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ABSTRACT

Hyatt, K.D., McQueen, D.J., Rankin, P.D., Hanslit, B., Sutey, S., Carey, E., Nelson, H.,
and Svanvik, B. 2004. Lake fertilization and enhanced growth of juvenile
sockeye salmon at Woss Lake, British Columbia: a food web analysis. Can.
Manuscr. Rep. Fish. Aquat. Sci. 2689: 169 p.

Our objective was to determine whether whole-lake fertilization (years 2000 - 03)
of Woss Lake (Vancouver Island), could reliably increase the production of juvenile
sockeye salmon by altering their growth and/or survival. Vernon Lake was maintained
as an unfertilized control. Qur approach was to quantify changes in the phytoplankton
taxa, calculate production and consumption for zooplankton species, calculate growth
and production for juvenile sockeye and then to calculate the species-specific
consumption rates of sockeye on each of the major zooplankton taxa. We used these
data to estimate the proportion of species-specific zooplankton production and standing
stock consumed by sockeye. |We found that because Woss Lake (fertilized) fish
densities were low (<1000 ha™), juvenile sockeye consumed very little of the available
zooplankton and had no density dependent effects on zooplankton biomass. Also
because Woss Lake was subject to blooms of Rhizosolenia, an algae that is large and
ungrazable, <20% of the algal production was available to zooplankton, and < 0.1 % of
the fertilizer added to Woss Lake, was incorporated into fish biomass. On the other
hand, even that small amount of fertilizer stimulated an additional 3-19 % (depending on
year) increase in sockeye production. This translated into 69 kg of additional 0+
sockeye production in 2000, 114 kg in 2001, 399 kg in 2002 and 206 kg in 2003. Given
the unused zooplankton production capacity that was generated by fertilization, 0+
sockeye production could have been 2-3 times greater had the fish densities been
greater. Recommendations for future sockeye population restoration in Woss Lake
include: (1) Resumption of the Woss Lake fertilization program in 2005, using a low N:P
ratio fertilizer mix designed to increase primary production while reducing the chances
of Rhizosolenia blooms, and (2) stocking 2,000,000 sockeye fry from the Gwa’ni
Hatchery, in order to take advantage of the anticipated increases in primary production.
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Notre objectif était de déterminer si la fertilisation panlacustre (de 2000 a 2003)
du lac Woss (ile de Vancouver) pouvait de facon fiable faire augmenter la production de
saumons rouges juvéniles en modifiant leur taux de croissance et/ou de survie. Le lac
Vernon a servi de site témoin non fertilisé. Notre approche consistait & quantifier les
modifications survenues dans les taxons phytoplanctoniques, a calculer la production et
la consommation des espéces zooplanctoniques, a calculer le taux de croissance et de
production des saumons rouges juvéniles, puis a calculer le taux de consommation,
specifique a I'espece, de chacun des principaux taxons zooplanctoniques par les
saumons rouges. A partir de ces données, nous avons estimé la proportion de la
production et de la biomasse zooplanctonique (au niveau de 'espéce) consommée par
les saumons rouges. Nous avons decouvert que, les densités de poissons dans le lac
Woss (fertilisé) étant faibles (<1000 ha™), les saumons rouges juvéniles consommaient
une trés petite quantité du zooplancton disponible et n'avaient pas d’effets dépendants
de la densité sur la biomasse zooplanctonique. En outre, le lac Woss étant soumis a
des efflorescences de Rhizosolenia, une algue de grande taille qui n’est pas broutable,
< 20 % de la production algale était a la disposition du zooplancton, et < 0,1 % de
Fengrais s’incorporait a la biomasse ichtyenne. Par ailleurs, méme a ce faible niveau,
Papport d’engrais a suscité une augmentation de 3-19 % (selon Fannée) de la
production de saumons rouges, ce qui s'est traduit par un accroissement de la
production de saumons rouges d’age 0+ de 69 kg en 2000, de 114 kg en 2001, de
399 kg en 2002 et de 206 kg en 2003. Etant donné la capacité de production
zooplanctonique inutilisée qui a été générée par la fertilisation, la production de
saumons rouges d’adge 0+ aurait pu étre 2 4 3 fois plus élevée si les densités de
poissons avaient été supérieures. Des recommandations sont présentées pour le
rétablissement futur de la population de saumons rouges dans le lac Woss : (1) reprise
du programme de fertilisation du lac Woss en 2005, a l'aide d’'un engrais a faible rapport
N:P visant a accroitre la production primaire tout en réduisant les risques
d’efflorescence de Rhizosolenia, et (2) ensemencement de 2 000 000 d'alevins de
saumons rouges provenant de I'écloserie Gwa’ni, afin de tirer parti de 'augmentation
prévue de la production primaire.



