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Abstract
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lntroduction

ln l99l Lhe National fr lar inc Fishcries Senice

l isted t ire Snakc River stor 'k ol sockere salmon
(.Oa nrhtdtus nerlia) as cndangered under the En-

dangcrcd Species Act. Five high-clcvation lakes in

the Sawtooth Vallel of Idaho t 'ere formcll l  habi-

trt lbr these rnadr-omous fish. -{fter residing in thc
lakes for 1 2 ve:rrs. the juvenile socleve smoltcd

and bcgun their 1,100 km migration to the Pacif ic

Ocean via the Salmon. Snake and Columbia ltivers.

Aftcr '  2-3 vears in the ocean. malure adults

felurned to thc rcaring \!alersheds to spa$n
(Bjornn er al.  I968; lr laho Fish tnd ( iame. pcrs.

comrn). Histol ical lv. rcturning adult sockeve

salmon l ikely ercreeded 10,000 f ish (Everm:rnn

1896. cited in tsjornn et dl.  19611). and rcturncd

to at lcast f i , 'e lales in the Saltooth Valler. As late

as the 1950's nrmber-" exceeding ,1.000 rere

reported (Bjornn et ol. 1968). Since that timc lhe
number . l1r 'etulning acltr l ts has decl ined such that
onlv lbur indi l iduals returned in l99l and ont:

in 1992. The clecl ine oi this stock is l ikely clne to
a s)nbination olproblcms associated with pass:rge
through dams on thc Colunrbia. Snale and Salmon
River svstems and commercial and recreational
fishing prcssurc.

Tn thc fal l  of 199I i ! 'e be€ran an asscssmenL of
the rearinpl habitats ftr juvenile sockeye salmon in
five Sartooth Valley Lales (Redlish, Alturas. I)cttit.
Stanlc,v and Yellos,Belly Lakes). S'c cramined a
larictv o imnological condit ions thal could af lecl
thr: abiliLr- of each of the lakcs lo sLrpporl groi!'th
and improve sun' ir .al of juveni le sockeve salmon.
Progen,v liom the four rcturning adult lish and the
out-migranl srnolts in 1991 comp sc a captive
brood-stocL for this cnclanger-ed species ,.rnit. One
oi the goals of our resear( h prograrn ivas to com-
pare the rcaring cn!ironments of each of thc f ivc
lakes to heip fishcries managers evaluate str tcgics
for rclcasing juveni les from the brood-stock pro-
grarn back into the lakes.

Sor:keve salmon arc cold-$ater fishes that pre
1ir tcmpcratures less thal 15c(l  and oxygcn con-
dit ions greater than 5 mg L 1 (BrctL l9tt i3; Kvle
et.al.  19BB). I 'hey arc visual l l -  feeding zooplankti-
\ores \.ulnerable lo a variely of pisci!otous l ishes
(Bulgner 1992). Stucl ies hale suggested thdt
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growth and surr ival ol jureni le 0. ner*n in lales
are closclv l inkcd to zooplanlton biomnss (H1att

anrl  Stockner 1985). chlorophrl l  o l l lc irnan and
N'Ie1ers 1992), and \olurnc of the eLrphoLic zone
(Kocn ings  anc l  BL r r ke t t  191 ]7 ) .  I n  t h i s  papc r - l c
presenl inform:rt ion on hkc lnolphomdrn- .  lenper-
alure. o\vgen. alt l  l ight prof i lcs. ancl phvtoplank-
lon and zooplankton populat ions in the lakes. We
lbcused on seasonal und clcpth-rclated clif{i'renr:es.
Si 'c thcn conrparcd these l irnnolc- 'gical condit ions
arnong lhe lakes to assess thc potcntial plorJuction
c,I juveni le sockerc solmon in cach. and usecl this
, " ,mp r r i - r , r r  t , ,  ' r . r lUa t -  n r , r nJec rnc r l l  - l r J l " : i ,  -

clesigned to assist irr the recovery ofthis population.

Methods
'lhe 

routinc sanrpling rr'lrorted here ol the live lakes
bcgan in N'[av ol L992 and ended in Octobcr of
1992. Lakes rrcrc sarnplcrJ 3-,1, t i rres in NIav and

Junc and once ererv I0 r la,vs lor the rest of thc
scason. Addit ional Lernperalure and oxygcn px)-
f i lcs viere measrLred in some of the Iakcs irr Apl i l
and \o!ember.

At thc cleep stat ion in each lake. t 'c sarnplcd
temperature. or$gcn. and light profiles. < hloroph,vll
cdrcentrat;ons. anrJ phl Loplanktorr and zooplank-
ton pol)Lrlat ions. ( ihlorophJl l  and zooplankton sarn-

1 ,1 . -  r . - r -  , , ' l l e r t ed  . r l  t l ' r ,  r d , l  t i un r r l  - r . i t i , ' r -  , , r l

each lake. lhe rnethodologr uscd is described in
greater detai l  bclol fbr cach \af iaLle meastLfed.

