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Abstract

Recovery efforts lor Snake River sockeve salmon were inilialed in 1991 in response 1o a decline in the number of returning adults
and listing of this pepulation under the Endangered Species Act. We examined limnological conditions in five nursery lakes within
the historicul runge of this population and emphasized factors that likely affect 1he growth potential of juvenile sockeye salman.
Results of this sampling were intended to facilitule management decisions concerning stralegics lor restocking progeny from a cup-
ture brood-slock pragram. Temperature, oxygen, lighL. chlorophyll. phytoplankton, und zooplankton were sampled in each luke
from May lhrough Qetober of 1992, Results from limmological sampling indicated that all five lakes would be suitable for rearing
juvenile sockeye, but that the lakes varied considerably in the species compoesition and abundance of zooplankton. Qur results indi-
caled thal sockeve salmon would not be limited by oxvgen or temperature conditions in any of the five lukes. Light levels were
suitable for visual feeding W near bottom depths in three of the lakes (Pettit. Stanley, and Yellow Belly) and through 70-90% of
the water column in the other two lakes (Redfish and Aluras Lakes). We ranked the five lakes bused on growth potential of juvenile
sockeve using published relationships of limnologicu! variubles and (ish growth. Zooplankton food among lakes resulted in preo-
nounced differences in the growth potential of juvenile sockeye salmon suggesting the zooplunkion foraging/bivenergetics madel

was more suited for prediclions of socheve growth in thes
for juvenile sockeve appeared better in three of the lake

syslems than the other relationships compared. Although prowth petential
Il five lakes are relatively unproductive. Thus a whole-lake fertilizalion,
similar to nutrienl enhancenent approaches used in Aluskan and British Columbian sockeye nursery lakes, and the impact of pis-
civary should be considered before final recommendations for recovery plans are evaluated.

Introduction in 1992, The decline of this stock is likely due 10
a combination of problems associated with passage
through dams en the Columbia, Snake and Salmon
River svstems and commercial and recreational

fishing pressurc.

In 1991 the National Marine Fisheries Service
listed the Snake River stock of sockeye salmon
{Oncorhynchus nerka) as endangered under the En-
(1;1n%(‘rcd Species Act. Five high-clevation lakes in Tn the fall of 1091 we began an assessment of
the Sawtooth Valley of Idaho were formerly habi- . . ) = .

’ : the rearing habitats for juvenile sockeye salmon in
five Sawtooth Yalley Lakes (Redfish, Alturas, Petiit,
Stanley and Yellow Belly Lakes). We examined a
variety of limnological conditions that could aifect
the abilily of each of the lakes 1o support growth
and improve survival of juvenile sockeye salmon.

tat for these anadromous fish. After residing in the
lakes for 1-2 vears. the juvenile sockeye smolted
and began their 1400 km migration te the Pacific
Ocean via the Salmon, Snake and Columbia Rivers.
After 2-3 vears in the ocean, malure adults

returned to the rearing walersheds te spawn
(Bjornn et ¢l. 1968; Idaho Fish and Game, pers.
comm). Historically, rcturning adult sockeve
salmon likely exceeded 10,000 fish {Evermann
1896, cited in Bjornn et al. 1968}, and returned
to al least five Jakes in the Sawtooth Valley. As late
as the 1950%s numbers exceeding 4,000 were
reported (Bjornn et al. 1968). Since that time the
number of returning adults has declined such that
only four individuals returned in 1991 and one
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Progeny from the four returning adult fish and the
out-migrant smolts in 1991 comprise a caplive
brood-siock for this endangered species unit. One
of the goals of our research program was to com-
pare the rearing environments of each of the five
lakes to help fisheries managers evaluate stratcgics
for releasing juveniles from the brood-stock pro-
gram back into the lakes.

Sockeye salmon arc cold-water fishes that pre-
fer temperatures less that 15°C and oxygen con-
dilions greater than 5 mg L™ (Breil 1983; Kyle
et,al. 1988). They are visually feeding zooplankti-
vores vulnerable to a variely of piscivorous fishes

{Burgner 1992). Studies have suggested that
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growth and survival of juvenile (. nerka in lakes
are closely linked 10 zooplanklon hiomass (Hyatt
and Stockner 1985). chlorophyll ¢ (Reiman and
Mevers 1992), and volume of the eupholic zone
(Koenings and Burket 1987). In this paper we
present information on lake morphometry. lemper-
alure, oxygen, and light profiles, and phyloplank-
lon and zooplankton populations in the lakes, We
focused on seasonal and depth-related differences.
We then compared these limnological conditions
among the lakes to assess the potential production
of juvenile sackeye salmon in cach, and used this
comparison 1o evaluale management strategics
designed to assist in the recovery of this population.

Methods

The routine sampling reporled here of the five lakes
began in May of 1992 and ended in Octeber of
1992, Lakes were sampled 3-4 times in May and
June and once every 10 days for the rest of the
scason. Addilional lemperature and oxygen pro-
files were measured in some of the lakes in Aprit
and November,

Al the deep station in each lake, we sampled
temperature, oxygen. and light profiles. chlorophyll
concentrations, and phyloplankion and zooplank-
ton populations. Chlorophyll and zooplankten sam-
ples were collected at two additional stations on
each lake. The methodology used is described in
greater detail below for cach variable measured.