INTRODUCTION

Almost 50 years ago, Foerster (1968) suggested that observed declines in
sockeye salmon populations might be explained in part, by the “smaller amounts of
phosphorus introduced into a lake in the carcasses of fewer sockeye spawners”. In
accordance with this observation, a group of scientists from the Pacific Biological
Station at Nanaimo, and the University of British Columbia; began the 1969 enrichment
of Great Central Lake, Vancouver Island, BC. This large-scale experiment was based
on the assertion (Barraclough and Robinson 1972), that “Decomposing bodies of
anadromous fish, such as sockeye salmon (Oncorhynchus nerka) contribute to the
fertilization of nursery lakes following spawning in the lake.” ... “removal of maturing
sockeye by the commercial fishery may deny lake waters of their essential nutrients and
contribute to lowered productivity”. The objective of the Great Central Lake (GCL),
experiment was to test the hypothesis that artificial fertilization could replace the
sockeye carcasses removed by the commercial fishery. The results after the first year
of fertilization (1970) appeared to be very positive (Parsons et al. 1972, LeBrasseur and
Kennedy 1972, Barraclough and Robinson 1972). This led to the continued fertilization
of GCL, and in 1977, contributed to the establishment of a large-scale Lake Enrichment
Program (LEP - sponsored by Canada’s Salmonid Enhancement Program), which
began with six lakes and grew through the late 1970s, 1980s and early 1990s to include
17 sockeye nursery lakes (Hilborn and Winton 1993). Published results from these
studies are summarized in the pages that follow. Extensive nursery lake fertilization
work was also ongoing in Alaska. During 1979, the Division of Fisheries Rehabilitation,
Enhancement, and Development (FRED), a section of the Alaska Department of Fish
and Game, initiated a nutrient enrichment and fry outplanting program that included 16
Lakes (Kyle et al. 1987). Results from these experiments are summarized in the pages
that follow. Finally, in more recent times, support to both LEP and FRED has declined,
but the potential importance of lake fertilization has been recognized by other
government agencies and NGOs, and the work has been extended to include lake
fertilizations to enhance kokanee populations in British Columbia (Ashley et al. 1999,
Pieters et al. 2002), and a sockeye nursery lake fertilization in ldaho.

FOOD WEB THEORY

Lake fertilization theory is based on two assumptions (Nelson and Edmonson
1955). The first assumption is that the size and survival advantages gained by fry
originating from fertilized lakes, can be successfully carried into the marine
environment, thus ensuring increased escapement. Ricker (1962) showed that over a
broad geographical range, there was a positive relationship between sockeye smolt
length and marine survival, and similar relationships have also been demonstrated for
sockeye from the Karluk River (Barnaby 1944) and Cultus Lake (Foerster 1954). The
question is, do these general patterns apply to sockeye nursery lakes, where artificial
fertilization is supposed to increase smolt sizes? The second assumption is that the
pelagic zones of lakes are primarily donor-controlled systems, and that substantial
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attributed to fish > 10 cm, but as the years progressed that number increased from 4.6 -
8.5 % on 29 Aug and 2.8 - 8.8 % on 13 Dec. 2001, to 16.9 % - 24.4 % on 22 June 2003.

0+ Sockeye lengths and weights: Sockeye lengths and weights were
monitored several times per year (Table 23) using the mid-water trawl noted above. In
both lakes, most growth took place through the spring and early summer, and then
began to tail off in the fall (Fig. 38). In all but the first year, Woss Lake (fertilized) growth
rates were much higher than Vernon Lake rates (note that in figure 38, 95% confidence
intervals are plotted, but are so small that on most dates they are hidden by the
symbol). The impression is (Fig. 39) that the fertilization of Woss Lake resulted in
higher sockeye growth rates. However, there are two problems with this interpretation.
(1) During 2000, growth rates in both lakes were the same, even though Vernon Lake
was not fertilized. (2) The divergence between the fertilized lake (Woss) and the
unfertilized control (Vernon), was due almost entirely to the fact that growth rates in
Vernon Lake declined during 2000-03. V

