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Using Photosynthetic Rates

to Estimate the Juvenile Sockeye
Salmon Rearing Capacity

of British Columbia Lakes

-

Ken §. Shortreed, Jeremy M. B. Hume, and john G. Stockner

Abstract e deseribe refinements 1o 3 simple sockeye salmon Oncorfiynchus nerka reating capac-
ity moodel, the photosynthetic mte (PR} model, which was first described in an sarlier paper. The
model is based on & correlation between phatosyathetic rate expressed as metric tons of carbos per
vear and sockeye salmon smolt biomass. Fistimates of optinum escapements and spring fry recrait-
ment required 1o produce mamimom smolt oumbers and biomass were taken from the Alaskan
euphotic volume (EV} model, We define rearing capacity as the point at which the roaxismmm
mmiber and biorass of smolts are produced and optinum sscapement as the nwaber of spawners
that resulte in maximum smolt production. We compare model pradictions to direct sstimatos of
optimum escapements {developed from fry models—the relationship between numbers of spawners
and numbers of fall fry) from two British Columbia (B.C.) iakes and discuss assumptions and
Britations of the model. Although we currently have direct estimates of optimurn escapement (e.g.,
fry models) for only two lakes that make up 16% of the total B.C. sockeye salmon nursery lake
aren, PR data are currently available for 57% of B.0 s nussery lake area. We provide estimates of
optimum sscapements and smolt production from those lakes where suitable data are gvailable, By
making assumptions about productivity of lakes where PR is unkaown, we glso provide estimates
of optimum sockeye salmon sscapement to all major regions of B.C. Although more research and
datn are necded, the PR model is a promising toof to help rmanagers make decisions regarding
sockeye salmon escapement and enhancernent,

INTRODUCTION

British Columbia (B.C.) and Alaska have highly valued stocks of Pacific salmon Queorfynchus
spp. Of the five salmon species which seour in western North America, sackeye salmon Q. nerfa
ae the most economically valuable, with an annual catch worth several hondred milion dollars
(Burgner 1991). Sockeye sabmon are planktivorens throughout thelr 4-5 year fife cycle and reside
int Jakes for 1-2 years before they migrate to the ceean, Consequently, lakes are an important pursery
area for this species,

For much of the 20th sentury there have been efforts in many parts of B.C, to increase adult
sockeye sabmon nurabers. Without appropriate methods to estimate rearing capacity, it was assumed
that sackeye salmon nembers could be increased beyond ambient nurabers o some unspecified level
Tn some lakes this assumption was validated by historic escapernent data (reterning spawners that are
ot caught i the fishery), while in others no data were available to indicate the ake could support
additional sockeye salroon, Enhancement efforts were undertaken without a clear understanding of the

T-5EATO-4R0-A4/K .
& 20600 by TR Prest LLL 563

CANO009956_0002



,,zz,f{fzsz/

755

2

s

i

T

7

7
..

7
G

Z

586 Sustainable Fisheries Management: Pacific Saimon

rearing capacity of & particular sockeye salmon stock’s nursery lake. Sockeye salmon enhancement
forused oo increasing fry recruitment by increasing escapements (Roos 1989}, by increasing epg-
to-fry survival using spaowning channels (MeDonald 1989) by direct additions of sockeve salmop
fry to lakes (THewert and Henderson 1992} and by increasing freshwater growth and survivad
sheough lake fertlization {Hyatt and Stockner 1985). Enhancement efforts such as spawning chan-
nels have been highly successful in some locations and have had little or oo effect on stock size
in others {Hilborn 1992}, Effoets to increase escapement and subseguent smolt production through
harvest management have been very sucesssful on some Fraser system stocks (Roos 1959).

Predicting the production capacity for 8sh o a particudar body of water has long been an
objective of freshwsater rescarch in North America {(see Leach etal, 1987 for a review), It has
relevance 1o managsanent of recreational and commercial fisheries (sostainable vield) and to
enhancement {amount that recruitment to 2 Iake can be increased). There bave besn numerous
attzmpts o develop empirical relationships between lake productivity and fish vield, Since a dirsgt
measure of productivity {i.e., photosynthetic rate) was not usually available, investigators used a
smmnber of other Homological variabdes as surrogates for phoiosynthetic mate (PR, These included
mean depth and total dissolved solids (Ryder 1963}, summer sverage chlorophyll concentration
(Oglesby 1977, Jones and Hoyer 1982); lake area (Youngs and Helmbuch 1981); and total phos-
phorus conceniration (Stockasr 1987, Downing et al, 19903,

Fee et al. (1985} and Downing et al. (1990} reported that PR measurements were positively
eorrelated (o fish vizld, Dowsiog of al. (15990 alse fonnd that PR was roore closely correlated to
fish vield than some other variables commonly vsed as indices of lake productivity {ehlorophyl,
total phosphorus), While these sarrogates may be conslated fo PR, ssing abioctic or biomass
variables instead of PR in empirical refationships with fish yield will introduce additional pnger-
tainty. Purthermore, an raproved vnderstanding of energy fiow betwean lake wophic levels s mors
fikely when rate measurernents at each wwophic level are used.