Lake Morphometry

We used an echo-sounder linked with a global posi-
tioning syslem (GPS} to chart the bathyvmetry of
each lake in October 1992 using the methodology
of Gubala et al. {1994). Depth data from an Ameri-
can Pioneer Fishscope I ccho-sounder (6.5° heam
angle, 160 kHz), and position data from a Trim-
ble Pathfinder Professional GPS unit were
recorded on a data logger at 2-second intervals as
our boat cruised at 2-4 m/s along transects in cach
lake, For the different sized lakes we recorded be-
tween 860 and 1540 depth and position points.
Because the 1.S. Department of Defense degrades
the sateliite-transmitted GPS data through Selec-
tive Availability. uncorrecled location measure-
menls can be up 1o 100-m in ervor. Consequently,
we corrected our position data by recording devi-
ations of a GPS unit fixed al the Sawtooth National
Fish Hatchery which is within 24-km from the fur-
thest lake. The GPS positions recorded in the boat
were Lhen differentially corrected for these devia-

tions with Assel Survey software of Trible Naviga-
tion., Ltd. giving a final accuracy of approximately
= 2-m. In addition o the GPS locations. we ad-
ded 160-570 points {or the perimeters of the lakes
by digitizing USGS topographic maps (7.5 series).
Because we did our survey in October at the end
of the hydrologic vear during a six-vear drought,
we inercased each o our depih readings by 0.5-m
Lo more closely represent normal water conditions
in the lakes,

Temperature and Oxygen

Verlical profiles of temperature and oxvgen were
taken at 1-5-m intervals with a YSI Model 58 Dis-
solved Oxygen Meter. Perlodically throughout the
field season, the oxygen content of water from three
depths was measured with the Winkler method to
verify the accuracy of the YSI probe (APHA
1992),

Light Extinction

Vertical proliles of light intensity were measured
at the deep station using a submersible Li-Cor
Model LI-1 88B photometer. Measuremenls were
taken at 2-m inerements {rom the surface to 28-m
deep. The extinction coellicient (Welzel 1983) was
then calculated as the slope of the regression of
In (% surface intensity) against depth.

Waler transparency was also measured at the
deep station with a 20-cm hlack and white Secchi
disk and recorded as the mean of the depth where
the Secchi disk disappeared and reappeared.

Chemical Analysis of Nutrients

An integrated epilimnetic lake water sample was
collected at the deep station in each lake by lower-
ing a weighted 0.64-cm diameter Tygon® tube 6-m
into the water column and emplying the conlents
into a 1-1 botile for chlorophyll &, phytoplankton
and chemical analysis. Samples for dissolved in-
organic nutrient analyses |nitrate-nitrogen (NOj)
and soluble reactive phosphorous (SRP)| were
fillered through a 0.45-pm membrane filter 2-6
hours after collection and lrozen until analysis. Ln-
filiered samples were analyzed for total phosphao-
rus (TP) and total Kjeldahl nitrogen (TN}.

Chlorephyll and Phytoplankton

In addition to the epilimnetic integrated tube sam-
ples described above. on some dates we also
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collected metalimnetic and hyvpolimnetic samples
with a Kemmerer water bottle for chlorophvll and
taxonomic analyses. For routine analyses of ¢hlo-
rophyll we filtered 50-ml aliquots on ().45-pm cel-
lulose acetate membrane filters, On two dates we
also fractionated the water sample by filtering with
0.1-pm and 1.0-pm Nuclecopore membrane filters
and 30-gm Nilex nvlon screens to establish the
relative chlorophyll content of different size frac-
tions of phytoplankton. The filters were either lem-
porarily frozen or placed directly into 6 ml of 100%
buffered methanol und extracted in the dark for
24-48 hr al room temperature. The extracts were
then analyzed fluoromeltrically {Holm-Hansen and
Rieman 1978} with a Turner model 111 fluorom-
eter calibrated with standard chlorophyll @ (Sigma).
Afier the initial reading the samples were acidi-
fied with two drops of 1.0 N HCL and reread to
correel for phacophytin.

We collected samples lor algal enumeration and
biomass estimates from the same 0-6-m tube sam-
ples taken for chlorophyll analyses. Additional sam-
ples were occasionally taken in the metalimnion
and hvpolimnion 1o examine the change in species
composition with depth. We preserved the sam-
ples using Lugol's solution and subsequently
filtered a single 100 mi aliguot from cach depth
strala sampled on 0.45-pm cellulose acetate mem-
brane filters al low vacuum pressures (0.3 atm.).
The filters were then cleared and mounted in
mecthacrvlic resin following the procedure of
Crumpton {1987). Cells were identified and
counted al 400X-magnification in 50-100 fields
that transversed the filter to take into account the
tendency of cells to concentrate on the edge of the
filters (Holmes 1962). The dimensions of a mini-
murm of 10 individuals in each taxa were taken,
and biovolumes subsequently calculated assuming
the algae conformed to fixed geometric shapes.

Zooplankion

Six vertical zooplankton tows were collected on
cach date using a Wisconsin style zooplankton net
measuring 35-cm in diameter and 80-¢m long with
80-pm mesh. A General Oceanics flow meter was
used Lo determine nel efliciency and volume sam-
pled. The flow meter was modified on request to
General Oceanics 1o prevent reverse flow of Lthe
meter. Zooplankton were sampled over 2 depth
ranges, a 10-m to surface tow and a hottom to sur-
face tow, at cach of the three stations. Zooplank-

ton were preserved in 10% neutralized formalin
solulion.

We identified four cladocera (Daphnia rosea,
Bosmina longirostris, Holopedium gibberum, Poly-
phemus  pediculus), one calanoid copepod
(Epischura nevadensts) and scveral species of cy-
clopoid copepods (Thorp and Covich 1991).
Zooplankton were enumerated and measured in
replicated 1-5 ml sub samples taken with a
Hensen-Stempel pipette and placed in a circular
counting dish. Individual lengths of each species
were measured lrom each sample and mean length
for each taxa was calculated. Biomass was deter-
mincd for cach species using the procedures and
linear regression equations described by MeCauley

(1984} and Koenings et al. {1987).