How should these results be interpreted? (1) One interpretation could be that
some external factors (such as interannual climate variability) caused reduced growth
rates in both lakes, but that Woss Lake was protected by fertilization. (2) Another
interpretation is that both lakes had similar production capacities, but that some local
event such as increased food consumption by kokanee, resulted in reduced growth
rates in Vernon Lake sockeye. In order to determine which of these interpretations is
the correct one, it is necessary to compare food consumption by the fish with food
availability (i.e. zooplankton biomass and production). That is the objective of one of
the next sections (fish production and consumption) of this report. First however, we
must review the hypothesis that observed trends in growth rates are due to changes in
fish densities.

Nerka densities: Fish densities were estimated using acoustic sampling. The
technique is very powerful for pelagic fish but has three caveats. The first is that it does
not detect fish in the 0-2 m surface stratum. This results in density underestimation, but
the errors are minor and are fully discussed in Hyatt et al. (2000). The second is that
fish associated with the substrate are not detected. This means that sockeye
assessments cannot be reliably made before mid-June when the juveniles leave the
shore and move into the water column. The third caveat, is that the technique does not
permit the separation of juvenile sockeye and kokanee. Therefore the density estimates
that follow necessarily include both nerka groups.

Woss Lake pelagic fish densities in (Table 24, Fig. 40, Fig. 41), varied between
500-1000 ha™ throughout the experiment. There were two notable exceptlons The first
was during 2001, when Woss densities were reduced to approximately 200 ha™ and the
second was durlng 2003, when spring densities were very high (1300 ha™) and then fell
to < 500 ha™ in the fall assessments. Vernon Lake pelagic fish densities in (Table 24,
Fig. 41) were more variable. During the first two years, densities varied between 500-
600 ha, but during the last two years, densities began the year at apprommately 1000
ha™, and then in both years gradually declined to 500 ha™ in 2002 and 300 ha™ in 2003.
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Fish diets

Sockeye diet analysis was based on the stomach contents of fish sampled from
both lakes 5 times each year (Table 25). Over three years, 810 stomachs were
analyzed and the patterns were clear cut. In each lake, fish consumed nine different
prey types, but virtually all of the prey consumed came from only four taxonomic groups.
In Woss Lake (Fig. 42), Daphnia (primarily D. dentifera) and Bosmina (primarily B.
longirostris) comprised > 90% of the prey consumed. E. navadensis and C. b. thomasi
were also consumed, but in much smaller quantities. In Vernon Lake, Daphnia,
Bosmina and H. kenai were the main prey types. C. b. thomasi were also consumed,
but in much smaller quantities.

Stomach content data were assessed in order to parameterize the fish
bioenergetics model, which was used to estimate the numbers of each prey-type
consumed by sockeye from each L of lake water per day. The model requires biomass
data so it was necessary to convert densities of prey found in fish stomachs to
biomasses of each prey-type. As noted in the methods, many of the prey had been
damaged during consumption, so we estimated individual prey weights from the
average weights of each prey type > 0.5 mm found in the zooplankton samples
collected on each sampling date. In terms of prey biomass consumed (Table 26,

Fig. 43), the patterns were similar, except that E. navadensis in Woss Lake become
slightly more important due to their large size.

Comparing these trends in prey selection with prey availability (Figs. 18, 19)
confirms that the preferred prey (Daphnia and Bosmina) were common in both lakes,
especially Woss Lake. However, C.b. thomasi was also very common in the
zooplankton samples, but seldom appeared in the sockeye diets. Similarly
S. oregonensis, in Woss Lake was almost never consumed, and both calanoid and
cyclopoid nauplii were common in both lakes, but never appeared in the sockeye
stomachs. As noted above, the primary prey in Woss Lake were Daphnia, Bosmina and
Epischura. The primary prey in Vernon Lake were Daphnia, Bosmina and H. kenai.

Bioenergetics-based estimates of prey consumed by sockeye

Sockeye consumption rates were estimated using the Wisconsin Fish
Bioenergetics 3.0 model (Hanson et al. 1997). For each lake, the simulations began on
June 15 and ended on October 31. These dates are well within the range over which
data were collected. Model inputs included: water temperatures (Fig. 7), fish weights
(Fig. 38, Table 23), fish densities (Fig. 40, Table 24) and fish stomach contents (Fig.
42, Table 26). Because the Wisconsin model lacks the capacity to simulate diel
migration, we approximated a 12h:12h migration pattern by alternating daily
temperatures between epilimnetic and hypolimnetic values.