Development of smpirical models o sarBier studies was haropered by difficolties in reliably
measuring fish vield. Mode! development was also confounded by resident fish popslations which
were often multi-species, with varying fife histories {ie., different degrees of planktivory and
piscivory). To a large extend, selection of lakes on which estimates of fish yield were available was
done gualitatively, with the main criterion being that the lakes must have had "moderately intensive
o infensive fishing ofort on 8 spectram of species for a number of yeare” (Ryder et sl 19740
a lake met these criteria for fish yield data, two sssumptions had to be made: firet, that the guality
of the date {e.g., creel census, comyposrial landiogs) was good enough for model development, and
second, that catches actually did represent maximum sustainsble yield, In most cases, thess assump-
tions could not be fested.

When developing rearing capacity {fish yield) models, sockeye salmon nursery Iakes in B.C
and Alaska offer a mumber of advantages over most other Jakes. Adult sockeye salmon spawn in
the fall, fry enier the lake the following spring, reside in the lake for 1-2 years {in B.C, lakes,
reaidence for most sockeye salmon is § year), and the following spring migrate to the ocean as
smolis, Prior to or during migration, numbers and biomase of juvenile sockeye salmon can be
gecurately sstimated from midwater acoustic and trawl surveys {fry} or from counts at fences
{sraotte). On 2 given lake, i juvenile sockeye salmon numbers and blomass resulbting from & wids
interannual range of adult spawner escapements are avaiiable, maximum juvenile production (8.2,
regring capacity) can be determined by measuriog the poird where juvenile aumbers and biomass
ars greatest. If spawner numbers increase past this point where escapements are optimum, juvenile
sockeye salmon prodoection will not increass and may decesase {Koenings and Burkett 1987, Hurne
et al. 1995} While sockeye ssbmon pursery lakes suppori a variety of other fish species, their
biornass is often sraafl relative to maximum jovenile sockeve saimon blomass (Hume et al. 1996),
Conseguently, maxiroum biomass of juvenile sockeye salmon is a reliable indicator of rearing
capacity or annual fish vield, Sockeve salmen fry are almost exclusively Hmnetic planktivores, 0
they are more strongly coupled to imastic zooplankion production thae fish species with a wider

-
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distary range that moay include terresirial and benthic orgenismes. In addition, determination or
prediction of maximum biomass in 3 sockeye salmon ngrsery lake alse permits caleulation of
spawner numbers required o produce that blomass (Le., optimum escapements), Given the very
high econonmic value of the stocks and the suitability of available data, fish yield models are perhaps
an even more important mansgement tool in sockeye salmon nursery lakes than they are io other
Noth American lakes.

While it i3 gencrally assumed that raost of the over 90 sockeys sabron mursery lakes in B.C.
are recruitaent Hmited (Le., greater spawning sscapements would produce additional smolis), some
recent escapements (o several major B.C. sovkeye salmon lukes have beso at or above optiraum
Yevels (Hystt and Steer 1987; Hume et al. 1996). Consequently, 8 reliable rearing capseity mocdel
for sockeve salmon pureary lakes is of even greater importance now than it was in the past, Better
pradictions of optimuim escapernents would enable managers (0 determing whether current gscape-
ments are shove or below optimum. I escapement of a particalar stock ie below optimurs, the
amount of feasible or desirable enhancement to bring lake production up to foll rearing capseity
could be quantified aod the economic value of a successful enhuncement program could be esti-
mated. Conversely, the cost in logt production from not echancing a stoek could be assessed.
Furthermore, when cscapements exceed that required to maximize smolt production, the sconormic
cost of the foregone caich can also be determiined. In shost, a reliable rearing capacity sodel world
be a powerful tool for fisheries managers concerned with maximizing and sustaining B.C. sockeye
salmon.

The euphotic volume {EV) model (Koenings and Burkett 1987, Koenings and Kyle 1997} was
developed vsing data from a number of Alaskan lakes and was the first rearing capacity model
developed specifically for sackeye salmon. It provided predictions of optimum escapement, opti-
garm spring fry recruitrosnt, and maximum smok output. In Hume et al. {1996) we modified the
£V model o that it could be used fo B.C. lakes. Our model was based on photosynthelic rate and
was called the PR modsl. Objectives of this chaprer are to describe a revised version of the
PR miodel, to explain its derivation from the BY mode! ang from the original PR model, fo test
model predictions in B.C. lakes whers appropriate sockeye salmon data ave available, to discuss
assumptions of the modsl, and to present model predictions for il B.C. iakes for which suitshle
dats are available.

