc eutrophicatlor era and ED\roNDsoN s algrl Group A. in

farticular thc fil.trnenlous blue-greens. Increased alkrlinilics ovcr time may
perhats hrve influenccd thc risc in imporlance of coccoid cohnial bluegrccns

such rs Mi.ra.t'srir lnd Coelovlneint. rs $eil as the afpearuccs ldtc in thc

srndy of Oo.tsris gigdr, Titbtlldtn fo.nRtla and Svedra teneta.
Mathenntical tests iuch a\ nrultiplc r.grcssions and correlations between

phytopla iton population! trnd conditions gencrally produced tow coefficients,
which is not surp.i!ing given the scrl.\ rt s hich $e we.e neasuring. Additionally,
phytoplankton popuhtion abundancc\ rrc rarcly distributed nonally, while
physical corditions tnay be closer to nomrrl C.\us$AN distributioD. Of the
prrrme(ers chosen. phosphate produced rhe only skewed distribu(ion and was
transfonned to ratural logarjlhns ro !chi.\. normaliLy. A parlially nor-para-
mctric tcchniqrc thal accounts lir rhi\ di\Frrn\ belween biologic.rl connmni(ics
and phlsicil parameters is MDS (muhidjnL'n\ionll sclling) which corrclatcs non-
p.uAmelric similarity measures \uch !\ the BR,\y CuRrrs indcx to Euclidean
dist rncc s imi lar l l ics (CLAkKE & Arr \$, ,k I | r  l t )91) .  undi ig  thc bcst  f l l  bc lwccn
vhrir)[s combinations ol paranrcrcrs rr) t]otul,llion similarities hctwccn ycnrs.

Selentccn prhnrctcfs wcrc choscn: nn\in: dcpth. wind lelocity, epilimnetic
temperrlore, Srccrrr trrnsprrcnc). srrrr rnllo$. \olar rndiation, phosphnte, ni-

r rare,  the rat io  of ' lNr ' l l ) ,  a lkr l i  i l f .  p l i  rnd CO:.  Thcy wcre rescaled f rom 0 to I
brsed on thc nr.tximr Lind nrinin nrcir\Lrrcd lar cLrch pimiieter dufing the su.dy
hcforc cAlcular ing s i ln i l  r i t ics o l  u)rx l i r r l r .  hcr$ccr  yer . r .

whcn MDS wrs ppl icd to Lunual  fh)r . f lLrn\ ror  s inr i larh ies anrong a l l  yoars

rrd conrbirLiti(nrs ol limnologicLrl p mnrcrdr. rhc bcn Ut wrs wilh a conrbination

ol  SEccHr.  pH t lnd r lkr l i r r i ty .  y ie ld i r )S r  eorrc lxr i , 'n  cocl l lc icnt  of  0.71i4.  However,
Src(Hr. rnd pH hrve conlp lex rec ip i ( r r l  r !hr i i { \h ips wi lh  a lgac.  and so the h igh
correhr ion r r ight  he considered r i rcuhr  !nd dcpcn( l .n l .  Thc ncxt  best  t i t  was wi th

i  cor) rb inrr ioo o i  phosphare.  r lkr l i l i r )  rnd $ ind.  $ i lh  r  corrc l  t ion vdluc o l  0. , lS.
lfdre drrr are di\'ided Lrp sers(nrrlh. lc$ .ul\rrnding corrclllions are produced,

even whel la,! lictors ro rccount Ibr gn^\lh peri(xh ilrc incoryrordtcd, Sunn]er
phyroplnok(on conehr. wirh !lk.linirJ rr 0.19. \rhich conforms with thc chrngcs
in coccoid b lue 'grcen,  grccD ind d i r r (nn r r \ r  o \ . r  t iore.  Sunrmer lh l toplanktu l
llso corrcl.rtc with wirtcr pho\phorc rnd nitrrtc rr 0.56, possibly due ro Okilla-
r/,id's crpaciry for luruly utr'rkc ol tho\thorur. Wirtcr phytoplankon coffeLate
wilh alkalinity. nitralc and phospharc al 0.-ll. $hcrc.rs spring coffelarions werc all
ver) k)w, bclow 0.20 for all attenrprcd ronrbin|ti('ns. There is an uninpressive
co elatir)n with autumn phltoplanktinr and r.nrNr.rturc aL 0.39.

l.ow direci correlations were defited lar all LcsLs using water inilow, solar
radialion. and mixirg depth.lt is likely thu{ the yca| kr ycardilllrcDces in the larter
two are not enoxgh to a11ecl conpetitjoo alnong species, and the maj(,rity of w.trcr
input to the lake occurs between Novetnber and March. when most phyloplankL('n
arc rclatively itutctive and less likely ro be direcrly afitcred.