Lake lvlorphometry

Vc uscd an t ro-soundel l inked l i th a global posi-
t ir)nini l  svsten (( iP-{) to chart thc bathyrnetlv ol
each Iake in October'  1992 using the methodologv
ol ( lubala et a1. 1199.1). Dcpth data ir .orn an Ameri-
can Pioneel Fishscopc TT ccho-soLrnder (6.5' be:rm
anglc. 160 kHz), and posit ion dat:r f iom a Trim
l , l e  I ' r t h f i r l l - r  P ro le - - i n r r . r  t  ' l ' S  u r r i t  r ' ,  r ,
recorded on a dt l ta loggcr al 2-second interva]s :r-"
our boat cnrised al 2-J nl/s along transects in cach
lakc. For the di l f i rent sized lakes t 'e rccordccl bc-
t $ ,  c r  i l ( ' r ,  . r r r , l  l -  l 0  dep t l ,  . r r r , l  pu - i t  , ' n  1 " ' i r r t . .
Bec,ause lhe [].-\. Departrnent of Dclcnsr: dcgradcs
the satel l i te-transmittcd Cl 'S daLa through SeleG
tive Availabilit_-v. un(:orrccle(l lo.ltion measule-
rrcnls r,an Le al) lo I(X) m in error ' .  Conscqucnlh.
ne correctecl our. posit ion data bv retrrrcl ing der, i
ations of a CIjS unit fired at the S.urtooth Natiomrl
Fish I latchen r lhich is within 2.1 km irorn thc fur-
thcst lakc. The OPS posit ions recorded in thr boal
wele Lhen di l i i rentialLv correctccl for lhcsc clcvia-

t ions l i th Assct Sune,'  soft lare ol Tl ible Nrviga
tion. Ltd. gi! ing r l inal accuracv of appfoximalclv
+ 2-m. In arl l iLion to the ( lPS locations. $e t ld-
ded I60-570 points fol Lhe perineters oI the lakes
b,v digit izing t S(iS topogruphic maps (7.5 '  sr:r ies).
Bccausc le did our-surlev in October at thc cncl
oi the h,vdlologic rear during a si\-vci i f  droughl.
$c incrcascd rach ofour depth reading-. bJ O.J I
lo rnore . losel!  represent normal lrdtcr condit ion,.
in thc lakcs.

Temperature and Oxygen

VcrLical lrrol i les oi ternperature lnd oxrgcn u'crc
taken at l-5-m intcr'\'als rr ith a YSI N'lodel 58 Di-"-
solr.ccl Orvgen \Ieter. Periodir:allr throughout thc
field -season. thc oxrgcn contcnl of waler frorr three
dcpths las neasured $' i th the Winklel method to
veri i l  thc accur-acv of the YSI probe (APHA

1992 ) .

L ght Extinct on

Vert ical plof i les ol l ight intensitv lcrc nrca,.urcd
:rt  the deep stnt ion using a suLnersible Li ( lor '

l \ Iodel LI-t  8{tB photonrctcr. \ ' lcasurcmcnls were
takcn at 2-nr inr,rerrenls frorn the surface to 2B-m
deep. Thc cxtinction coel'ficierrt (S'etzel 1913i3) was
Lhcn calculated :r-s the sk4re of thc rcgrcssion of
ln (% surlace intcnsity) against clepth.

\\ ialer lr-ansparencv t:rs aLso mcasurcd at thc
deep stat ion *i th a 20-crn black ancl vhite Ser:chi
r l isk and recc,rded as the mean of thc dcpth r,rhcrc'
thc Sccchi r l isk cl isalrpeared rnd reappearcd.

Chemica Ana ys s  of  Nutr  ents

An intcgratccl epi l i rrneti t  lake tater '-rample $as
r.ol lected at the cleep stat ion in cach lakc bv lou'er-
ing r r\,cightcd 0-6,1-cm diametef Tvgons tube a) m
inlo lhe water col lrnrn and clnplving Lh('  (  ontents
inlo a l- l  botl le ior chloloph_vl l  o, phrtoplankton
and chcrnical anal\sis. Samlles fbr dissolved in-
organic nutr ient analvscs lnitralc-n; lrogen (NO"1

and solublc rcarl i lc ph(|sphofoLrs (SRP)l nere
fi l tererJ Lhrorrgh a 0.,15 pm rncmbranc f i l tcr 2-6
hours aftcr col lccl ion anrl l rozen LrnLi l  anahsis. [ ,n-
f i lLered s;rmlr les rrere analrzed for total phospho-
rrrs (Tl ')  anrJ total Kjeldahl nitrop(en (TN).

Chlorophy I and Phytop ankton

In rddit ior to the epi l imnelic inteSrated tubc sam-
ples describecl above. on somc datcs \!c also

Cubala13,1 tsrrr lv. T,Lret,ke. S'.ultshaugh. ()ross, and



collected metalimnetic and hJpolimnetic samples
rvith a Krrnmcrer watcr bottlc for chlorqrhl'll and
la \onomic  ana l , r scs .  F { ) r  r ou t i ne  ana l yses  o f ch lo -
roph,vl l  we l i l terecl 50-ml al iquots on 0..15-pm cel-
lulosc acctatc membran{r illtcrs. (Jn t$o datcs lrc
dso fract ionatcd thc latcr sarnplc bv f i l tcr ing with
0.1-prl  ancl 1.0-prn \uclcoporc mcmbr-anc f i l ters
ancl 30-4rn \ i tcx nvlon scrccns to cstabl ish thc
lt lat irr  chlorophvl l  contcnt of dif ferent size frac-
Lions oi |hl toplankton. The f i l ters were either tern-
pornrily fiozen or placed directlv into 6 ml of 1000/o
buffr:red rnetharrol and e\tracled in the dark for
24,-. l l i  hr aL roorn tenl)eraLure. The e:.tracls r lere
then analvzed f luororneLrical lv (Holrn-Hansen l lnd
Rieman I978) with a Turner model 1I l  f luolom-
eter caLibratetl r,;ith standard chlorophyll a (Sigma).
After the irr i t ial  reading the samples r lere acidi-
i iecl l i th t to dlops of I .0 N H(l l .  and reread to
corrcct l i rr  phar- 'ophvtin.