BRITISH COLUMEIA SOCKEYE SALMOM NURSERY LAKES

Sockeye salmon nursery lakes oceor in all regions of B.C. with the exception of the Peace River
drainage hasin in northeastern B.C. {east of the Caesiar mountains}. Extensive dam construection
in the Columbia River drainage basin has blocked sccess to asadromous fish in ladies in the contral
and easiern portion of southern B.C. (pans of the Okanagan and Kootenays), although rernnant
sockeye salmon siocks still reach some fakes. B.OUs sockeye salmon nursery lakes cocar in most
of the province’s varied climatic sad geologic regions, with corresponding luge variations in latiiude
and elevation. Some lakes onenr virtually at sea Jevel while the elevation of others exceeds 1,200 m.
B.C. nursery lakes oceur over a norih-south range of »1,000 km. This remlts in wide differences
in thermal regimes, water clarity, water residence times, sutrient loading, and rophic states. Surface
area of the nursery Jakes range over roote than two orders of magaitude, from <2 kra? to 400 km?,
Mean depths range from <6 m to »150 m and water residence times range from several days o
»2{} years, Trophic status ranges from ulin-oligotrophic (e.g., Chifko Lake; Stockner and Shortreed
1994) to meso-sutrophic (e.g., Fraser Lake; Shortreed ot al. 1996). Some pursery lakes have very
high water clarity while others are turhid from either glaciat o organic inpets. [Hstance from the
ncean is alse Righly variable, resulting in freshwater migration distances of <1 ko for some coastal
systems to 1,000 km for some interior stocks. The very wide range of lake types that sockeye
salmon inhabit confirm the “elastic” nature of their babital reguirements,
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The total surface area of B.Cs approximately 90 sockeye salmon nursery lakes is aboy
3,800 k', The size of individeal sockeyve sahmon stocks is highly varizble. Tn some vearg adul;
returns (catch and cscapement) to major producers such as Quesnel or Shuswap Lakes excepd
1 mitlion and spawning cccapersents excesd 1 miflion. Returns of some smaller stonks {or of
ruajor prodecers In non-dominant brood years) are as low as a few hundred o 3 few thousand fish
The nursery lakes contain over 590 spawning streams, of which over half have less than 1,000
spawners. About 4% of the streams have peak spawning populations in excess of 100,000 (Williams
and Brown {994}, The Fraser River system has nine lakes where escapemenis have excesded 0000
i secent years (Chilko, Fraser, Harrizon, Lilloost, {ucsnel, Shiswap, Stuart, Takla, and Tnzmbieur}'
Of northern B.C. stocks, enly Babine Lake on the Skeena River and Meziadin Lake on the Masa Bivey
have had recent escapements exceeding 100,000, Of coastal B.C, fakes, five {Great Central, Long,

7

.\-

Nimpkish, Cwikenn, and Sproat) have had recent escaperents that exceaded 160,000, N

R
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METHODS R

: \
: MEASUREMENT OF FRODUCTIVITY YARIABLES 2

We used data on sockeye sabmon smolts and fall sockeye salmon fry 6 support and validats our
rovdel, Smoft data were from Alaskan lakes {Foenings and Burkett 1987) and from two RO, lakes
{Babine and Chitko). Smolt numbers and size have been determiined nsing fence counts and mark.
meapture estimates since 1949 at Chilko Lake (Roos 1989) and since 1961 2@ Babine Laks
(MacDonald ot al. 1987}, Since the 19708 we have estimated sockeye fry numbers for thres B.O.
lakes (Fraser, Quesnel, and Shuswap) using hydroacoustic and trawl techniques as described in
Hume et 8l (1996}, All saxmpling was dooe at night when the fish were dispersed and within the
working range of the midwater trawl and hydroacoustic system (MeDonald and Hume 1984,
Burcgynski and Johasos 1986). Hydroacoustic and trawl data presented in this chapter were
collected i the fall {October and early November).

The PR data used in this chapter were collected from 33 lakes during 19771993, Daia were
callected from spring (Apel] o May} to fall (October to November) and sampling frequency varied
from ence weekly 1o once monthly. PR dats were collected using f siry incobations of light aud
dark batiles inoculated with HC. PR data collected prior to 1994 have been reported and methods
described elsewhere (Stockner and Shortreed 1979 Stockner et ab 1980, Shortreed and Stockner
1981, Hume et ab. 1998; Shortreed ot al. 1996} In 1994 and 1995 we sampled a nursber of lakes
in the Skeena River drainage basin. Methods used for determination of PR were identical 16 those
reported in carlier studies, with the following exceptions. Afier the 1.5-2.0-h in sif incubations
were compicted, samples were filtered onto 25-mm diameter Micro Filfration Systems GF75 glass
fiber filters, which are equivalent to Whatraan GF/F filters. Filtees wers placed in scintillation vials
containiog (.5 mb of 1.5 ¥ HCL Lids were not put on the vials for 6-8 b, In the laboratory, 10 ;i
of scintilistion cocktall (Pisher Scientific’s Scintiverse 13} were added to the vials, which were then
counied in a Packard scintillation counter. Methods used to caloulate volumetrie, integrated, and
daily (mg Cm?d) rates were desobed in the previously mentioned papers. Prior ¢ 1980, we
used scintiliation cocktails which were not alkalized, Consequentty, PR data we reported for those
years overestinnated actual PR by a factor of 1.49 (Kobavashi 1978}, We divided PR data collected
prior to 1980 by this factor 16 ensure compatibility with more recent data,

Seasonal average daily PR (PR} inmg Conr®d™ for sach lake was computed by infegrating
daily PR {measured it least monthly from May to October) and dividing by the length of the
growing season, which we defined as May 1 to Uctober 31, Tota! seasonal PR in metric tone Cliske
(PR ) was calculated by multiplying FR; by the tength of the growing season and by lake area.
Where multiple vears of data wers available for a Jake, we averaged all years to obiain 2 single
PR estimate. Alaskan PR dutz used in development and verification of our model were taken from
Figure @ in Koenings and Burkett (1987}, In Koenings and Burkest {1947 PR dats were presented
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as PR.. To comvert 10 PR, we muliiptied PRy by the length of the growing seasom, which we
assumed extended from May 1 1o October 31, and by lake area.