Phyloplankton in Lake Washinglon 3 1 5

Discussion

L!k. \\'r'hinSt,,n i. x dirroN-producing lakc rhat underwenr and recolcrcd from a
.urrophr(rti(,n epilde durin8 the 1960s. During that temporary episodc. its native
ipr.-.urrothi.rlionr popularions of algae were eclipied by nlasi dcvck'pment of
!\!n,,hr.t.ri.i- Ap!ei lly sh.rllow water populations o( Ot.illatori! (Phrtkturhri\).
Sut'{qu.nr k, rhc lurrophicatnn er!, and panicolarl} ftcr rfie enrergence oI
/),;n;a -! J\ !n inrporl nt zoopllnkton grazer. chlorophytcs becanre imporlan(
..irFtn.nl\ ol thc \r0uler florn.

lh, l,'i: rcnn ch.rngcs in Lhc phytoplantton oiLalc Washington are consisient
si:1" Jir..tJt'lr\hcd body of theory about algal comn nilies and lheir dyndrics.
ai.rr-. rh. tiru\ ol this p{'er is lhe interannu l larirtion and diflcrcnccs among
c:.:.. .iJrJrl.J rrcrrmcnt of \e sonnlity will bc postponed to n lirlcr .cporl. bul som€
'3:ii i: \'rv xl lcarures of lhe lake nonclhclcss are imporrrnr l(, rcries rnd
J:\  r- .  rr  ih i .0nrc.

\., Je.f'. \rrnr nruroniclic lake. Lakc Wnshinston exhibils icc lrcc Ninter
fii.\::: i1\rdrri,rn\ lhrt fivor development of ccntric diaton)s. rnd thc\e diiltoms
rl i:..:;:) idnrpflsc the inilifll stnges ol its vemal blooor. Allhough tfic luke receiles
ri-. \j i or rt\ tribLrrary llushing during the winte. rnij(irg l]crxrd, the lvalcr lo d
L.:-:r \.Jr l\ficrlly conslitutcs only rbout one-lhird ol thc lulie volur)re. Thus
!:,\ul! (t \lo$ 8rowirg bul k)ss-rcsistant aod plto(!.d plivc t.rxa such as
t) . . , . , j , ' i , /  rRr,r 'N(n.Ds 1994) i rc not rapidlv washed l ionr thc hke. Inslead.
rI. .r\n.n r!. rh l played oul in Lnkc W:Nhington over rhc dccndes of this study
rr..r.!rr r rrrlcli{nrs anlong autogcnir biok€ical tbrc.s rcson{ling to physical
...s. .r1!r) rrd rnrhropogcnic disturbance.

\\ r:h tr lrl. s':o rtry ftri(, (Arflr'rri/2,,,,. = L5: CoRrr^N & Boycr 1989) Lake
\\.:':rrr!r,)n ' nxrrpholoSy cnsurcs it:r seasonal srarilication. but the dumtion of thc
.r:ra.J Friod is shofl cnouSh in relation to nutricnt loading and productivily ro
rh.r rh.. l,\r h\poli rnctic oxylen conditions usually seen in lakes ol comparable
!.r,r.rr\ rll,)\DZo & SrEr^N 1996) do not dclckrp in lhe nbsencc ol .rnthrc
F,: : . . rr  nurr iLnr dischlrge. ' lhe loke is opt ic,r l ly deep. as i l lustrr tcd by Fi8.8.
I)unn! rhcnDrl nraliiic,rrion, rhe mixiDg dcpth far €xceeds lhc dcplh of Fsirive oer
tnrnJr) prodLrclr(nr, and so rnct linrneti0 phyroplankt('n co n nities do not

l-,,nS'rcan developnlc ts wilhin th€ phyroplnnkt(,n of l.Lrke Wrshington are
.,tr\r\tcnl $rrh dreory rlcvck)pcd by C. S. Rrv:rorns in n series ol insightful
tLrhl t ! ! t i ( )n\  (e. ! . .  RtrNoLDs 1981. 1984a, 1984b, 1988, 1993. 199.| l  REyNoLDs et
!l l9Sl. lL)(rl) srpplcmcnlcd by experimenhl dis.overies by U. SoMNriR (1983.
l9s5- l9t ls.  l99l)rnd rcccnt theory about bluc grcens (€.9..  Hr 'ENs1R^ND er al .
l99Sbr. Th. br\ic circumstances that wrrranL erpllnation ir thcory for this paper
xr. rlr \rrilhlc success of thc indigenous dinrom communiry, (2) episodic
donrinxtion h! (rn i//{rori(r. nnd (3) \ubsequent success ol chk)rophyies.
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Diatomg