In addition to our reutine zooplankton sam-
pling, mid-summer vertical distribution and diel
migration of zeoplankton was examined in Rediish
and Stanley Lakes by collecting depth-siratified
zooplankton tows during day and night periods.
Zooplankton were collected using a closing net
equipped with a flow meter. Samples were collected
from Redfish Lake between 1 100-1230 h on 3 Au-
gust 1992 and between (-120 h on 4 August
1992, Two replicate samples were collected from
each 5-m depth strata from 0-20 m, each 10-m
strata from 20-40 m. and each 20-m strata from
40-8(} m. Two samples were collected from the
bottom—80-m. Samples were collected from Stan-
ley Lake hetween 1450-1530 h on 2 August and
between 100 h-200 h on 3 August. Two replicate
samples were collected from each 5-m depth strata
lrom the bollom Lo the surface. Density of each
crustacean taxa were estimated according to the
methods ciled above. We used an Anova to com-
pare differences in depth distribution of individual
zooplankion specics by day and night (time-by-
depth interaction).

Results
Lake Morphometry

Morphometric characteristics ol the five lakes are
described in Table 1. The morphometry map of
Redfish Lake is shown in Figure I, and maps of
the other Tour lakes are available in Spaulding
i1993). Redfish Lake had the greatest volume, sur-
face area and mean maximum depth. Yellow Belly
and Stanley were the smallest lakes in the basin,
containing only 4% of the volume of Redfish Lake.
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TABLE 1. Morphological characteristies of the five study lakes.

Depth Depth

Arca Volume Maximum Mean
Lake (km?) (m?x 105 (m}) {m)
Redfish 6.15 269.9 91 44
Alluras 3.38 108.2 53 32
Peliil 1.62 45.0 52 28
Yellow Belly 0.73 10.3 26 14
Stanley 0.81 10.4 26 13

REDFISH LAKE

Figure 1. Morphometric map with depth conlours in meters

for Redfish Lake.

Temperature and Oxygen

Seasonal development of thermal stratification was
similar in each of the lakes. Temperature and oxy-
gen profiles for alt five lakes on 31 July 1992 are
shown in Figure 2. Maximum surface temperatures
reached 18°C, while hypolimnetic temperatures

were 4°C over the cight months sampled. Surface
temperaturcs reached a high of 18°C only for a
short period in late July and early August and re-
mained between 12-16°C for the majority of the
summer. The thermocline developed in mid-May
and was generally located between 8-m and 18-m
in the deeper lakes {Redfish, Alturas, and Pettit)
and between 8-m and 15-m in the shallower lakes
{(Stanley and Yellow Belly).

Dissolved oxygen levels in mid-May ranged
from 10 mg/L near the surface Lo 4 mg/l, near the
bottom of all lakes. The YSI meter readings var-
icd within 0-16% of the Winkler measurcments
when comparing both different depths and lakes.
As thermal stratification evolved, oxygen concen-
trations were reduced in the hypolimnion of all the
lakes, Low levels of dissolved O, { <3 mg/l.) were
measured at depth in all lakes except Redfish. The
low oxygen levels were located a few meters off
the bottom in Alturas (45-50 m), Stanley (22-25
m}, and Yellow Belly {(21-25 m) but were found
as shallow as 40-m in Pettit Lake, Pettit, Stanley
and Yellow Belly Lakes exhibited prolonged
periods where the bottom water remained below
2mg O, /L.

A metalimnetic oxygen maxima of approxi-
mately 10 mg/L developed in Alwras, Yellow
Belly, Petiit and Stanley lakes in mid-summer. This
maxima lasted for as short as 12 days (Pettit) and
as long as 2 menths (Alluras). Redfish Lake did
not develop a distinel metalimnetic oxvgen maxima.

Light Extinction and Transparency

The depth of the nominal photic zone (1% light
extinetion levels} in cach lake was approximately
1.5-2 times the Secchi depth. The relationship be-
tween the 1% light level and the Secchi depth was
linear when data for all five lukes was combined
(y = 4.5 + 1.5x; R* = (.431). The relationship
was much tighter if light extinction and Secchi were
examined for each lake individually.

The Sawtooth lakes were quite clear, with Sec-
chi depth transparencies ranging from 5-18 m (Fig-
ure 3). In most of the lakes transparencies
increased, [rom May through September. Trans-
parancies in Stanley Lake were lower than in the
other lakes and had a different seasonal pattern.
Much of the week-week variability in Secchi depths
was due to calm versus wavy conditions that al-
fected our measurements.
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Chemical Analysis of Nutrients

Mean seasonal epilimnetic TP and TN concentra-
tions ranged from 6-11-pg/l. and 66-102-pg/L
respectively, and TN:TP ratios ranged from a low
of 6:1 10 a high of 11.5:1. Mean seasonal concen-
trations of dissolved nulrients were low with SRP
and NO; ranging from undetectable values 10 2.3
#g/L and 4.0-9.4 pefl. respectively. Inter-year and
scasonal fluctuations or climate and limnological
conditions have a large effect on Sawtooth Valley
Lakes nutrient composition, but these fluctuations
do nat effect the relative rankings of productivity
among the lakes.

Chlorophyll and Phytoplankton

Mean epilimnetic concentration of chlorophyll o for
the five lakes ranged from 0.44 to 0.90 mg/m®,
with individual values ranging from 0.22.2.38
mg/m®. The highest epilimnctic chlorophyll con-
centration for each luke occurred on 9 May, when
the first measurements were taken (Figure 4) ap-
proximately 2 weeks after spring overturn. The
minimum cpilimnetic ¢chlorophyll concentration for

cuch lake oceurred in July and August. Epilimnetic
chlorophyll increased during autumn as the ther-
mocline began to erode.