S'e colletrecl sarnples for elgal enunleration and
biomass esl imales l iorn the sune 0-6-m tube sam
ples taken lbr chlorophvll analyses. Addition.rl sam-
plcs lcrc occasional lv takcn in lhc mclal imnion
and hvpolimnion 1() e)iamine the chan€le in species
compos i l i on  l i t h  dcp th .  Wc  p rcsc rve rJ  t he  sam-
ples using Lugol-. solution and sub-.equently
f i l tcrccJ a singlc 100 m1 al iqLrot fronr each depth
,.trata sanrpled on 0.4,5-prn cel lulose acetate rnern-
lr lane l i l ters al lor l ' racuum pressures (0.3 atm.).
'lhe 

lilters 1{ele then clearcd and mountrd in
mcthacrvl ic rr:sin fol lowing thc procrcdure ol
Orumpton {198;). (lell-. nere identilled and
counlcd al , tr00X-magnif icat ion in 50-100 f ields
lhat tr:rnsl'ersed the filter to take into account tht'
tendencv of cclls to conccntrdtc on thr cdgc of thc
f i l tcrs (Holrnes I 962). The dirrensions of a mini-
rnurr of l0 indir, iduals in each tara \, !ere taken.
rnd biololumes subsequentlv calculated $sumin€l
the algae conforrnecJ to f ixed georrretr ir :  shapes.

ZoopLankton

Six veltical zooplankton tolr's wele collected on
cach drtc using a \{r isconsin stvlc zooplankton nct
mr:asrrr ing iS5rrrn in diarneter ancl lJ0-cm Lrng r, ' i t l r
B0-4m mesh. A (lenelal Oceanics 11or,". meter t'as
Lrscd lo dctcfminc nct r: f f i r : icncrv and volunre sarrr-
pled. The llol meter 1{lls mocliliecl on request to
Cerreral Ocearrics lo pre\cnl revcrse f lou of lhe
mcter. Zool) lankton \rere sarnpled over 2 depth
r:rnges. a 10 m to su ice to\! and a hottom to sur'
facc torr. at cach of thc thl-cc statidrs. Zooplank-

ton lere preserved in 100/o neutralized formalin

Wr-'  i r lcnt i f i  cd four clarlocr- 'ra lDothnio rotea,
Ilosntina longircstis. Hclopedium gibberum. Pol -

phenus pedicuLtts). one calanoid copepod
(Epischurtt nerudensit) and sc\.clal spcc,ics of cy-
t lopoid copeJrocls (Thorp anrJ Corich -t991).
Zooplankton l,".ere enumerated and measuled in
lcpl icatcd 1-5 mL sub sarnples taken u,i th a
Hcnscn-,\tcmpcl pipcttc and placcd in a circular
counting dish. Individual lengths of each species
\rcrc measLrrrd lrorn cach sarnple and rnean hnglh
for each taxa las calculated. Biomass was tleter-
mincd for cach spccics Lrsirrg the proccdurcs and
linear repJression equations described by XIc(lauley
(198,1) and Kocnings er ol.  {1987).

ln addition to our routinc zooplankton sam-
pling, mid summer vertical distribution and diel
rnigrat ion of zooplankton was erarnined in Redfish
and Stanley Lakes bv collectinpl depth-stratilied
zooplankton tols during dav and night pcriocls.
Zooplankton were col lected using a closing net
equipped r,ith a flo* mctcr. Samplcs ncr-c collcctccl
from Redlish Lake betleer 1100 1230 h on 3 Au
gL rsL  1992  and  be tween  0 -120  h  on : t r  AL rg r r sL
1992. ' l r , ;o 

lcpl icatc samples wcrc col lcded fr l)m
each 5-m depth strata f iom 0 20 m. each 10 m
stratr from 20-40 m" and each 20-m strata from
4(lBO m. Tlo sam;rles were col lected lrorn the
bottom-80-m. Samples rrere collected from Sttn-
lev Lake between L'150-I5:10 h on 2 August and
bctwccn 100 h-200 h on 3 Augusl. Tlo r-cpl icatc
samples l'ere collected liom each 5-rn depth strata
from Lhe bolLom to the .f lcurlace. Densi lv of each
cmstrcedn taxa $crc cstimatcd according to thc
melhr)ds ci led above. S'e used an Anova lo u)m-
pare dilllrences in depth distribution oi individual
zooplankton spccics bv dar and night (t imc-bv-

depth interaction).

Results

Lake lVorphometry

l \ Iorphomctric cf iaractcrisLics of thc f ivc lakcs arcr
described in Table l. The morphometrv map ol
Reclf ish Lake is shc-,rn in Figure 1. and rnaps ol
thc othcr foul lakcs arc arai lablc in Sparrlding
(1993). Redlish Lake had the pgeatest volume, sur-
face area and rncan marimum clepth. Yel lo* Bcl lv
and Slanlev \rere the smallesl lales in the basin.
containing onlv .1{/n of thc volumc of Rccllish Lakr.
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TIBLE 1. I'lo.pholosical chrutterisLir s ol the fire snrdv lakcs.

lleplll

Volune Uax;mum
(n lx  106)  ln , )

I ledf iJ ,  b. l5

figure l. tr'lorphorr:rric map sith depth ,onrours in merefs
lor Redfish Lak..

Temperature and Oxygen

Seasonal development of thermal stratification lvas
similar in eaclr of thc lakes. 'fernperaturc 

and oxv,
gen proliles 1or all fivc lakes on 3l July 1992 are
shol,".n in ligrrre 2. }la-rimum surface tcmperatures
rcached IBoC. whilc hypoJimnetic tcmperatures

rycre 4o(l or,er thc cight months sampled. Surfacc
temperaturcs reached a high of IBoC only for a
short period in late July and early August and re-
mained between l2-160(l for the majori ty of thc
summer. Thc thermocline dcvdoped in mid-May
and was €ieneralh, located betrveen B-m and lB-m
in the dceper lakes (Redfish, Alturas. and Pctrit)
and between 8-m and l5-m in the shal lot 'er lakes
(Stanloy and Yellon Bellv).