Lalie Washington's per€nninl diott)nrs. .\ul \,rdtu hafttift. Steptunoli*u:i
'ti.tg.tne.a\l liagildri.l <rrl.rr.rrJiJ rrc proror\pical nrcmbcrs ofwhat RryNoLDs
(1984b) origindlly classitied t'\ "Gr)up ll species llalcr Lcmcd "R" species:
RryNor.r)s 1988). which are chlrxcterired b) lrrge individual cells or colonies,
clongrlcd in one or two nxi l dinrer\io \. and $rll tolerdnt of strong physical
mixing.-lhey ffe succcssirl N l{nr lil:hr rnd kl!\ rcnrpefarure (TALLTNG 1957i
WrLeN l99l). thus accounling lirr rhcir pe^i\rcncc rhrougl the winter nnd their
cmcrgcnce as dominant spccies t|l rhe \trn of rach teur (Fig. :l). Howcvcr. these
diatoms 0re suscepLiblc to tupid eli riDrlion in the hre spring owing to diminurion
ofthe thermal mixcd layer. co biocd $ith rccelerrled sinl;ng losses caused by
aS8regation and pholoinhibiriorr ( R L \ \, n D\ I 9li9 ).

Other dintoms of siSnitica !c ir rhL lrl. lall ;nr,) two clrcgories based on lhcir
t€mporrl occuncncc: (l) those rhrl c\hibil.d 'ucccss dLrring lhc culrophication and
recovery efas \Rlti.o\olotit t tit n\i\. ( \t ldtll! ht.lu,tid. C,".lot(U.t outlltt(,
Diutonru ! kDtgatLo . and S\r(.r1r \pp. r. Jnd r l r lho\c thll cnrcrg€d atier recovcry
frcm eutrophicrtion and at flbour rhc tinr. ol $lrbli\hnrcnt of Ddpl nr in thc lrke
lC\.lotella ps?tdonellis(nt. Stt|hdtu\tt\u\ hnrt.\.hii. S\r1?ltu te,rc,a. and
ntlrelkvia fervs|Itlot. nll. excepr li'r lattlldtu arn J\rr./,.r t.rera, occur as
singlu cclls and they urc snrullcr nnd rpr).!r lc\\ heavily silicilied thun the
perenrinl wirter diaton)s. Thc] pcr\i.t $cll 'nk) rh. pclir)d of lheflnal slftrlificr'
t ioo dnd (hcy th0s expcricncc rhc r$in ' r rc\ \c\  ol  nunient l in i tnt ion nnd
zooplankL( g|.ll7iog.

Al(hough the bionra\!-lirritin! nurrienr liJr I-xkc Washiogton wt|s finnly
crt{hl ished is phosphorus ( l ' ) )Mr,\r^(, :  le6e. 1970. 1972).  lhc relat ive and
chrn!ing proFrtiotrs oforlrer elenrcnr.- .oeh $ N rnd Si. ,Day havc had profornd
influcnces on spccic\ conrposiril)r ol rlrc dc\ elotins bi(nlnss annually. DurinS the
eulr)phicalion cr.r. lhc rario ol T()trl N kl Totxl P lell l(, t'llucs of l0 or lower by
mass ( l : ig.  l5).  or wcl l  s irhin (hc rxnge rhrr Sn||  H ( l9i l3) idcnl i f ied as conducivc
to cyanobnctcrill donrin ncc Ol rqrrl inrponrncr. lhdrc is evidence of rodc'n
difterential dcplcrion ot SRSi \\'irh r$t.ct ro holh NOr-N rnd SRP each spring
(Fig- l5). Si:P ratios oos rcgulrrl) 

"'ll 
hcl(N l{)0 (hy nross or by molcs) on a

sensonll blsis, which is scll ink, rhe ransc rhar Soir rER (1988) idenlified
er(perirncnlally as phcing moil diirlun\ .]l .r eonrpelilile diradvant.Ue with
respccL lo chlorophytcs.