Depth profiles indicated pronounced increases
of chlorophyll @ in the metalimniz and hypolimnia
of the lakes. For example, in mid-September in
Redfish Lake, epilimnetic chlorophyll & concen-
tralions were 0.49 mg/L, but at 40-m they rcached
2.27 mg. In most of thesc lakes the deep chlo-
rophyll maxima were located near the 1% light
level where lemperatures were 5-6°C (Figure 3).
The deep chlorophyll maxima were located approx-
imately 5-10-m below the metalimnetic oxygen
maxima.

Size-fractionation of epilimnetic water revealed
a similar size distribution of phytoplankton in each
of the five lakes (Figure 6a). Seventy-two to 91%
of the chlorophyll in the five lakes was distributed
in size classes that would be available to her-
bivorous crustacean zooplankton (0.45-30 pm:
Reynolds 1984). Only 4 to 12% of the phytoplank-
ton in the five lakes was larger than 30 gm. In Red-
fish Lake, size-fractionation analysis of samples
collected at four depihs (0-6 m, 15 m. 35 m, and
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80 m) indicated that 60 to 82% of the phytoplank-
ton at cach depth was of a grazable size (Figure

6b).

The phytoplankion taxa. exemplified by those
in Redfish Lake, were dominated by diatoms (Cy-

clotella sp., Tabellaria sp., and Fragilaria sp.),
chrysophvtes (Dinobryon sp.). chlorophytes
{Chlamydomonas sp. and small chlorococcales}),
and a small coccoid cyanobacteria. Nearly all of
the phytoplankton were small, and the mean
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equivalent spherical diameters for all of the taxa
ranged rom about 4 to 12 um. Picoplankion (< 1
pm) were present and sometimes abundant; how-
ever. these microbes were nol identified becausc
we were mosl interested in the primary producers
directly available to the macrozooplankton prey of
0. nerka.

In the epilimnion of Redfish Lake. algal bi-
omass was moderately high from April 1o May, with
a peak in the last two weeks of Junc (Figure 7a).
During spring the community was dominated by
Dinobryen sp., very small unidentified spherical
green algas ol the order chlorococeales, and dia-
loms (principally Cyclotella sp.. Tebellaria sp., and
Fragilaria sp.). In early July the algal biovolume
plunged by an order of magnitude from the spring
maximum high, and hecame dominated by small
cyanobacteria and Dinobryon unlil the end of Au-
gusl when diatoms and the green algae Chlamydo-
monas sp. appeared (Figure 7h).

Algal biovolume was lowesl in Redfish Lake,
and highest in Yellow Belly Lake (Figure 7a). Sea-
sonal changes in algal biovolume in all lakes were
variable, but generally indicated higher algal abun-
dance in spring and lower biovolumc by mid-
summer {Figure 7a). Phytoplankion in the deeper
walers of Redfish Lake were more abundant and
had a different taxonomic composition than those
in the epilimnion. In July. the epilimnetic bi-
ovolume was dominated by cyanobacteria (78%),
Dinobryon sp. (10%), and diatoms (8%). Al the
top of the metalimnion {14 m}, algal biovolume in-
creased slightly due to an increase in Dinobryon
sp. In the hypolimnion (80 m). the total biovolume
was nearly nine times greater than in the epilim-
nion and was dominated by diatoms. In August,
the epilimnion community was eomposed of dia-
toms (38% by volume), Chlamydomonas sp. {48%)
and small chloroceccales (11%). Chlamydomonas
sp. disappeared in the upper metalimnion (14 m),
as diatoms increased to represent 89% of the com-
munily. Near the deep chlorophyll maxima {35-m)
(Kigure 6b). the biovolume was nearly eight times
higher than in the epilimnion, and the relatively
large or colonial diatoms, Asterionella sp., Synedra
sp., and Cyclotella sp. represcented 99% of the bi-
ovalume (Figure 6h).

Zooplankion

Secasonal patlerns ol crustacean zooplankton den-
sity and hiomasses indicated that the epitimnion

of Redfish and Alturas Lakes contained the lowest
hiomass throughout the season compared to the
other lakes (Figure 8). Pettit Lake had a high den-
sity hut low hiamass of crustaceans early in the sea-
son owing to the deminance of small-bodicd
Bosmina. The dominance of Bosmina in Aluras
Lake throughout the season resulted in moderately
high densilies of total crustacean zooplankton but
consistently low biomass when compared to the
other lakes. All five lakes appeared more similar
in zooplankton abundance when only density was
considered, but total biomass estimates indicated
differences among the lakes (Figure 8 a.b}.

Redfish and Aliuras Lakes had very low hi-
omasses of crustacean zooplankton with
Holopedium dominaling most of the season in Red-
fish and Bosmina dominating in Alturas (Figure 9
a.b). Tolal crustacean zooplankton biomass re-
mained below 25 pg/l in these lakes in mid-
summer. The carnivorous cladoccran Polvphemis
exhibited a substantial increase in Alturas immedi-
alely afler the mid-summer decline of Bosmina and
Holopedium. Neither of these 1wo lakes had abun-
dant populations of Daphnia or copepods in the
epilimnion.

Pettit, Stanley, and Yellow Belly Jakes had
higher eladaceran densities than Aluras or Red-
fish (Figure 9 ¢.d.e). Pettit and Stanley Lakes ex-
hibited a distinet seasonal succession of cladoceran
species in which Holopedium comprised maost of
the biomass in early summer, and Daphnic domi-
nated during late summer and early fall. The
predatory copepod Epischura contributed to the
cruslacean biomass of Stanley Lake, and Daphnia
dominated the zooplankion of Yellow Belly
throughout the vear.