pAooEL DEVELORMENT

The PR mode! presented in this chapier has evolved from the Alaskan BV mode! (Koenings and
Hurkett 1987; Koenings and Kyle 1997) and from an earfier version of the PR model (Fume et al,
1996). The BV model is 2 rearing capacity roudel developed specifically for sockeye salmon. it
waes seasonal average suphotic zone depth (BZDg) as an anglog for seasonal average PR (PR;}
in g Comed- and eomelates i to mazimum juvenile sockeye salmon numbers andd biomass and
optisnurm escapements. Thie was possible because, in fhe Alaskan study, iakes with widely varying
waler clarities cansed by glacial or organic stain resulied in 2 positive linsar correlation between
RZDy; and PR;. This positive correlation doss not oocur in most B.C. sockeye saimorn nursery lakes

“or it rnost North American lakes, whers lake productivity & generally negatively correlatad 1o

FZ0. and positively correlated with nutriest loading (Wetzel 1975; Hume et al. 1996 Conse-
guently, in #s original form, the EY model was not suitable for use in B.C. sockeye salmos lakes
The BY model utidized Y units {3 BY gt was defined as 1%m? of enphotic volume) which

were calculated using the sguation:

BV units = EZD{Areal 108 {(32.13

where
FZD.= seasonal average euphotic zone depth (o}
Ares = lake surface arca (m?)

in Home et al. {1996) ws modified the caleulation of EV units 1o use PR; instead of BZI%,
which made the EV model useful in a wider range of lake types (including B.C. lakes), We did
this by using the comelatipn between BZD; and PRy e Alaskan lakes (HZD; = 0.0583PR+3.25;
2= (LE1) o substitate PRy for BZTx; in the calcolation of BV units. Beeause the revised model
caloutated BV units using PR; instead of EZD;, we rensraed them PR units, and slso renamed the
maodel the PR model (Home ot al. 1996}, PR units are squivalent to BV units, PR units are caloulated

by the equation
PR pnits = ({.058IPRA3.25 Arcar 10 {32.2}

where
PR; = seascnal average daily PR (mg Cor2dhy
Ares = lake surface area {m?)

bn the origina EY moded, recommended sscapemmsnts were 80000 adult spawocrs/EY unit, which
were observed o produced an average of 13.000 solis with & mean weight of 2.0 g (Koenings and
Burkett 1987; Koenings and Kyle 1997} However, adult sockeye salmon production was greater at
spawner densities approximately one half that necessary fo producs 2.0-g smudts (Koenings sad Burket
1987, Koeniogs ot al. 1993), At these lower spawner densitics, juvenile sockeye salmon freshwater
survival and growth were both greater, resulting in the production of similar numbers of larger {#-3 )
srooks {Kosnings and Burket 1937; Eoenings et al. 1993} Since we wanied the PR model to be 2
method for estimating escapernens that would produce manivann smolt norbers and blomase and,
subsequently, optimum adult production, s PR model used the following:

Optimum escapement = 423 adolt spawners/PR unt
AMaximum smolt numbers = 23 000PR unit
Maximaom smoit bicmass = 1033 kg/PR unit

CANO009956_0006



514 Sustainable Fisheriss Management: Pacific Salmon

8,000
PR unile=0.44PR,_,_+86
5,000 " ag 08 total
I OShuswag
4,000
“ 3
=
S 3,000
%3 1 Qua&naﬂ{) -~
2,000
Tustumena Ciiiike
§§ ‘ 00 ® » CFraser
§: 000 . ?ar!uk
-
%\ o 8 £ Alaskan iakas ] ) ) ) A ) ) ) ]
X b 5,000 10,000 15,008

PRy (melric tons C)

FIGLIRE 32,1 Relstionship besween photcsynthetic rate (PR} usits and fotal seasonal carbon production
(PR ) i Alaskan {solid circles) and B.C. (open circles) lakes.

whers

Optimum escapement = Number of spawners needed (o maximize smolt production.

Maximum smolt numbers = Maximum number of smoks a lake can produce, based on
observed maximum production in Alackan Iakes {Koenings and Burket 1987

Maximum smelt biomass = Maximum number of smolts X a mean smolt weight of 4.3 £
aiso from ohserved maxirum production in Alaskan fakes (Kosnings and Barkett 1987).
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The prinmary reasons for developing the PR model were 1o simplify the use of production models
and to enbance thele uiility for understanding energy flow betwesn lake trophic levels. Consequently,
we revised the model to use PR, (units are metric tons {fake) rather than PR units. PR auits
from both Alaskan and B.C. lakes were aignificantly correlated to PR, (PR onits = D.44PR, . +86;
# = .98 Figure 32.1). In this relationship the intercept was not signtficantly different than zero
and forcing the intercept through zero resulted in the equation:
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PR units = 0.44PR,, (32.3)

With this relationship we modified the PR model 1o use PR, insiwad of PR units. Resulting
pradictions were

Optimum eseapement = 187 x PR,
Mariowm smolt numbers = 18,120 x PR,
Maximum smolt biomass (kgi =455 X PR,

where
PR, = Total seasonal {May to Qctaber) carbon production {meiric toas)
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With these simple equations the revised PR moidel generates predictions of optimum escapement
10 and smolt production from any Jake where suitable PR data are available,

CANO009956_0007



writ Pacific Salmon

B e e ey

15,000

ol carbon production

aduction.

wluce, based on
1987},

weight of 45 g,
d Burkett 1987

“production models
wvels, Consequently,
PR units. PR usits
its = 0.44PR,,,+86;
different than zero

PR gnits. Resulting

ptimum escapernent

{ jsing Photosynthetic Rates to Estimate the fuvenile Sockeye Salmon Rearing Capacity 511