Rotrli c meast|rements of SRSi did not conrnrence until 1978. so concentrations
during eolrophication arrd recolcry rrc not docuorenlcd dircctly. Peak dintoN
bi('nrass dufiog lhc cu1rl)phicatiou crlr !!us lower than in lln)$t subsequent years
(Fig..1) despilc clcvat€d phyropl nkk)n bionlnss overall. IL is likely lherefbre th.
difttrertial dcpletion of SRSi $ith fesped ro N\ dnd P $,as less exremc dur;ng
eutroplicilion lhan in recent yc.rrs. This proposiLn)n is consisrent with the
chenical dcterminadons conducted by J- SHAprRo i 1957 aod 1958 during



Phytoplankton in Lake Washington 317

;lT@Il,"r*rrl'r,-_]

I ilil ilill
r95o 1960 1970 1980 1000 l9s0 1960 1970 1980 1990

lia. l5 RirG or sonje chcmicol F.dnEtc^ pk,tted iD the same lashion !s Pi8. 14. Anulyticul
d\x r.r pcim.l.h itr thc denominatorwerc sct torhc minimun dclection lelcl lo colculate the
irrr :\ h 'he suo of roLul Kjelddl nirrogei and Nor

€urorrhiclttun. Ar that time, (hc lowcsl SRSi:NO!-N ratio eocounter€d wat 9 by
mr'\. bul ratios rypically rang€d from 40 to 140 during thermal stratiicalion. SRI'
$l1\ nd )et be;ng measured in those ycars. Comparison with data in Fi8s. 15 and
16 illu\rnre\ thal silica depletion relativ€ to N was flot a plaLrsible concern at thai
lim.. and SRSi levels remained above 2 mg/l during tho spring. Indeed, SHAl,lRo\
lindings were the logical basis for originally cxcluding SRSi fiom the suit€ of
mea\ured lake prmme(e$ drring the eutrcphication era.

\\'irh rhe rire of D.?riria as an important plankonic hefuivore in thc mjd-1970s
ir lnight s€em reasonahlc to cxpect conspicuous changes in the diatom community
resulring from grazing. However. ccll sizes of diatom taxa that penisted in thc
thermal rnixed layer during europhicalion and recovery compared with those that
replaced rhem after 1975 are not consistcnl with an hypothesis that size-selective
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grazing was the operative mechanism for community change. Many single_ce]]ed

taxa of sizcs presumed to be accessiblc lo hetbivorous zooplankton persistcd with

the change in $azers. Raiher. the spccies r€plac€men6 are more consistcnt with

the idea that wholcsde dialom comnrunity replac€ment dudng stratifi€ation

occured along SirP or Si:N temporal grddients. Accelerated depletion of epilim-

nctic SRSi probably commenc€d during the rccovery from culrophication. as

diatom biomass reboundcd. Silica depletion lhcn culminated with the rise of
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clll.rcrr dlthnid lrucrs. tihich recyclcd egested N and P ai unconpacaed feccs
sirhifl lhe mi\.d h\cr. while pemiLLing pnniculate Si from egested dial{nn
liLr\r!l(\ kr \ink our ol the nixed laycr. Ratios of SRSi k, NO1-N measured
(lLrnn! rhe 1!r. 197{)\:rnd 19lj0s rcpc.rlcdly tell to lower v,rluc$ (han anything
nrc.FLrtud rn th. |fl. 1950s (Figs. 15 and lO.

lh.rc r. ! I!'tcnl clue thlt the mixed layer dialom commrnity present bcfore
1,,-i .\rrncnrcd r diflerent rcgime of nulrient limitalion lhnn did the subscqucnr
.r,Lml.lJlc. Pl!nlr{rnic,n,red..' species were common during the eutrophication
xnJ r.i1,\.^ eru\. .!rrr.l.r is well-characl€rizcd rs n s perior conr pel ik)r for P and
r tnf t  .Jndrdarr  'br  dorn inancc at  h igh Si /P rut ios (TTLMAN l98l r  l r .M^N ct  r l .
lL) \ :  5 ,^r \ tR 1985:  KILH^NI 1986:  KTLHAM et  a l .  1986).  T l re only  Sryr?d,?

tr.!.:r l\Nr'tulo\cn hns been s. t.trzr.r. n species thlL crhibits an unusudl
i.,:):r::r.Jl r.llrionship wilh other plnnhonic lbrms. l-oss ol Str?./rd spp. is
iL,::.:.:..r \nh i shili in the Si:P or Si:N resource ratio nwry hom favoring lhe
i...,: ...rrt.-rit()r\ li'r P or N and in fivor ol stronger diatom compctito.s tbr Si strch
.,. 1.r, ri,rt/,/ or cspecially $m!ll Sreplan,./ir.rrr and C\'./,Jlc/'1./r.)i species.