Zooplankton densities estimated from bottom
to surface tows were generally lower than values
estimated in the epilimnion in all lakes. Cyclopoid
copepods, however, werc much more abundant in
the hypolimnion in cach of the lakes. Holopedium
and Epischura were more abundant in the epilim-
nion than in the hypolimnion. Densities of Bosmina
and Daphnia were similar in epilimnetic and whole
waler column tows. Whole water column tows may
have over-emphasized zooplanklon taxa that oc-
curred in the hypolimnion because of the decrcase
in net efficiency as the net was pulled through the
deep chiorephyll maxima thalt contained net-
clogging filamentous algae (Figure 6 b}

Vertical distribution of zooplankton in Redfish
Lake on 3 August 1992 indicated that different
zooplanklon laxa segregated according to depth
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during the day (Figure 10). AL mid-day,
Holopedium was concentrated in the epilimnion
and metalimnion attaining peak densities of 4 in-
dividuals 1" in the 5-10-m strata. Cyclopoid cope-
pods were most abundant in the hypolimnion
attaining peak densities of 1.7 individuals L in
the hottom strata. Bosining was present through-
out the water column bul was more concentrated
in the deeper waters. Daphnia and Polyphemus
were present in very low numbers throughoul the
water column.

An ANOVA examining the lime-by-depth in-
leraction suggested that the commeon crustaceans
moved up in the water column during the night.
Holopedium moved slightly from a mean depth of
10-m during the day to 7-m at night (F,,3=17.8,
P <0.001). Besmina migrated extensively from a
mean depth of 46-m during the day 10 L5-m a1
night (F1,5=28.8, P<0.001}. Cyclopoid copepods
exhibited small movements, migrating from a mean
depth of 71-m during the day to 58-m at night,
but this difference was not significant (F,,5=0.38,
P> 0.05).

The vertical distribution of crustaccan zooplank-
ton in Stanley Lake was similar to that of Redfish.
During the day Holopedium was concentraled in
the epilimnion, whereas eyclopoid copepods were
concenirated in the hypolimnion. Daphnic was
present throughout the water eolumn but most
abundant in the 10-15-m strala. Epischura was
most abundant in the upper portion of the water
column. An ANOVA indicated that diel differences
in vertical distribution were significant for Daph-
nig which occupied a mean depth of 11.8-m dur-
ing the day and 7.9-m during the night than during
the day (Fy,4=4.70, P <0.05). Holopedium also
was located higher in the water column during the
night {F,.=8.46, P < 0.035). Cyclopoid copepods
became more concentraied near the hottom of the
lake during the night (F,,4=21.5. P<0.01). No
significant differences in diel changes in the verti-
cal distribution of Epischura was apparent in Stan-
lev Lake.

Discussion

Results from the limnological sampling indicaled
that all five lakes are suilable lor rearing juvenile
sockeye salmon. Temperature and oxygen condi-
tions within a large portion of each lake fell within
the tolerance range of sockeye (< 17°C, >5 mg
(,/L, LeBrasseur ef al. 1978}. ITn Redfish Lake

nearly all of the water column was within these
tolerance ranges throughout the scason. ln the
other lakes the bottom 5-15-m of water contained
insufficient oxyvgen to support permanent oceupa-
tion by sockeye salmon. Subsequent sampling in
these lakes has indicated that the low deep
hypolimnetic oxyvgen levels are duc to incomplete
mixing of the water column in the spring and/or
fall (Luecke and Wurstbaugh, unpublished data).

The ample volume of waler with suitable tem-
perature and oxygen condilions suggests that sock-
eve salmon could behaviorally select water depths
that provide best conditions for growth and sur-
vival. Brett et al. (1969) suggest that sockeve
should choose water lemperalures around 15°C
to optimize conversion efficiency of lood. This
hypothesizs would predict that juvenile sockeve
salmon would reside in epilimnetic waters in the
five lakes. Brett (1971) subsequentiy showed, how-
ever, that salmon seldom usc temperatures of
15=C.

Light conditions indicated that sockeve salmon
could feed visually during the dayv near the bot-
tom ol Stanley, Pettit and Yellow Belly Lakes
(0.1% of surface light, A 1959, Levy 1990). Con-
versely, fish would cross the 0.1% surface light
isolume at approximately 45-m in Aluras and
35-m in Redfish Lake. Although zooplankton den-
sities are low in all the lakes, the high light environ-
mentl should facilitate foraging juvenile sockeye
salmon.

Levy (1990) indicated that juvenile sockeve
salmon in lakes with piscivorous fish populations
were concentraled during the day at depths (and
light levels) that could be predicted {rom light ex-
tinction (k) according to the relationship:

Depth {m} = 154 k' + 1.23

These results caused Levy (1990) 1o hypothesize
that juvenile sockeve salmon should behave so as
Lo aveid visual predators during the day and choose
an energetically efficient lemperature at night. His
hypothesis predicts that juvenile sockeye salmon
would reside al the bottom of all five lakes during
the day. and move to epilimnetic areas at night.
The high light environment in the Sawtooth Valley
Lakes may make juvenile sockeye salmon particu-
larly vulnerable to fish piscivares in that Tiule day-
time refuge exists for these prey fish,

The nutrient and chlorophyll data suggest that
all of the Sawtooth Vallev lakes are oligotrophic,
and that fish production will conscquently be
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TABLE 2. Potential growth or preduction of juvenik: sockeve saimon in five lakes of the Sawtooth Valley. Chl (chloraphylly and
Secchi relationships are from Ricmuan and Mevers (1992), the EZ (eupholic zone) model from Koenings and Burkett
(19871, and Lhe ZOOP (zooplanklonfenergetics) model is from Budy et al. (1994). Values represent predictions of the
madel in cither lengths of age-0 fish in September {mm TL) or production of smolts (# 7 ha). The number iv parentheses
refers Lo the rank given cach lake in 1erms of sockeve production for a particular model. The Tust row of data refers
10 €. nerka collecied in mid-water trawls. NA indicates that no data were collected.