RESULTS AND DISCUSSION
Testinvg THE PR Mooa

‘The two variables (PR and lake sorface avea) used in computing FRoy suongly affect PR model
predictions. Surface areas of sockeye sabmon nursery lakes in B vary over two orders of
magnitude, while PR; in lakes for which we have data varies approximately one order of magnitude.
if PR, was shmiler in afl lokes then surface area alone would canse interlake variation in model
predictions. Comversely, if all lakes were sirpilar in size, then PR, alone would be sufficient to
explain the vactation. Since variation in surface area is substantially greater than that in PRy, we
expected 1t 1o cxplain a subsiantal proportion of the variation in model predictions angd, hesoe, in
g lake’s measured rearing capacity. Youngs and Helmbuch {1982} reporied that sarface area alone
explained 94% of the variability in fish yvichd for a large suite of lakes located in many different
parts of the world. However, the surface area of lakes in their data set varied over four orders of
magnitude. As the range in area decreqses in the sel of takes being analyzed, the proportion of
variation explained by area alone would also be expecied o decrease.

T test the relative contribution of surface arsa and productivity in determining rearing capacity,
we selected data frore Alaskan and B.C. lakes where both PR and maximurn juvenile sockeye
salmon bomass were knowa, Data from Alaskan lakes came from Foenings and Burkett (1387}
Hame et al. (1996) deternined maximum fall fry biomass in two RO lakes. In these lakes smolt
hiomass was unavaifable, so we assumed that smolt biomass was equal to full fry biomass fi.e.,
overwintering mortality was balanced by overwintering growth}. We alse used data i this analysis
from three additional B.C. lakes (Babine, Chitko, and Praser) that have recently had record high
sumbars of adult spawners which prodused record Wigh juve nile numbers and biomass. While these
thres lakes have not had sufficient vears of high escapements conchusively demonsirate that
maximun juvenile production has heen reached, we decided that maximum recorded juvenile
biomase was sufficiently high to merit being vsed in a test of the PR randel, Por these Alsshen and
B.O. acckeye salmon nursery lakes, madioum observed juvenile sockeys salmion biomass was
significantly correlated (P < 0.05, 2= 0.65) with lake area {Pigure 32.2a). However, when PRy
was uaed, the relationship improved substantially (7%= 0.91) (Figure 32.2b). Removing data points
from the theee British Columbia fakes where maxirman juvenile prodection has ool been concle-
sively demonstrated did not affect the significance of the relstionships, but did reduce the slopes.
In additicn, observed and predicted (fromn the PR model) maximurg juvenile sockeye salmon
Wicenass were highly comelated (Figure 32.2b, r= 035, # = 11), although the predicted biomass
slone was significantly Jower (Figure 32.2b).

Purther confirmation of the importance of PR io determining rearing capacity is the strong Jog
refationship (#* = (.87} belween maxiroum fry or smolt bivmass and total scasonal PR, when the
variables are normalized to area (Figure 32.34). Using published data from inkes covering 3 wide
range of trophic levels, Dowaing et al. (1990} found that total fish production and PR were highly
comrelated. To compars productive capacity of North Arserican sockeye saimon nursery lakes with
data presented by Downing et al. (1998}, we reproduced one of their figures and inciuded data
from Alaska and B.OC. sockeve salmon pursery lakes (Figure 32.3b). Despite wide differences in
techniques used in data collection, both PR and fish production in sockeye salmon nursery iakes
£211 near the middle of the range found in many other lakes sround the world, While the slope of
the relationship i Alaskan and B.C. lakes appears to differ froum that for the other lakes, an snalysis
of covariance indicated those differsnces wers not significant (F= 182, £ > $.05). However,
intercepts were different (F = B34, P < 0.05). We do not have sufficient information 1 suggest
reasons for the difference in inlercepis.

Since PR data are positively correlated ty observed maxinnan smaolt or fry blomass, it should
be possible to develop a rearing capacity modet aolely from B.C. data, However, for several reasons,
sufficient or suitable data are not vet avaibsble to do this. First, we have data for only twe B.C.
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soskeve salmon nursery lakes (CQuesnel and Shuswap) which conclusively show that maxirmnm
juvenile soekeye salmon bicmass bas been reached (Hume ef al. 1996, Figure 32.4). Second, even
on these lakes, smolt biomass was not available, 8o we assumed that fall fry biomass was egiivalent
to smelt Momass, Thied, on two other B.C. lakes where smolt counts and biomass gre availabie
{Babine and Chilka), wends in the data suggest, but do not conclusively show, that maximum sranit
hiomass has besn reached, While we believe current relationships between observed maximom
juvenile biomass and PR in B.C. lakes are usefud in validsting the PR model, current data are too
fimited (o allow independent development of 2 B.C rearing capacity rondel

The PR model also provides predictions of optimum sscapements, and we wished 1o test these
predictions in B.C. lakes, If sufficient data are available, celationships between effective female
spawners {successfully spawned fomale sockeye salmon as determined by examinstion of narcasses)
and f2] fry numbers provide a way of estimating optirouin escapements (Home ot al. 19063,
Currently, we have such dats for two B.C. Iekes (Quesnel and Shuswap). These relationships were
ortginafly published in Hume ot ad. (1956}, but for this chapter we added more recent data and also
calculated total fry biomass (Figure 32.4). PR maode! predictions of optimurn escapemenis (solid
vertical Hnes on the figure) agres quite well with observed optimiom escapements, since no increase
in fry production ie seen st escapements in excess of PR model predictions,