\t:in!rnr. conccntrntions of both nitrntc and silica have displLilcd downw d
rtur:.:. !n.. rh. mid 197{)s (Fig. 16, March Lo May lllean vlllues)..rlthough 1996
.,:rl l.r'- d.tlncd f(nn thc overall trends. Diffcrcnces i ong years lrom 1979 to
f . i , i , , l ' t ' \cdr l l r i !e lysrr ic tsro ich ionlet ry .wi ths lopc(erpressedr\Si :Nbymnss)
,l ^ i ,\l: = (,.lil rnd inlercept not signifilrnlly diterent liorr zcro. Inrcrannual
.l::r.lnr.. Jurin{ rhis l3 year pefiod thus srggest lhat Si und nitnrtc wcre supplied
.!nJ i.n\unr.d in rchlive balance. Subscqocntly. tioln 1992 to 1997. interaonual
\.1.:rl,,n\ in \pringtimc Si and NOr-N conlinucd ro exhibir sloichiomerry iodis-
rL,r!r,.hJhl.. fronr lhe eirrlicr yearc (slope = ?.1, SE = l.l). bul the rclationdrip
. \1,1. , r .J  r  . i !n i l ic {nt  posi l i lc  in lercept  (0.56 nrg/ l  S i .  SE = 0.17) .  

' lh is  
suggcsls

Ih. i.'cn.trnce of r siluation ifl which Si conccnuations remain in rclative
.\...\ t,t nirlxrr'dnring pcot spring bloo €onditions. Thc years 1992 to 1997
.d.  .h . r rJ . rcr i rcd by e levr lcd Si rN rnt ios conpared wi th 1979 to 1991.  and in th is
' r$! r  hkr ' .ondi l ions arc bccoming Dore s inr i lar  to  1957.  This s i tuai i {nr  nrry

JlnrdJ lunhcr chflnges in the diato species assembl:rgc loward species with
!rL.nLr clilcicoc) of nitrate utilization.

Cyanobacteria

l-(n!-l(nI changcs in the cyarobacteri.r commnnity of I-ake Wrshington are the
nrrr! rru\c ol rhis l.rke's reputation ir thc nnnals of eutrcphication prublell]-
nil\rn!. Ir r\ prniculndy nolewo hy that thc dominanr tnxo0 during cutrophico-
r! $!\ o\.t//,tdra .Wnlhii. nor ilself an acknowledged N fixc.. ahhough
lrrrdrrd \Fcir\ $e.e subdominanl and ibundant (Fig. 10. Atier rhe emergencc

nt l)ttl'lnlid in 1976. globose colonics of Clmoco..r/r li,n,kti.rs ard Coekr

V)/kr./irr, .(rblished ihemselves during sun ner. alheit ltt low nbsolute biomurs
lc\cl\. lnd rhcy hLrvc been joined occrisionally by Mi.m.),sti\ a?n\inast.
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Colonial coccoid cyanobNclcn.r lChroococcales) do noL produce heterocysrs.
although non-heterocystous cyrnob:rctcrir. including OJr'rl/cron'.r, can lix N in the
drrk whcn thcrc is no production of nirrogcnase-disablinB O, hy photosynthesis, or
iD thc ligh( by sparial separation bctwccn lerobic and anen)hic portions ofcolonies
or by lemporal separation of thonx\nrhcsis a d N ii\arion in ditfcrent phases of
lhe cell c].lc (C^RPENTER & PR( r l(176: Sr\r & KRUI|BIIN 1985: Mrrsrn ct al.
r9E6).