Dissolved oxygen ler.cls in mid-May ranged
liom 10 rng,/L near thc surlirce to 4 mg/I, near the
bottom o[ all lakes. The YSI mctcr readings var-
icd rdthin 0-1606 oi thc Winkler measurcmenrs
$hen comparing both dif ferent dcpths and lakcs.
As thermal strat i f icat ion evolr.ed, oxygur colcen-
trations rvcre reduced in the hvpolimnion oI all thc
lakcs. Lorv levels ofdissolved 0, (( i3 mg/L) rvere
mcasured at depth in all lakes except Rcdfish. The
lot oxvgcn lcvels were locatcd a ferv meters ofl
the bottom in AlLuras (45-50 m). Sranley (22 25
m), and Ycl low Belly {21-25 m) but tere found
as shallo$, as 40-m in Pettit Lakc. Pcttit. Stanley
and Yellow tsellv Lakes exhibited prolonged
periods where lhe bottom $'ater remaincd below
2 m g O ,  l L .

A metal imnctic oxygen maxima of approxi-
mately l0 mg/L dcveloped in Alturas. Yel low
Belly, Pettit and Stanley lakes in mid-summer. This
marima lasted for as short as 12 days (Pettit) and
as long as 2 months (Aituras). Redlish Lake did
rr ' ,1 '1, \ , lup a di-r inr1 m, l l l imnctic o\\g, n ma\imr.

L ght Extinct on and Transparenc,
'l'he 

depth of the nominal photic zone (19/o light
extinction levels) in cach lake was approximatclv
I.5-2 t irncs the Secchi dcpth. The relarionship be-
tl.cen the 1o/o light lcvel and the Secchi depth rvas
linear whcn data lbr all five lakes rvas ombined
(v : ,1.5 + 1.5x; R']  :  0.451). The rclat ionship
rvas much tightcr iflight extinction and Secchi werc
examined for each lake individuallv.

The Sawtooth lakcs were quite clcar.. with Se<:
chi depth transparencies ranging from 5-18 m (lig-
u r ' .  3 i .  I n  mo \ t  u f  t hc  l nke .  t r anspa renc ie -
increased, frorn \'lav through Scptcmber. Trans-
pnrancies in Stanlev Lake were lower than in the
other lakes and had a d;ffcrcnt seasonal pdttern.
Much ofthe week-week variabiliry in Secchi deprhs
$as duc to calm lersus $'ary conditions that al-
fected our measurements.

Depth

ttu il
3.: ]B
1 .62

269.9
108.2
.15.0

10 .3
10.:t

Yclloiv BelL: 0.73

Stanl , , !  0.Bl

9 l
53
52
26
26

11
:J2
2u
t,1
t 3
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TEMPERATURE (  
"C)

Chemical Analysis of Nutr ents

Mean seasonal epiLimmetic TP and TN con.rentra-
t ions langed l iom 6-11-pg/L and 66-102-pglL
respectively. and TN:'l P ratios ranged from a lorv
ol 6:I  ro a high of 11.5:1. X' lcaD seasonal concen_
trat ions ol dissolvcd nutr- icnts wcre Lxl t i th SRp
and NO3 ranging from undetectabie ralues to 2.3
4gll- and,1.0-9.,1 pgll respcctivelv. Inter-vear and
. , . r - o r r : r l  f l r r ,  t r r r t i o r r .  o r  . l imn te  . r n r J  t imnu log i , : r J
conditions have a large eflicr on Sawtooth Vallev
LJ l , - s  nu l r i cn t  com l ' o - i t i , ' n .  bu r  r he .e  l l uc tua r i un -
do not effcct the relarivc rankings of productivirv
among the lakes.

Ch orophyll and Phytoplankton

Mean cpilirnnctic concenrration ofchlorophvll o for
the l ive lakes ranged from 0.44 ro 0.90 mg/m3.
n'ith indir'irlrral values rangirrg lrctm O.22-2.28
mg/m'. The highest cpi l imnctic clr lorophvl l  con-
centration lor each l:rke occurred on 9 May. *.hen
the f irst measurementsl\ ,ere taken (Figure 4) ap-
proxirnatclv 2 l,".eeks afier spring overturn. Thc
minimum cpilimnetic chlorophyll concentr.ation [or

cach lake occurred in July and August. EpiJimnetic
chlorophvll increased during autumn as thc ther-
mor:Jine began to erode.

Depth profiles indicated pronounced lncreascs
ol cblrrophyl l  o in the metal imnia and hypolJmnia
of thc lales. l'or example. in mid-scpLerlocr rn
Rcdfish Lake. cpilimnetic chloroph,vl o concen-
tralions rvere 0.49 mg,/L. but at 40-m thev rcachecl
2 .27  mg .  l n  mo- r  . , | .  r hes ,  l a l , " -  r h "  , 1 , . . n  , 1 . , 1o -
rophyll ntxima were located near the I o/o light
level thcre Lemperatures rvere 5-6o(l (Figure 5).
The dcep chlorophvll manima uere locatcd approx-
imately 5-10-m belorv the metalimnetic oxygen
maxirna.

Size-fractionation of epilimnetic tater revealcd
a similar size distribution ol phvtoplankton in each
ol the five lakcs (Figure 6a). Seventy{rvo to gl yo
of thc chlorophyll in the five lakcs was distributed
in size classes that would bc available to her-
brvorous crustacean zoopli tnkton (0.45-30 pm;
Reynolds l9B4). Only ,X ro 12olo of rhe phlrloplflnk_
ton ir thc live lakes r.as largcr than 30 pm. ln Red,
lish Lake, size-fractionation analysis o1 samples
col lectcd at four depths (0-6 rn. 15 m.35 m, and
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B0 m) indicated that 60 to 8201) ofthc phyloplank-

ton at cach r lepth w:rs of a grazable sizc (Figure

6b ) .