PR AMoprL AssUMPTIONS

In the BV model, spring fry recruitment necessary o produce reaximurg soolt blomass andfor
numbers was determined by a aeries of fry stocking expenments (Roenings and Buorkett 1987).
Spaweer munbers secessary (o produce this fry recmiiment {e.g., optimum escapernenis} were
determined from multiple vears of dats from 12 Alaskan nursery lakes (Koenings snd Kyle 1997},
Since sufficient data on all freshwater Bfe-history stages of puvenile sockeye {egy deposition, spring
fry recruitrnent, fall fry, smolf numbers) are net available for most B.C. lakes, we chose 1o adopt
those published for Alashan lakes and used in the BY muodel (Kosnings and Burkett 1987, Koenings
and Kyle 1997} This assumes that the componenis {(sex ratio, fecundity, spawning sucess,
2gg-to-fry survival) of the spawner-to-fry refationship are similar (and constant}) in 8.0, and Alaska
takes. Undoubtediy, this assuroption is not always met, since the components can vary between
years for a given population and also betwesn populations (Burgner 1991; Bradford 1995} Nev-
extheless, 1o the two B.C, lakes {Quesne] and Shuswap) where maximurn fry production has been
obrerved, PR model predictions of optimum escapement correspond closely &0 escapements which
produce maximum foy nombers aad binmass (Figure 32.4). Also, PR model equations predict smolt
sroduction of 34 smolts/adult spawner or 108 smolts/femsle spawner. In Chitko Lake, which has
the only natyral {rog-enbanced) sockeye stock in B.C. with long-term data for both spawners and
smolts, gn average of 91 smolisffemale spawner are produced at high spawner densities. Chver a
wide range of spawner densities, an average of 120 smolts/female spawner are produced (Hume
ef al. 1996).

Another assumption of the PR mode] is that lake reaning capacity and not spawning ground
capacity controls sroudt preduction, However, some B.C, Jakes have less spawning ground capacity
than lake rearing capacity. In these cases the PR model will overestimate optimum escapements
and may be more usefnl for estirosting the amount of enhancemernt (e.g., spawning channgl
construction, fry ocutplants} required fo maximize production.

The PR model assuroes that plaskuivores othee than age-( juvenile sockeye salmon are present
in low numbers. Wihile this is trus of most nursery lakes, some contain large populations of Hmnetic
planktivores such as kokanee (lake rearing O, nerka), stickleback Gasverosieus ucufeasus, longfin
synelt Spirinchus theleichtys, and age-1 juvenile sockeye salmon, While other planktivores some-
times oocur at higher densities than juvenile sockeye salmon (Simpson et al. 1981; Henderson et al.
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1991). not ail planktivores are competiors with tuvenile sockeye salroon (Diswert and Henderson
1997). However, when competitive planktivores ame nuxnSrGHs, satimates of opthnum CecapeImnenis
and maximurn smol production must be reduced proportonately 1o the relative bioraass of age-§
sockeye salmon and thelr competitors,

Both the PR and BV models assume that smolt weights will average 4.5 g al maximum
productivity (Koenings and Burkett 1987, Koenings et al. 1993). However, suime B.C. lakes do not
produce smolts this large even at low sscapernenis {Hyatt and Stockner 19831, We suggest that the
models’ assumption of a constant relaticoship between phytoplankion productivity (PR} and juve-
nile sockeye salmos production is ot always valid. Bfficiency of energy transfer from phytoplank-
ton o zooplankion {o juvenile sockeys can vary {Stockner 1987, Stockuer and Shortreed 1988,
However, methods to routinely guantify variation in this efficiency are not gvatlable, B.C. sockeye
salmon nursery fakes for which we have data cover a relatively narow trophic range {almost all
are oligotrophic). Within this group of lakes, those with 3 theoretically lower sougy transfer
efficiency (i.c., longer food chain} are the most sligotrophic {Stockner 1987}, In oligotrophic lakes,
higher efficiencies cocur in lubes near the upper moge of chigotrophy; so varying efficiencies
theoretically should affect the positive relationship betwess PR and sockeye production omly by
changing its slope, Fusther work is needed 1o incorporate varying energy transfer efficiencies into
PR model predictions.

Chiven that zooplankton provide the Hnkage between phytopiankion and juvenile sockeye, sene
comelation should exist between zooplankion biomass and both PR and juvenile sockeve salmon
production. Under some ciroumstances, these correlations can be detected. In lakes where plank-
sivare densities are Jow, zooplankion biomass is strongly correlsted 1o Jake productivity (Hasson
and Peters 1984; Shortreed and Stockner 1986 Shorireed et al. 1998). In lakes where sockeye
calmon densitics exhibit substantial annual variability, & negative correlation between plankion
biomass and juvenile sockeye salmon nombers oceurs (Hume et ah 1996}, When planktivores are
snmerous, they can strongly influence zooplankion biomass and community composition (Kyle
ot al. 1988; Koenings and Kyle 1997, Hume ot sl. 1996). Because the zeoplankion community can
be suppressed by swckeye salmon grazing, we found that zooplankton biomass is most closely
comrelated to PR in lakes and years wheve gragiog pressure is minimal {Le., low planktivore densities)
{Figure 32.5). If available, zooplankson biomass from vears of low grazing pressure may be an
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indicator of enderntilized rearing babitat which could support further developraset of rearing
capacity roodels.