Presence of cy:rnobacterin io Lxke \\'.\hingtr)n. nnd cspecially the prescncc of
N-fixing Ar.rrdexa during eurrophicrlion. rre lull) consistent rvith the k^v rirlios
ofTN: lP prcscnl yc.rr round in rlrc hk. rr thit tinrc (Fi-s. l5). Modern theory rhollL
lhcto$ which deternrinc succc$ ol c\ nobrcteria (HlrNslI{AND et al. 1998b)
identilies nine differenl clcmcnls thrl crch nr!\ .onlrihulc to obsened prttenrs.
Following HrENsrR^ND er !1.. thc\,i nrcl
l. cyanobact€ria nre farored nt l(N hrr\ or'T\ ro Tl':
2 .  cyanobacter ia hr le  compcr i r i \ .  rJ \urr ! . \  r l  l (N l igh l  in lcnsi t ies:
3.cyanobacier iah0vecomFt i r i ! . .d \ . rnrrgc\  h ighpHrndk)wconccntra i ionsof

dissolved uOr:

5 .

7 .

some cynnobacleria exploil t hr ir nbi h r) r(, rcsLr hre buoyrncy by mcans of gns
vlcuolcs to achieve conrpet i l i \c  !u . (e\ \  rn \ ( rb l ! 'Nnler  co lumns:
somc cyrnobnclcr'n gain i eruholi! rd\ rnrrge\ xr clclnted wrier rempcrnrurcs:
mun) l j ] inobicter ia  Jre re\ i ' r , t r r r  r r '  / , ' ' t l . ,1 l l , ' ' l  ! r r / i  l . .
cyflnobrcteria dlar colonizc $xtcr!(nunnr\ lR!rr \cdinrenl:rry rcsling stnges bring
with lhen) n nutfie0t stoltlge nrylLr\ rhrr cnhunlc\ rhcir succcss in lhc plmkroni
non N-ilxiog cynnobncterin hcnclit lR,r| iror!anie N in rhc ftrrnr ol innuooirxn,
bul  thc!  l rc  i  c l l ic icnt  cor  pet i to f \  $ i rh cLrkrr \orcs \ rhen N is  avai lahlc  nra in ly

9. c)!n('hr(l!rir hx\c high r...tuircnrcnr' t,,r tfi.c elcnrcoc comp.rred wirh most

Flnpi r icr l  c \ idcnec l i ) r  lhc u l i l i t \  i , l  I \ :TP f t r io  in  predict inS porent i l l  b luc-

Sreen donrinrucc rcgurdlc\\,t \pL'erc\ hr\ bccn indispolLrble sitce rhe origin l
dernonstrat i ( in  by SMr| |  l l1)81) .  r l lhou!h . \p l rnr l ( ' ry  Lhcory had prevkrusly
focused on N-fixrtn)n b) spccilje lr\r r\ lhc o l\ clcdr mcchrnism {ScHtNDr riR
1977i FrErl et al. 1980). Thc rcx\on rhxr non \,tirers likewise succccd nr low
TN:TP but rot at high ratios hx\ onh r..cnrh br'!o recognized .a .r physiological
conscquence of diflerences berr\ccn pr)kJr\oric ||od cukflryotic nitr tc rcductase.
wiLh lhe cor)seqrenc€ that erkrryot.\. {\pccirll) Insl growing chloroph}tes.
outcompcte blLre-greens when niltutc i\ ! plcntilll soufce of inorgAnic N
(HyENSTRAND et al. 1998a, l99tlh). lix['c.imcnrul clidelce for ihe ahilily ol rhe
chhmphylc &?.rarrlrD to outgros On.i//ar)rid dsdnl/rii ar elevaled nirr c
concentrarions hlls cxisLcd. in Iacl. lbr decndes (AHtcRrN 1977).

Epilinnretic rulios of NOiN lo SRP incrensed by olcr l0-lbld on rveruge
during the recovery e.{ (Fig. l5), bccause P-rich etlluent w$ divsned tio the
lake. Moreover'. tne rcduced londing ol anthropoge0ic l, inro Lhc lake cnused
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r.du.rion in rhe rnired layer biomnss. rcsuhing in cnhanced watcr colunxr
rr.FtJ.cr.\ 3rd ler\ srlere lighr limjlarion during srrurifiration_ Epitinrnetic pH
il..lincJ c.in.idcnr \tith decreased primary producrion. and dissolved CO:
.1lr.cnrr.ni,'n\ iner.rsed. Or.l//.rron.r and allied clanohncteria $us krst compeLi
r \ !ne! \  tD tnnr \  l . l . l .  and 8.  To rhc cxrent  that  unmcasured racc c lements werc
r|\.n.d .,1,,n! s'rh rhe se$ngc.ffluenr. the bloc-sreens could h.r!e sut-ercd frem