Thc phvtoplankton taxa. cxcrnpl i l ied bv those
in Reclf ish Lake. wclc dominated bv di i t toms ({,) '
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cLoteLla sp., Tahellaia sp., and liaglldia sp.),

chrrsophytes \Dinobr,ton sp..).  chLt 'rophltes

\ChLamydomonas sp. antl  small  chlorococcales),

and a small  coccoid c,_anobactcria. Ncarlv al l  of

thc phytoplankton $ere small .  and thc mean
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equiv.rlcnt spherical diameters lbr all of thc tara
ranged frorn about 4 to 12 pm. PicrrplankLon (( 1

l.nt rrcrc prcscnt and sometimes abundant; ho$-
ever. thesc miclobcs were not identilied becausc
$e r\ere mosl interestecl in thc primarr producers
directl,v available to the macrozooplankton prc,v of

O. nerl;o..

ln thc epi l i rnnion of Redfish Lakc. algal bi-
oma-rs 1{as moderatclv high lrorn Afril to X{:rv. with
a pcak in the lasl t \ro iveeks of Junc (Figure 7a).
During spring the communitv l ,as dominatcd bv
Dinohryon sp., vcr-\ '  small  unidenLif ied spherical
grccn algas ol the order chlorococcalcs. and dia-

toms (rlinc\ralll Qclotella sp., Tabelkrria sp., ancl
I'ragilaritt sp.). In earlv July the algal biovolumt:
plrrnged hv an order of magninrde frorn Lhe spling
ma:<inrum high, and became dominated bv small
cvanobacteda rnd l)izobrlrrn until the end of Au-
gusL rhen di:rtoms and thc grccn alg,ae Chlanndo-
montzr sp. appcared (Figule 7b).

Algnl biovolumc \!as lotest in Redfish Lake.
ancl highest in Yellow Belly Lakc {Figure 7a). Sea-
sonal changes in algal biovolurne in all lakes vere
lariable. but generally indicatcd higher algal abun-
dancc in spring and lower biovolumc b--v mit l-
-qummer (l'igulc 7u). I'hytoplankton in the dccpcl
* 'atcrs of Redlish Lake rverc morc abrrndanl and
h:rd a di lTerent taronomic composit ion than those
in thc cpi l imnion. In Jul,v. the epi l imnetic bi-
ololume l 'as dominatcd by cyanobacteria (780/0.).

Dinobntn sp. (I00i).  and diatoms (B7o). AL Lhe
top of the mctal imnion (1,tr m), algal biovolumc in-
cleased sJightly duc to an increase in Dinobryon
sp. Tn the hvpolimnion (80 m). thc lotal biovolume
$,as nearlv ninc timcs greaLer than in the epiJim-
nion and was dominated bv diatoms. In August.
the epi l imnion communitv \ !as composed ol dia-
torns (3890 br volumel, ChLnnldononas sp.ll'Bt'/o)
and small chlorococcalcs (l 19ir). Chkunfdontonas
sp. cl isappealed in the uppcl mctal imnion (I4 m).
as diatorns incr-cased 1o represent B99o ofthc com-
muniLv. Near the dccp chlorophyl l  maxima (3. i-m)
(! igure 6b). thc biovolume was nearl,v eight t imcs
higher than in the epi l imnion. and the relat ivel l
large or colonial diatoms. AsLetioneLLtL sp., Slnedru
sp.. and Clclotel la sp. r 'eprcscntcd 990h oi the hi-
or.olumc (Figrrre 6b).

Zooplankton

Scasonal patLerns ol crustacean zooplanklon den-

sih, and biomasses incl icatccl that the epi l imnion

oi Redfish and Alturas Lakes contained the lo\,est
biomass throughout lhc season compared to the
othcr lakcs (Figure 8). Pett i t  Lake had a high dcn-
sitv but lot biomass of crustaccans car-lv in the sea-
son o\r ing to lhe doninance oi small-bodicd
Bosrniro. The dominance ol Bosrnina in Alturas
Lakc thrr-rughorrt the season lesultcd in moderatel\'
high dcnsiLies of total crustaccan zooplankton but
ttrnsistently lol  biomass n'hcn cc)mpared to the
other lakes. All fivr lakcs appeared more similar
in zooplankton abundance when onlv dcnsitv was
conside|ed, but total biomass csl imates indicated
differences among the lakes (Figure B a.b).

Redfish ancl Altulas Lakes had verv lot' bi-
omasses  o f  c rus lacean  zoop lank ton  1 r ' i t h
Holopedium d.ominating rnost ofthe season in Rcd-
fish and Bosmino dominating in Alturas (Figure 9
a,bi.  ToLal crustacean zooplanklon b'omass re-
mairred belor' 25 p,gl1 in these lakes in mid-
summer. The (.arnivorous cladocclan Pohphernts
erhiliitecl a substantial incrcasc in Alturas irnmedi-
aLelv after the mid-summcr dccline of &xnrina and
Hokryerlium. Neither oI thcse Lto lakes had abun-
darrt populations of Daphnkl or copepods in thc
ep i l imn ion .

Pettit, Slanlev. and Ycllo* Ilclly lakes had
higher cladoceran dcnsi l ics than Alturas or Red-
lish {}'igure 9 c,d,e). Pettit and Stanlcv Ldkcs ex-
hibited a clistinet seasonal succcssion ofcladoceran
spccics in rvhich HoLopedium compriscd most ol
the biomass in early summcr. and Daphnia,Tomi-
nated during late summer and eall,v fall. The
preclatory oopepod ETrischzrz contributcd to thc
cruslacean biomass of Stanlev T,akc. and Dr4rlr[ia
dominated thc zooplanl.iton of Yellow Bellv
throughout the year.