lLake

Model Redfish Alturas Pettil Stanley Yellow B.
Chl (mm TL} G0 100 98 108 99
{Rank) 3.5) 2y (5) 4R] {3.5)
Secchi imm Tl [i5) o7 43 134 79
{Faunkt 1] {31 151 1) 2}
EZ (smolts/had 791 517 780 425 386
{Rank) {1} 3 {2} (4 %)}
Zoop (mm TI1) 063 a0 105 103 112
(Runk) 4) 3) 3) 2) [h]
Actual {mm TL) 65 33 NA a5 NA
fRank) 2 [&)] n

limited by basic lake productivity. Although we did
not measure primary production dircetly in this
stucly, subsequent work in Redfish Lake has shown
a close corvelation between epilimnetic chlorophyll
concentrations and primary production (Gross et
al. 1994), as il often is in oligotrophic lakes (i.e.
Stockner and Hyait 1984). Furthermore, both nu-
trient and chlorophyli concentrations have been
used success(ully to predict fish production in lentic
systems (Carline 1986). The presence of deep-
chlorophyll layers in the lakes may, however, con-
found predictions based on epilimnetic chlorophyll
levels, as a considerable amount of primary
production in thesc lakes may oceur in the metalim-
nia and hypolimnia {Shoertrced and Stockner
1990y,

A number of authors have derived sockeye
growth or production valucs from nursery lakes
given limnological information of the type collected
in our study. Ricman and Meyers {1992) indicted
that Secchi transparency and epilimnetic chlo-
rophvll levels provided the best predicters of the
arowth of O, nerka in [daho Lakes. Kocnings and
Burkett {1987) deseribed a significant posilive rela-
tionship hetween the volume of the euphotic zone
and the density of sockeve smolls in a serics of
Alaskan lakes. In addition to these regression ap-
proaches, Walters et al. {1991} and Budy et al.
{1993) have consiructed simulation models 1o ex-
amine the relationship between zooplankton bi-
omass and juvenile sockeve growth within a
hicencrgetics context (Beauchamp er ¢l. 1989).

These approaches can be used 1o assess the
potential for each of the five lakes Lo serve as a
rearing environment for the endangered stock of
sockeye salmon. These models provide a differem
ranking of the lakes in terms of sockeve growth
potential (Table 2). The chlorophyll and Seecchi
relationships (Rieman and Myers 1992] indicated
that Stanley would provide the best conditions for
juvenile growth and that Pettit would provide the
worsl. The eupholic zone model (Koenings and
Burkett 1987) predicted that Redfish and Petlit
would produce almost 800 smolts per hectare (Ta-
ble 2), whereas Stanley and Yellow Belly would
produce only half that amount. Preliminary simu-
Jations of a zooplankton foraging-energetics model
(Budy et al. 1993) suggest that growth of juvenile
sockeve salmon would be greatest in Yellow Belly,
Stanley, and Pettit Lakes {descending order) and
poorest in Redfish and Alturas {Table 2).

A comparison of the weight of 0. nerka cap-
tured in mid-water trawls in September of 1992
with the rankings of cach of the potential sockeye
growth or production models suggests that the Sec-
chi and zooplankton models provided the closest
fit 1o the observed growth of juvenile €. nerka in
the lakes (Table 2). The chlorophyll model
predicted larger fish than occurred in trawl catches
from the lakes. Predictions from the Secchi model
were similar to the observed size of fish captured
in Redfish Lake, but predicted larger fish than were
caplured in Stanlev Lake. The zooplankion
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simulation model correctly ranked the growth of
fish in the lakes. but the range of fish lengths
among Lhe lakes was greater than predictions from
the simulations. 1t was unlikely that the euphotic
zone productien model would provide a good rank-
ing ol potential production of sockeye in these
highly transparent lakes in that this model was
designed for use with stained or glucial lakes where
light limitation of phytoplankten is common.

Results of this study indicated that cach of the
five lakes could support juvenile sockeye salmon,
but thal the potential growth and therefore survival
(Peterson and DeAngelis 1993) of these fishes
would vary several-fold among the lakes. Further,
based on limnological information presented here,
the lakes can all be considered oligotrophic and
thus relatively unproductive rearing lakes for sock-
eve salmon, The higher zooplankion biomasses in
Stanley, Pettil and Yellow Belly Lakes indicates
that growth of juvenile sockeye salmon would be
greater in these lakes compared 10 Redfish and Al-
turas. However, Redfish is the anly lake that now
supports a sockeve population, and Alturas is the
only other lake 10 have had recent adult sockeve
returns (Bowles and Cochnauer 1984). Planned
modification of low-water dams on the outflow of
Stanley and Pettit T.akes, in addition to possible
whole lake fertilization aimed at increasing food
availability for juvenile sockeye, makes these lakes
attractive for reintroduction of endangered Snake
River Sockeye Salmon.

The dilferences in zooplankton biomass in the
lakes may be, in part. due to differences in the
abundances of zooplanktivorous fish in each lake,
Yellow Belly Lake, with o high zooplankton bi-
omass conlains only cutthroal trout that often feed
preferentially on benthic invertebrates rather than
zooplankton (Luecke 1986). Likewise, Pettit Lake
is dominated by brook trout (Salvelinus fontinalis),
bull trout (8. confluentus), stocked rainbow trou
(Oncorhynehus mykiss). and a small population of
redside shiners (Richardsonius balteatus). Stanley
Lake has several trout species, redside shiners, and
kokanee salmon (resident (). nerka). Bolh Redfish
and Alturas Lakes have large populations of
kokanee salmon that may prey on larger zooplank-
ton and depress their abundance. Competition be-
tween kokanee salmon and reintroduced sockeye
sulmon may therefore be an important considera-
tion for recovery of the endangered species.