l,\uTrr,,n o' (/J.i/[r/on! esaftlhii or O.,?i/r?r..xr populalions afier rcduc,
rrtr1. r. rurri.nr lording appears L(, be a g€neril (Kcu(encc (LEprsro et at. 1999:
ll I B\r r :rfr,r. !s j! ihe obscrvdion rhat in rhc rbselrct ol Ot.'ilh oriatpldntut
r/,,.,. rh. ttr\J At,hari.o emn and ,Uic,rrclJrir enioy success when N:P ririos
\1. , : i r . , l r  (  B\r , l l  er  a l .  1999).  The commonal i ly  ofn lg. r l  conrnNniry rcsponse ro
.1.\.,:.J I \: l P releals I more complex shifr in relnlivc r'! itibiliry oircduced and
,'\ .l:/.J 1n(,rg,nic nitrogcn species. Non N-fixing bluc,grcens ire supposed to rely
L i , r : r r r ! runrnmfesotbrnni t rare(HyrNsrR^NDetal .  lS98l .  l99 i lb) .  Dur ing the
Li , : : , r i r : . . , Ion c | l l ,  d issolvcd inorganic n i l roSen (DIN = NH] + NOr + NO,)  levels
: . r ! . . , r : \  Ic l l  ro  neaFundctectable conccntrat ions dur j rS snl l ] I l rcr  ( ] r ig .  16) .  Thc
r . . r : . : .n '  .nrLr l l  pool  o{  DlN each sumnrer  was donr in led b}  nnnnoniu l r  rnrhcr
:1r . , : r  : : : r .n .  rF ig.  l6) .  Af ter  1967.  DIN never t i l l  qu i rc  as low rs i t  d id i lo ln t96l  L( ,
j . )^-  l .ur  $hcncvcr  DIN isat  i ts  k)wesr  conccnl r : r l ion.  lhc p{x ' t  is  domin cd by
..r:.:i: rr:un' ()rly so k)n8 as DIN concentrarions rcm.rin nbofc rhoul l0 lg/t. or
: . , i j : : r : \  I  L ' \1 .  does n i l r l r€  renujo rhc dotn i0anr  chu ic  l  speeics.

',.. :.i,,,'nr do,nin rcd Lake WishinSton dnring c(nrdhions or t('w TN:Tp. k)w
.:, i:.:i. nr\.J Inrer light intensity. ond lew conccnrralions ot sLrmmcr DIN lvirh

lhc mrin nitogcn source. As nurrienr dilcrsion and diluLion by
r i . .1 : . ,  ' lu .htns c l inr inaled rhcse condi t ions . rnd esrnbl ished h iSher TNi tp,
r ) . . . .  , , i , , , r ,  d i \ i rppcrred t rorn rhe l , r le .

I\'.prL clirtli xrion of$c cxtreme condilions lhnr fhvorcd (/.i{.1//.rror.r. summer
I\ Il' r.rrN h\ nrlss conli ucd to fall below 10:t. sonclinrcs to ris low !s 20:1.
J. \ rh.nr .d unr i l  reSular  N)ni tor in !  lbr  TN was d iscont inued in 1982.  lhese
' r : , , .  . { (  r \ l r i r red wi lh  rhc presence of  both N-t ixn ig and noo N-t i i in !  b tue-
IiJ.:r\ ,rr ,)lhcr hkes, and hcnce it is no surprise that nra such is A2l4,riiorr.,,xrl
t:"' -,!n&. (hnn)q).\'|s. Clrclorphaeriu t, ird Midrd,r/ir h{vo conlinucd ro
nr.r].c nr\!.\r.onlributions to thc lloru each sumnrcr.

Colonial greens and cyanobacleria

Ih. cnr.r!.nc. ol l rge coloninl grcen and bl[c green specics llftef eshblishmenr
t'r th. !rr/.r /It)/rla is best undc.stood in thc conlext ofRErNor D s (l9li.l. 1988)
(hrr.,rr.n/Juon ol lhese colonics as Type III, S . or slow-!rcwiog, srrcss,t0lefIlnr
\tr.r.\ rhrt rr,i r.\isrnnl ro grazing loss and sedi €nLrri(,n_ These lllx inctude rhe
!r..N arr \\ri1 ltdr nnd oLher Oo.larir species. gelatinou! gree colonies. nnd
r({.,'rd !('l,,nirl clanobdcreria. Emergcn.e of Mnr?.\s/ir it rl)Drc recenr yea$
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nuy indiclte thar $e progressile $lming oI Lakc Washinglon durinS lhe s(ond
hall-of1hc 20rh century (Fig. l.l) is lcading ro more thysically slable colldilions in
$'hich Mi.rocrr/ir can profilLrbly extlorl ils buoyancy-rcgtrhting copabilities-