Zooplankton densit ies estimated lrom bottom
to sur{dcc to\\,s rlere generaliv loler than vihrcs
cstimated in the epi l imnion in al l  lakcs. Clclcpoicl
copep(xls. ho1{ever. r{erc mudr morc aburrdanL in
the lrypoJimniorr in cach of the lales. Ht'lopcdiunt
:rnd / ip ( ir&, 'a were more abundant in thc cpi l im-
nion than in the hvpolimnion. Dcnsit ies ofBosninn
and Ddprrriiz $ere similal in cpilimnetic and thole
!rater column ton's, Whole water crrlumn lows may
have over-emphasizcd zooplankton ta.:ia that oc-
curred in thc hvJrolimnion because ofthe dccrcasc
in net efficienc,v as the net was pullcd through Lhe
deep chlorophyll marirna that contained net-
clogging f i larnentous algae ( l ' igurc 6 b).

Vcltical distribution ol zooplankton in Rcclfish
Lake on 3 ALrgusL 1992 indicated that dif lcrcnt
zooplankton taxa segregated according to depth

Limnolo. l-  of Sa$tooth Vallev Lakes 141
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clul ing thc day (! ' igure 10). At mi{ l-dav.
HoLopediutrt  $as concentralcd in thc cpi l imnion
Rnd lnetal imni{)n attaining pcak densit ies of . l  in
di l iduals l ,  '  in thc 5 10 m st lr ta. Olclopoid cope-
pods were rnosL abundanl irr  thc hvpolimnion
attaining pcak densit ies of I .7 indir iduals L '  in
the botlonl stfata. BoJ_rniro \\'as present throu€ih
out thc water column but i tas more concenlralrd
in the deelrer l 'atcrs. Daphnio and I 'oLlphernus
were prcscnt in vcrr '  lo$, numbers throughouL the
rJtcr column,

An A\OVA el iamining the LirneJr, '-clepth in-
Leracl ion sugl icslcd that the common crustaceans
moved up iD the \, !atef colurrrrr clr l l" ing thc night.
Ihtlopetlium rnovcd slightlv liom a mean depth of
10 rn dul ing the da,v to 7-rn el nighl (Fr/s= I 7.8.
P < 0.001). Bo.rmino rnigratccl ertensivelv l iom a
nreurr dcpth of 46-m dul ing the dat to l5-n at
niglrt  (F'7s:28.f l .  P < 0.001). Crt lopoicl copcpods
crhibitccl srrall movernents. lnigrating lrom a mean
clepLh ol 7l-rn during thc dav to 5B-m at night,
but this dif ierence nas not signif icant (F17s:0.38.
P  >  0 .05 ) .

The vertical distribut ion of (,ntstaccan zoopllnk-
torr in Stanlcv Lakc rras similal to that ol Redfish.
Durirrg the day HoLoperLit tm \\as conoenlraled in
the elr i l imnion. r 'hcrcas clclopoid copepods 1\,ere
concerrtrated in the hypolirnniorr.  Dophnia us
presenl throughout thc l ,ater column but mo-rt
abundant in the l0-I5-n strata. Flpischura was
mosl abondanl in lhc uppcr ponion ol the \rater
column. An A\OVA indicated that diel diffeleru:es
in lert ical distr ibution uere signif icarrt for ' /)ap,4-
niu lhich occupicd a mean depth of l1.B m dur'-
ing the day ancl 7.9-rn cluring the night than cluring
thc dav ( l ' ' r . '=4.70. P<0.05). Hoktpediun alsct
lras located higher in thc r, 'utcr colunrn during the
night iF1,a = 8.46, l '  < 0.05). C_vclopoid r:opepc,ds
becarne more concentrated near the bottom of thr:
l ake  c l u r i ng  t he  r r i gh t  (F , r r=21 .5 .  l ' <0 .01 ) .  \ o
signif icant di l ferences in diel changes in the verLi-
cal disLribution of E2irciaro las apporcnt in Stan'
ley Lake.

Discussion

Results irom thc limnological suqrling indicaLed
that al l  i lve lakes ale suitable for rearing juvcni lc
sockeve salrnon. Tcmpcrature and o\ygen condi-
t ions within a large port ion of cach lakc fcl l  l  i thin
lhe lolerancc mngc of socteve (< 17o(1. > 5 nrg
OrlL. LeBras-"eul et aL. l97l l \ .  Tn Rcdfish Lake

ncarl,v ul l  of thc water column las within lhese
tolerance ranges through(rut thc scason. ln the
oLher' lakes Lhe boltum 5-15-m olt 'ater contained
insuff icicnt o\vgcn to suppo permanent oc( upa-
t ion bv socke,ve sahnon. Subscqucnt sampling in
thcsc iukcs has indicatecl that the lo\r deep
hvpolirnnetic oxvgen levcls arc duc to incompiete
mixing of the water column in the sprirg arrd/or
fal l  (LuecLe and S'urstbaugh, unpublished data).

' lhc 
arnple volume of\, !aLer uith suitable tcm-

peratlrle and o\ygen conditi{)ns sLrggcsts that sock-
eyc salmon could bchrviorally select rtater depths
that prol ide best condit ions for growlh and sur-
vival. Brctt et al. (1969) suggesl lhal sockeve
should choose !, ,ater ternpcraturcs around l5oC
to optimize conlersion el l ic ienc,v of lood. This
h1'pothesi-s \rould pfedicL Lhat juvcnilc sockc,ve
-calmon $ould residc in cpi l imnctic raters in the
fir'c ltkcs. tsrctt (1971) subsecluentlv shored. how-
e\ 'er. that salmon seldon usc tclnpelatules ol
1 5 .  c .