Additionally. the abundance of piscivorous
fishes in the lakes may affect survival of juvenile
(1. nerka. Stanley and Yellow Belly lakes appcar
to have highcr abundances of piscivorous fish than
are present in Redfish and Alturas lakes {Spauld-
ing 1993). Consequently. there may well be a tracde
off between growth polential and mortality due to
predators. Additional piscivore assessment and
modeling efforts are needed before the tradeoffs
between sockeve growth and survival can be
properly evaluated for these lakes.

Cansideration of both the potential growth and
survival of juvenile sockeye salmon is essential be-
fore plans to rehabilitate this endangered stock arc
finalized. Our limnological work has provided a
template for future management options and re-
search. Investigations of published sockeve madels
indicated that our biocnergelics/zooplankton forag-
ing model provided the most reasonable resulis for
this system and that future work should include
a more rigorous field test of the model. Qur lim-
nological data demonstrates these five lakes are
relatively unproductive and suggesis that the ad-
dition of fertilizer, an approach often used 1o in-
crease the naturally high sockeyve production in
British Columbia and Alaskan sockeve lakes (Kyle
et al. 1993; Stockner 1981, 1992: Stockner and
Hyatt 1984}, may enhance endangered sockeye
galmon growth and thus survival.

Acknowledgements

We  thank Thorsten Blenckner for counting
phytoplankten samples and field work, and Odette
Brandt and Corey Huxoll for counting zooplank-
ton samples. Dave Beauchamp assisted with the
collection of the lake bathymetry and hydroacus-
tic data and was cspecially helpful in the develop-
ment of the modeling comparison and in review
of carlier drafls of this manuscript. We would also
like to thank Virgil Moore and Rob Dillinger at
Idabo Fish and Game for allowing us to use their
trawl data for model comparisons. Financial sup-
port tor this research was provided by the Bon-
neville Power Administration through a contract
to the Shoshone- Bannock Tndian Tribe and by the
Ecology Center and a fellowship granted by the
Vice Presidents office at Utah State University.

148 Budy, Luecke, Wurtshaugh, Gross, and Gubaly




Literature Cited

Adams, V.12 1991, Analvtical procedures for selected walter
quulily parameters. Utah Water Rescarch Laboratory.

Ali, M.A. 1959, The ocular structure. retinomotor and pho-
tohehavioral responses of juvenile Pacific salmon. Can.
J. Zool. 37:965-996.

APHA, 1992, Standard Methods for the examination of water
and wastewaler. Eds. AE. Greenberg, L.5. Closceri,
and A.1). Eaton. American Public Health Association,
Washinglon D,

Beuuchamp, D.A. D). Stewart, G.L. Thomas. 1989, Corrobo-
ralion of a bioenergetics model lor sockeye salmon.
Transuctions of the American [Fisheries Society
118:597-607.

Bjornn. T.C., D.R. Craddack, and D.R. Corley. 1968. Migra-
lion and survival of Redlish Lake, Idaho, Sockeve
Salmon. Truns. Am. Fish. Soc. 97:360-373.

Bowles, F.C. and T. Cechnaucr. 1984. Potential sockeve salmon
production in Alturas Lake Creek drainage. idahe.
USFS Pub #40-0267-4.127.

Bretl, J. R. 1983, Life Energetics of sockeye salmon, Oncorfyn-
chus nerka. In: W_ P. Aspey and 5.1 Lustric |ed.], Be-
havioral Energetics; The cost of Survival in Verteblrales.

Breut, J.R. 1971. Energetic responses of salmon to tempera-
ture: a study of some thermal relations in the physiol-
ogy and [reshwater ecology of sockeye salmon
(Onecorfpmehus nerka). Amer. Zool. 11:99-113.

Breit, J.R., 8.1, Lustic, and C.T. Shoop. 1969. Growth rate
and body composition of fingerling sockeye salmon. On-
corfhynchus nerka, in relation o temperature and ralion
size. J. Fish. Res. Board Can. 26:2363-2394.

Budy, P.B., C. Luccke, W. Wurtshaugh. and H, Gross. 1993.
p-3-28. In Spaulding. 5. [ed.| Snake River Sockeve
Salmon (Onrcorfanchus rerka) habitat/ imnological re-
scarch, L.S. Department of Fnergy, Portland. OR.
Project number 91-71. Contract numher DE-B179-
G1BP22518.

Burgner, R.1.. 1992, Life History of sockeye salmon ((neorfiym-
chus nerka), p. 2-117. In C. Groot. 1., Margolis [ed.]
Pacific Salmon Life Hislories. University of B.C. Press,
B.C., CA.

Curline. R.F. 1986. [ndices us predictors of fish community
traits. p. 46-56. fn G.E. Hall and M.J. Van Den Avyle
|eds.| Reservoir Fisheries Munagement: Strategies for
the 80%. reservoir Committee, Southern Division Ameri-
can Fisheries Society, Bethesda.

Crumpton, W.G. 1987. A simple and reliable method for mak-
ing permancnt mourts of phytoplankton for light and
Muorescence microscopy. Limnol. Oceanogr.
32:1154-1159.

Gross, H.P., W A, Wurtsbaugh. P. Budy, and C. Luecke. 1994,
. 78-97. fn 1. Teuscher and D. Taki [eds.| Snake River
Sockeye Salmon habitat and limnological research, LS,
Department of Energy. Portland, OR. Project number
91-71. Contracl number DE-B179-91BP22548.