Fooplankton productivity and communily structure sirongly affect a lake’s abilily to rear
juvenile sockeye. In the presence of continuous high grazing pressure, # lake may develup 2
predator-resistant, less productive zouplankion comnumity (Kyle ot al. 1988} This comumunity will
support fewer juvenile sockeye, even though PR remains the same. Adull escapements
(8C0-SOEY unit) suggested in the BV mndel can produce this situation, with small (2.0 2) smolts,
towered freshwater and marine survival, reduced adult sockeye production, snd 3 predator-resistant
zoopiankion community (Koenings and Burkett 1987; Koenings and Kyle 1997; Koenings etal
1993}, Data from B.C. lakes where high escaperents have heen observed support these findings,
since BY roode] prediciions of optimuin escapement are rauch higher than those needed to maximize
juvenile sockeye salmon production {Figure 32.4}. Most recorded escapements to B.C. lakes have
been rouch smaller than recommended by either reaxing capacity model, and development of
predator-resistant zooplankion comunumtes has not been observed. Purther, in many Jakes, includ-
ing those where excessive escapements have socurred (e, Chitke, Quesnel, Shuswap), suckeye
returns tend 1o be cyclical, with both high and jow adult returns in any 4-year cycle. Conseguentiy,
conseoutive over-sscapements have not eecurred, alfowdng the zooplankion community 10 recever
frean any year of severe grazing pressure.
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FIGLIRE 32.5  Differences in the relationship betwesn macrozpcplaniton and PR in high density {>14
EFS/ha) and low density (<2 EFS/ha) brood yeare, where BFS = effcctive female spawners. Data arc ssasonal
averapes from Fraser River inkes. (Huras et al. 1996 and Shortreed et al. 1996), Regression tine is for low

density years ounly.

Peenwrnions ror B.O, Lakes

Of the 80 B.C. sockeye salmon narsery lakes, we bave data fo directly estimate maximmm smolt
production and optimam sseapements (ie., fry models) only from Quesnel and Shuswap lakss.
These lakes make up 16% of the total mursery lake sudace ared in B.OC. and 28% of the total surface

area in the Fraser River systern, W have PR Jatafora smuch larger number of B.C. lakes (Tables 2.1

and 32.2). The Fraser River drainags basin is one of the workd's rooat important sockeye salinon

producers and contains 6% of B.C.'s nursery Inke ares {Table 32.23 Currently, PR data are svaitable
e 43% of the Fraser's pursery area. Of sockeye salyeon mursery lakes in other regions of B.C.,
we have PR data for the majorily of nursery lakes near the mainland coast, on Yancouver Istand,’
and in the Skeena River drainage basin. No FR data are available for lakes on the Quneen Chadotte
Tsiands o for lakes north of the Nass River drainage basis (Table 332

To miake # fixst estirate f fotl productive capacity of B.C. sackeve saimon lakes, we assamed

that lakes where no PR data were available had PR equal 1o fhe average of ofher lakes within the
region, or of adjacent reghons if no data were available within the region (Table 32.2). While this
assumption may not be valid, we welioved it was the best option until better data are available. This
resulted in estimates of optimum escapement of 12.3 milion to ¢he Fraser River drainage basin and
14.9 nrltion to all B.0. sockeys salmon lakes. Maxtmum smolt anmbers {assuniing 4.5-g smolte} from
optimun Cecapeinents Were sstimated to be 667 miflion from the Fraser River drainage bast and
914 roitlion from si B.C. sockeye salmon lakes {Table 322}, ¥ 3 sonolt-to-adult survival of 1010 15%
is assumed (Home ot al. 1996}, maximmum adull returns 16 the Fraser system would range from 67 10
{00 mitiion, This is similar o the estimated historiesl retum of 100 million sockeye salmon during
dominent cycle years suggested by Ricker {1987). 1f the same survivals are assurned for all B.C, sockeye
salmon, makimum adoll eetums would range from 91 to 137 million. Current dominant-year relums
of adult sovkeye salmon 1o the Fraser River systers are 15 to 25 miltion (PSC 1996}

SR
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TABLE 32.1
Britich Columbia sockeye salmon nursery lakes where PR data are available and resuliing

e

N
\
§; PR model predictions {(optimum escapement = 187 X PR, mexiraum smolt number = z
§ 10,120 # PR, maximon smolt blorsass = 45.5 w PR, %
\f PR madsl predictions %
Surface PRogis Cptimum Aax. smolt AMax, smolt \
area {metric escapement number bicmanss X
Region iake {kers%} fonss L {thousands) {mitiioms) {metric tons} 3
3 ; Central const Roniila 23 44 8.2 (.45 20
NN Curtis® ks &2 12 5.63 28
N Deven 18 yir) 4.3 ¢.32 18
N Kitlopes 12 99 i% ) &4
N Long 21 240 43 24 iE
N Lowe 37 52 3.7 4 24
DOwikesso g1 34 176 9.2 41
N ' Simpson 87 160 2 19 4.5
&3 Fraser River Chitko 184 2,614 456 26 11%
§\§ ' Franenis 250 7,247 1460 73 aan
N Fraser 54 3213 00 33 145
R Qussnel TG 4585 930 56 227
Shuswap 256 103,157 1,900 103 467
Mass River - Fred Wright 3.3 84 i6 [EEN) 3.8
Meziadin 35 Qe 150 16 45
Skeeas River Alasiair 6.4 244 45 2.5 il
Babine 47 12,355 2,300 135 562
Rear 19 491 92 3.0 22
Johsngon i4 17 32 .17 8.3
Kitsurakaium 12 i 20 LG 58
Kitwangs 7R 372 i) 38 169
{.akelse 13 173 3z 175 19
Maosice 96 1,488 288 15 68 '
Morvison i3 255 48 25 12
Sustu 2.5 iy 7.5 1,40 &
Swan i8 368 &9 3 17
Yancouver Ish. Great Central® 31 8849 170 8.0 a8
Henderson? i5 504 %4 54 23
Hobiton? 3.4 51 2.5 52 2.3
Kennody éa 627 128 6.4 28
PMimpkish 7 412 7 1%
Sproat 4] 325 &1 15
Waoss i3 204 38 g