T,ight condit ions indicated that sockeve salmon
could feecl visual l l -  during thc dav ncar the bol-
Lom of Stanlcv. Pctt i t  ancl \el low Belly Lakes
(0.10/o oi sur'fice liglrt.,{li 1959. Le,'v 1990). Con-
verselv. f i -qh roLrld cross thc 0.19/o surface Jiglrt
isolume at appro:<imatel,v,15-m in { l turas ancl
55-m in Reclf ish Lakc. Although zooplankton den,
sities .rre lor,".in all the lakes. the high light cnviron-
menL should faci l i tate foraging juveni le socleve
salmon.

Le,"- (1990) indicatcd that juveni le sockeve
salrnon in lakes rvith piscivorous lish populations
1\ 'ere concentrated during the dav at dcpths (antl

light lcvcls) that could be predicterl lrorr light cx-
t incLion (k) according to thc rclat ionship:

D e p t h  { r n )  :  1 5 . 4  k '  +  J . 2 3

Thcsc rcsults caused Lev! (I990) to hypothesizc
that juveni le sockeve salrnon should bchavc so as
Lo a\oid visual prdators durin€r the day and choose
an energeticallv efficient Lernpclanrrc at night. His
hl pothcsis prcdicts that juveni le sockete salnron
lould reside aL Lhr boltom ofal l  f ive lakes during
thc clav. uncl move to epilimnelic areas at night.
'l'he 

high light enrironrnent in thc Suntooth Valle,v
LaL ' -  r na r  r na l - j r n .n i ] ,  - r , ,  k ,  r ,  - r r l r non  p , r r t i " u -
lalll vulncrablc to ilsh pi-.civores in that little dav-
tirne refuge exists for Lhese pre,v fish.

' l  
he nutr ient and chlorophvl l  d;rta suggcst that

al l  of thc Sa*tooth Vallev lakes are ol igotrophic.
ancl that f i -qh froduction r, ; i ]1 conscquendv be

Lirnnolog,v of Savtrnth Valle,v Lakes 1,15
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l i rrr i ted bl basic lake ploductivi t ,v. Although tc cl id

not mcasure primu-v production dircct ly in this

slLdy. subscqucnt $orl  in l tcdf ish Lake has sho*n

a closc corlelation bctween epilimnctic chlorophyll

concentrat ions and prirnarv production ((Jross et

o1. f99,[).  rs iL of ien is in ol igotrophic lakcs ( i .e

Stockrrer ancl Hvatt 1984). l 'urthcrmole. both nu-

l f ienl and chlorophyl l  conccnlrat ions havc been

used succcssirllv to prcdict fi-"h production in lentic

srstern-s (C:ul ine l9tt6). 
' Ihc presence of deep-

t{lorophrll l:ryels in thc lales ma,v. however. con-

found pnJidions based on epi l i rnnetic chlorophyl l
lcvels. as a considerable arnount ol primaf!

production in thcsc lakes ma,v occur in lhe meLrlinr-

nia and hvpolimnia (Shortrcecl and Slockner

r990).
A rrumber of a(rLhor-( havc derivetr st,cxcrc

gror, i th or prorluct ion talucs from nurserv lakes

given limnologicnl inlbrmation o{ the tvpc coller:ted
in oLrr. sludv. l l icman and \ leycrs (1 992) indictcd

that Secchi hansparenct and epi l imnctic chlo-
rophvll levr:Js proricled thc best pretlictors of the

growth of 0. rerAa in ldaho I-akes. Kocnings and

Bulkett ( 1987) describcd a signilicant posiLive rela-

t ionship bet\recn the rolume ofthc eLrl)hotic zonc

irnd the densit,-v ol socke,ve srnolLs in a serics ol

I laskan lake-". In aclcl i t ion to these rcgression ap-
proaches, Waltcn cI 41. {1991) and Bud,v et ol.
(  l99l l)  har.c consLructed simulal ion modcls lo e)i-

amine thc rdationship bctl ten zooplankton hi-

omass and juveni le sockc._c grolt th within a

hioencr-gctics r:ontert (Bcauchamp ct al. l9B9).

These approaches can be uscd lo assess the

potcntial fbr each of the live lakcs Lo serle as d

rcaring envi lonmcnl for 1he endangered stock ol

srxrkeve salmon. These modcls proride a diffcrcnt

rankinpl of thc lakes in terms of sockeve gr-olrth

potcntial (Table 2). l'he chloroph--vll and -qecchi

relat ionships ( l l ieman ancl l lyers 1992) indicated

that Stanley t 'ould proride the bcst condit ions lbr
juvcni le growth and lhat Pett i t  l roul( l  plovide thc

r,rorst.  The euphoLi. zone modd (Koenings ancl

Burkett l9B7) predicted that Redlish and PetLit

$ould produce almost 800 smolts pcr hectare (Ta

blc 2). *hereas Stanley and Ycl low Bellv rvoulr l

I ' r " duc "  . , n l '  l r a l f  t l r r t  : rm , ' r r r r t .  P re l im in rn  . im ' r -

lations of r zooplankton foraging-energctics model
(Budy ct a.1. 1993) suggcst lhal grolrth ol jureni le

-rockc,vc salmon Nould be greatest in Ydlow Bell1.

Stanlc,v. and Pettit Lakes (cle-scendirrg order) and

poorest in Redfish and Alturas (Table 2).