Summary

Thc aim ofthis prper has bccn ro outlinc rhc \.ope ofthc study and to dcscribe the
long lcm changcs in phyk'phnkton nod .n\ironmcntal conditions. Detailed
analyse! of seasonal dynanrics of indi\idurl ta\a in rclation to cnvimnmenlal
lnctors will bc addresscd in iulure rcpofl\ \\t h ve rhown thnt the empiricrl
ch.rnges in L{kc Washington fhyroplankr(nr o\e.-15 yc:rr\ ofconlinuous record nrc
consistent with eslablishcd theor\. and rhrt rhcl- srssesr ndditi(inal lalsifiable
hypolheses. For examplc. we hlporhc\i/r thrr the mixed layer dirk)ms prescnt
.rfter recolcry from eulronhicirion ar(' nrorc eompcritive lbr low SRSi lhan those
spccies prescnt heibre 1976. we nlso dcrni,n\rriitc thrr environmcntrl conditions
conlinle to fuvor episodic presence ol elrllohrercria rn)ong tbc plnnkton €ommu-
nity. We intcnd to prcscnr frnher rcfin.nr.nr. rnd clrlulrion ofm€chnnistic fteory
about light effects, vcnicrl nririns. xnLI Srr/er inrcncrions in th€ near l-rture.

Thc kcy factors pronroting doflinrnc! h\ t)\.illdditlPla kbthrir duting the
eukophicali{)n ern pperr ro bc irs e,nrr^-rili\r rbilitics nt k)w lighl lcvels,
competjlivcness io usin-q annrNnium rr l(^\ 'I\:-lP rnlios- and low loss rates
fro sinking. Srnzirrg. and satcr c\chrnsc. ln rhc tresencc of adeqLrale nitrut€.
LLrke Washinglon produces nluinl] dirr,,fir' shich rppenr lo vary h spccies
conrpositi(nr nlong Si:N of Si:P rxrio lrrdicnt\. Onc ol the ifihcnlial coose-
quenccs of Ddl,/rri.' dorrimncc olcr /)n{t,r,r\ \incc rhe mid-1970s may have
been r lransirion in nutricnl turlcling,lln ni.\ thrl lffected thcsc Erudients
rhrouBh ditl.rcnti!l loss h) sinliinf ol prfli.ul!t. Si compared with N and P
During lhe n)id- lo [ue 1990s. lht hk. (rnLrl kr e\hibir x feversal ol-the tfend in
Si:N crtablishcd lftrr rceo\.r\ tro r rulrophi.arion. rnd so luturc changes in
dintr)m composiln)n nrighl bc lnticiparr'd

Analyses of l-ake Warhinlron phllr)plunlk)o conlnunilics by differenl objcc'
tive $latis(ical cllslering crileri lirilcd ro eo \crge on fl common set ol spccies
cdegories. This obscrvation ruggclt\ rMr rhc interplay bctween environmental
facto$ and species \ucress is characrerircd b\ rhresholdr. feed-backs. and ofter
nonlirear fcatures rhot lr.e oulsitlc rhe priori con\rrainrs of the staristicil m(xlels.
Applicalidr of our long-ierr) cxperiencc $ilh l-nke mshirgton lo olhcr lakes
inplies that hLrnting for pfliterns in the lbscnee of mcchanistic iheory nnd ideas
rbout causolily will not be mcrninglul bcenu\e ercn wilh a nassivc dru ser fte
slatisli(al resulls will vary wirh the assumptions bchind $e erhods rs much or
more so than witb any naturnl proccsses thal the merhods are ir)mgindl to
elucidate. Theory bllsed on coNpetilion for light lnd nutrienrs. and incorporating
intcracrion with loss rarcs, seems to provide a powerful aod consistent explanatr)ry
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famework for the major changes in phltoplankton of Ldke Wash;ngton during a
half century of observation. At the intemnnual lemporal scale of this report, the
effecr\ of grazers on community cornposilion seem to be inextricably linted to
changes in the nutrient dynamics oI the lale.
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