@ PR estimates for these lakes were collessad dusing whole-lake fertifization experiracnts. Under novmal conditions all
estimates wonld de lower,

CONCLUSIONS

The BY model is a uselid predictor of rearing capacity in some Alaskan lakes. By using photosyn-
thetic rate instoad of euphotic zone depth, our PR model makes BV model predictions usable in a
wider range of lakes and conditions, Although there are few B.C. lakes where predictions can be
tested, in Quesnel and Shuswap lakes, where maximum sockeye production has been observed,
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} TABLE 32.2
Presulting N\ ariation in total sockeye salmon mursery area within major regions or drainage basing of
mber = “British Columbla, the proportion of sach region where photosynthetic rate {PR} dala are

available, and PR model predictions for the regions, For the predictions, we assumed that
PR for lakes where no data were available was similar to PR in other lakes in the region.

tong \
T i, skt Where no regional date were available, PR data from adjacent regions were used,
Wigmass D PR muode! predictions
{repeteic fong) N ; .
N Approvimade R insam Aaxirem
24 sotal Pagcent of Dptienaue sinGit smal}
28 \ fakie aren fotal 8.0, Pescent of area  escapement fslorass number
10 \ Reglon {ha®} nuEsery area with PR data (rillions)  (metric tons}  (millions)
j?.S N Fraser River 2,504 66.3 43 12.3 306G &G
5.4 : 3 Skeena River 5656 17.6 HEY 2.8 24 158
& \; YVaneouver Jsiand 25% 6.8 41 3.6 153 33
:i{\ § Ceutral coast 172 X 83 $.34 26 18
{19 3 Pass River RN 28 53 £.38 34 2
316 Gueen Chsrlaties 56 1.5 ] it 28 £
146 Tuka Hiver 28 4.3 & 212 30 5.8
277 R Siikine River “1‘;'{ _ 035 o 308 2 43
462 N Total RS i 189 4,586 214
38
45 NN PR mode] predictions correspond well w© observed optimum escapements {Figure 324}, Tn Chilko
it E N Lake, PR model predictions of 108 smolis/female spawner were similar pbserved smolt produc-
362 sion of 91 enolis/female spawner ai maximum sockeyve production.
22 y The PR model allows predictions of optimurm escapsment and maximum smolt prodoction to
0.8 N Be made after 2-3 years of data eollection. Estirontes can be made with only 1 year of data (for a
jzg ’ num’%)et’ of lakes we have only 1 year 1}%’ PR dgta}, bt smm_s:ﬁ variability can be substantial and
79 susliiple years of data ensure greater confidence in armusl cstimates. Predictions can be made when
55 the only avaiiable data on sockeye numery lakes ars scgsonal carbon production aad lake ares, bul
3 3 model predictions can be readily modified and/or verified 3s more data ave avaiishle about spawning
1.8 N arcs, rearing environment, and the life-history stages of a sockeys stock.
§7 PR model predictions of optiters escapement are For the number of spawners required 1o fully
4 utilize Take rearing capacity. These predictions raust be modified i key assumptions are nol met
23 : For example, if spawning ground capacity is less than Jake rearing capacity, the PR model will
2.3 overestimate optinmm escapernents, ¥ plankibvores other than age-0 sockeye salmon are present
28 and ccimpete with sockeye salmon fry, mode! predictions swst be adjusied for the proportion of
i@ . the rearing capacity which they wtilize. If 3 Iake bas 3 predation-resistant plankton compmnity
:; : hecaose of extreme cligerophy (Stockuer and Shortreed [989) or because of high grazing pressure
(Kyle ot al. 1988), its rearing capacity may be lower than PR model predictions,
wrmal conditions all \: In Iskes which are helow rearing capacity (the majority), the amount of sddiiionsl sockeye
production that is biologically feasible can be estimated using the PR model. Increased production

could be accomplished by increasing escapements or by some form of enhancement {2.2., spawning
shannels or fry stocking). In a lake which s currently producing large numbsers of adult sockeye
salmon, the PR model enables escapement taegets to be set based on the lake's productive capacity.
i escapements exceed the amount required to rmaximize smolt production, the economic cost of
the foregpoe caich can be dewermined. The PR model would be useful in maintaining productive
stocks at optimarn levels and in determining the amount that unproductive stecks can be increased,
making it 2 valuable teol in sustaining and sohancing B.C. and other sockeye salmon stocks,

: using photosyn-
ctions usable in g
redictions can be
« besn observed,
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