A conrparison oI thc lreight ci O. nei;a calt'

lured in rnid-t 'ater tra*ls in Septelnbcl of 1992

lith thc ranking-. of caclr oI the potcntial sockeye

gr.oir'th or pfoduction models sug€{ests thill the Sec-

chi ancl zooplankton models providcd lhe closest

l i t  to Lhe obscn'cd grornh of julcrr i le 0. nerktt in

the lakcs lTable 2). The t l  orophrl l  rnodel

prcdicted 1:rrger fish than ocflurcd in Lfawl catchcs

frorn the lakes. Precl ict ions from the Secchi modcl

cre similal to the ob-"erled sizc of lish capturccl

in Redlish Lake. but predictcd larger iish than rvere

r,aplured in Stanlel Lakc. The zooplankton
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simulal ion model correctlv ranked the growth of
l ish in the lakes. brrr the range of f ish lengrhs
among Lhc lakes $as greak-'r than prcdictions froln
the -simrrlr t ions. l t  was Lrnl ikelr rhat the eLrphotic
zoner ploduction rnodcl lr.ould pror.ide a good rank-
ing ol potrnt ial production ol sockcve rn rnese
l r i ; : h l r  l r r r r - p . r r en t  l r r ke -  r r  r l r . r r  r l r i -  r nuJe l  $ r -
clcsignecJ fol use rlith stainccl or glacial lakes r,".irere
l ight l imitat ion of phvtopJanktcu is comrnon.

Rcsult-.  of this srurlv indicatccl that cach oI rhc
f ivc lales r.ould suppor.t  juvcni le sor.kcve salmon.
but that the potential gfowlh and rhcrel irre sunival
(Pelrrson and DeAngclis 1993) of thcse f ishcs
vould varv sevcral-Iold among thc lakes. Further,
basccl on l inrnological inforrnation prcscnted hcle,
the lakcs can all be considered oJigotrophic ancl
thrrs relat irclv unpr-oductive rcaring lakcs 1or.sock-
,  ! .  -HJ rn , , n .  T l r -  l r i g l r * '  z , " , p l nnk r , , r r  h i o rn . r - - ,  -  i r r
StaDler-. Pett iL and Yello* Bei lv Lakes indicates
thal gror,th of juleni lc sockevc salrnon would be
greater in thesc laLes cornpared to Rediish and Al-
LLrras. Horrcver. Rcdfish is the onlv lake that not'
supports a sockcve populat ion. and Alturas is Lhc
onll other lake Lo har.e had rccetrt adult sookcve
rcturns (Bol, les and Cochnauer 1984). Planned
modif icat ion of lol,watcr darns on the outl lot of
Staniey anrl Pett i l  T, kes. in addit ion to possible
l 'hole lake fert; l izat ion aimed at incr.easing loocl
availabiIit,v for.julorile -.ockcve, makcs these lakes
attradive fof rcintrodLlct ion of cndangcrcd Snakt:
River -(ockcve Salmon.

' l 'he 
cl i f fcrences in zooplankton biom:rss in the

lakes mav be, in parl .  r lue to dif fcrenccs in the
abundances of zooplanktivorous f ish in cach lake.
Ycl lot 'Bcl ly Lakc. l i th a high zooplankron bi-
omass conla;ns onh cutthroat lrout that ol ien feed
prefirentialh on benthic inver.tebrates raLhcl than
zooplanklon (T-uecke 1986). Likel ise. l ,ett ir  Lakc
is dornirratcd br brook troLrt ("Srzlrelin us fontinalil,
bul l  trout (5. tanfluentus). stockcd rarnbow. troul
(Oncorh,vu:hus zrl*is.r). ancl a small population of
rcdside slriners (Riclonlsonits balteatus). Stanley
Lakc ha-s sercul trout species" rcdside shiners. and
kokarrcc salmon (resident O. rcrka). BoLh Rediish
and Alturas L:rkes hnve large populations oi
kokancc salmon that mav prel- on lurger z(xrpranK-
ton arxJ depless their abundancc. Compcti t ion be-
t lrecn kokance salrnon and rcintrocluccu -.orrr<cve
- . r lm .n  r , r i r r  r he re io re  l r e  rn  rm f , , r t r r t  , , . r r , - i , l n r l , , -
l i , , r r  l u r  r e r r r r ,  r r  o f  t hn  e r rd . rnye re , l  . 1 ,ec ie - .

Addit jonal lv. Lhc abundance of piscivorous
fishcs irr thc lakes mav alfecrt sunival ol jrrvcniie
(J. aer*a. Strnlev and Yellrr.Bellv r.*es appcar
to have highcr abunrJances of piscirorous l ish lhan
arr plesent in Redfish and Alturas lakes (Spauld-
ing 1993). Consequentll. lhcre ma1, r,"ell be a tracle
ol l  belr, ;een grorr.th potcntial and mofral i tv due to
predator-r.  Addit ional piscivorc assessment and
nodcling efforts arc needed bcfbre thc tradcoff!
hetw.cen sockeye grot'th and surt.ival can be
propcrlv eraluated ftrr these lakes.

Considclat ion ofboth rhc potenLial grourh and
sunival of juveni lc sockevc salmon is essential be-
fore plans to rchabilitaLc this entlangered stock arc
l inal ized. Our l imnological work has providccl a
template f irr  l l l ture rnanagemcDt opt;ons and re
search. Inrestigatiols of published sockcve moclels
i r r ' l i ,  r t ed  t h r r t  u r r .  h i , r ' r r e rge r i I s  zoo l , Lnk ton  t , , r . r g -
ing model pruvidecl thc mosl rcusonablc resrrlts for
lhis svstem and t lrat futurc lork should include
a morc r ipJorous f ield rest of the model. Our l i rn-
nological data demonstrates thcse f ivc lakes are
felat ivelv unpr.oductivc and sLrggesrs that the ad-
diLion ol fert i l izer. an approach oi ien used L{) in-
crease the natulal lv high sockeve producrion in
Brit ish Columbia and Alaskan sockel,e lakes (Kvle
et ol.  I9g3: Stockncr 1981. 1992; Stocr<ncr ana
Hvatt 198,X). mtv enhance endangered soclevc
salmon gro$' lh and thus sun ival.
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