Gubala. C.P., C. Branch. N. Roundy, D. Landers. 1994. Au-
lamated global posilioning system charting of environ-
mental atiributes: a limnolegic case study. J. Total
Environment. 148(11:83-92,

Holm-Hansen, O.. and B.. Riemann. 1978. Chlorophyll-a de-
termination: improvements in inethodology. Oikes 30:
438-447.

Holmes, R.W. 1962. The preparation of marine phyloplank-
ton for microscopic examination and emumeration on
molecular filters. U.S. Fish. Wildl. Serv. Spee. Sci. Rep,
Fish. 133, 6 pp.

Hryat, K.D. and J.G. Stockner. 1985. Responses of sockeve
salmon (Oneorhynchus nerka to ferlilizution of British
Columbia coastal lukes. Can. J. Fish. Aquat. Sei. 42:
320-331.

Koenings. I.P. and R.I). Burkett. 1987, Population characleris-
lies of sockeve salmon smolts relative to temperature
regimes. euphotic volume, fry density. and forage base
within Alaskan lakes, p. 216-234, fr H.I). Smith, L.
Margolis and C.C. Wood (ed.) Sockeye salmon {On-
corhynchus nerka) population biclogy and  fulure
management. Gan. Spee, Publ. Fish. Aquat. Sci. 96.

Kvle, G.B.. J.P. Kocnings, and B.M. Barret. 1988. Density-
dependent, trophic level responses to an introduced run
of sockeyve salmon (Oneorhiynchius nerka) al Frazer Lake,
Kodiak Tsland, Alaska. Can. J. Fish Agual. 5ol
15:856-867.

Kvie, G.B., J.I". Koenings. and J.A. Edmundsen. 1993, An
overview of Alaska lake-rearing cnhancement strategy:
Nulrient enrichment and juvenile stocking. fn press 1995:
Alaskan Freshwalers.

Koenings, J.P. and R.D. Burkett. 1987. An Aquatic Rubic’s
Cube: Restoration of the Karluck Lake Sockeye Salinon
{Oncorhynehus nerka), p. 419-434. In H.D. Smith, 1.
Margoliz and C.C. Wood (ed.) Sockeve salmon (On-
corbynchus  nerka) population biology and  future
management. Can, Spec, Publ, Fish. Aqual. Sci. 96.

LeBrasseur, R.J., €.1). McAlister, W.E. Burraclough, O.D.
Kennedy, J. Manzer, and K. Stephens, 1978, Enhance-
ment of sockeve salman by lake fertilization in Greal
Central Lake: a summary report. J. Fish. Res.Bd. Can.
35:1580-15296.

Levy, DA, 1990. Sensory mechanisms and scleclive advan-
lage for diel vertical migration in juvenile sockeye
salmon. Can. J. Fish. Aquat. Sci. 47:1796-1802.

Luecke, C. 1986. Ontogenetic changes in [ceding habits of ju-
venile  cutthroat trout. Trans. Am. Fish. Soc.
11353:703-710.

McCauley. E. 1984, The Fstimation of the Abundance and Bi-
amass of Zooplankten in Samples, Chapter 7, In A Man-
ual on Methods of Secondury Produetivity in
Freshwalers | Second Edition., LA, Downing and F.
Rigler [cd.]. Blackwell Seientific Publishing, Oxford.

Peterson, J.H. and D.L. DeAngelis. 1992, Funclional responses
and caplure timing in an individual bascd model: pre-
dation by vertebrale squawfish juvenile salmonids in
the Columhia River. Can. J. Fish. Aquat. Sei. 4%
2551-2565.

Revnolds,C. 8. 1984, The ecology of freshwaler phyloplank-
ton. Cambridge University Press, Cambridge.
Rieman, B.F. and D.L. Meyers. 1992, Influence of fish den-
sity and relative productivity on growth of kokanee in
ten oligotrophic lakes and reservoirs in ldaho. Trans.

Am. Fish. See. 121:178-191.

Shortreed, K.5. and ).G. Stockner. 1990, Effect of nulrient
additions on lower trophic levels of an oligotrophic lake
wilh a seasonal deep chlorophyll maximum. Can. J. Fish.
Aqual. Sci. 47:262-273.

Limnology of Sawtooth Valley lakes 149




Spaulding, 8. 1993. Snake River Sockeve Salmon (Orcorfiyn-
chus nerka) habitatlimnological research. Annual Re-
port 1992, (contract #DE-BI79-91BP22548) to
Bonnesille Power Administration, Poriland, Oregon.

Stockner, 1.G. 1992, Lake fertilization: The enrichment cvele
and lake sockeye salmon (Oneorfiymchus necka) produc-
lion, p.199-214, fu H.D. Smith, L. Margolis and C.C.
Wood {ed.) Sockeye salmon (Onrcorfanchus nerka) popu-
lation hiology and luture management. Can. Spec. Publ.
Fish. Aquat. Sei. 96:198-215.

Stockner, ]G, and K.D. Hvau. 1984, Lake fertilization: slate
ol the art after 7 years of application. Can. Tech. Rep.
Fish. Aqual. Sci. 1324: 33 p.

Received 28 May 1994
Accepted 21 November 1994

Stockner, J.G. 1981, Whole-lake fertilization for the cnhance-
menl of sockeve salmon (Qneorhynchus nerka) in Rrit-
ish Columbia, Canada. Internat. Vercin, Limnol. Verh.
21:293.299.

Thorp, JL.H. and A.P. Covich. 1991. Ecology and Classifica-

demic Press, Inc., Sun Diego.

Walers, C.J. DiCisi, J. Post, and ]. Sawada. 1991. Kootenay
lertilization response model. Fisheries Management Re-
port #98. University of British Columbia, Vancouver.

Wetzel, R.G. 1983. Limnology. Second Edition. Saunders Col-
lege Publishing, Philadelphiz.

150 Budy, Luecke, Wurtsbaugh, Gross, and Gubala