The bioenergetic model was run separately for each year and for each lake; a
total of eight model runs. These outputs are detailed in eight tables (year 2000 - Tables
27 & 28; year 2001- Tables 29 & 30; year 2002 - Tables 31 & 32; year 2003 - Tables 33

i
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& 34). Model output included daily estimates of 0+ sockeye numbers and mean weights
(therefore biomasses ha™'), and the output included daily estimates of consumption
rates (per ha) for 0+ sockeye feeding on each of the zooplankton species or taxonomic
groups included in the sockeye diets. The model also tracked total consumption as a
percentage of average individual prey weight, and in every case the 0+ sockeye were
shown to begin the season consuming about 10% of their body weight per day and to
end the season at 5-6% per day, depending on body size and water temperature.
These rates are in agreement with those generally found for larval and juvenile fish.
From these data, we were able to determine which prey types were the most “edible”
and which prey types were avoided. We were also able to compare daily consumption
of each of the major prey types with standing stock biomass for that prey type and with
daily production rates for each prey type. The resulting comparisons are expressed as:
(1) percentage of mean annual standing stock consumed per day, (2) percent of
zooplankton standing stock found on each sampling date that was consumed by 0+
sockeye on each date, and (3) for each individual zooplankton species or taxonomic
group we were able to calculate percentage of daily production consumed per day. In
the paragraphs that follow, we will: identify the most edible species, review percentages
of daily production consumed per day, and finally review the percentages of
zooplankton standing stocks consumed per day.

Edible and non-edible zooplankton: Daily consumption as a percentage of
zooplankton standing stock (year 2000 - Fig. 44; year 2001 - Fig. 45; year 2001 -
Fig. 46; year 2003 - Fig. 47) provided an integrated relative index of preferences for
individual prey taxa or species. During year 2000 at Woss Lake, fish consumed
Daphnia (primarily D. dentifera), Bosmina (primarily B. longirostris), Epischura,
Polyphemus and Holopedium. They seldom consumed C. b. thomasi adults, C. b.
thomasi copepodids, S. oregonensis adults, and S. oregonensis copepodids. They
never consumed nauplii. These trends held true even when C. b. thomasi and S.
oregonensis densities were very high. During year 2000 at Vernon Lake, fish
consumed Daphnia (primarily D. dentifera), Bosmina (primarily B. longirostris), and H.
kenai. They also consumed small portions of the C. b. thomasi adults and copepods.
Nauplii were never consumed. S. oregonensis were not found in Vernon Lake. During
years 2001, 2002 and 2003, the patterns were much the same as in year 2000, except
that periodically, a few C. b. thomasi appeared in the fish diets. Polyphemus and
Holopedium were seldom found in the diets of fish from both lakes. In general, at Woss
Lake, only Daphnia, Bosmina and the large copepod Epischura navadensis were
consumed at rates > .01% of standing stock per day. At Vernon Lake, only Daphnia,
Bosmina and the large copepod Hesperodiaptomus kenai, were consumed at rates >
.01% of standing stock per day.

Percent of zooplankton production consumed per day: Daily consumption
as a percentage of daily zooplankton production (year 2000 - Fig. 44; year 2001-

Fig. 45; year 2001 - Fig. 46; year 2003 - Fig. 47) yields some information about the
potential impacts that 0+ sockeye could have on the population dynamics of individual
zooplankton species or taxa. Overall, daily consumption rates seldom exceeded 10% of
daily production, suggesting that at the observed densities, O+ sockeye had very little
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top-down effect on zooplankton populations. However, inspection of the daily data from
both Woss and Vernon Lakes (Tables 27-34) shows that for individual taxa during short
periods of the year, consumption did exceed production. For example, at Woss Lake in
September 2001, consumption rates on daphnids increased to > 700 % of daily
production and this correlates well with observed daphnid biomass declines (Table 35).
During 2003, at Woss Lake (Table 35), daily Daphnia consumption averaged 129% of
daily Daphnia production (note scale change in Figure 47), and on some dates
consumption was almost 4000% of production. Not surprisingly Woss Lake Daphnia
biomass remained very low during 2003. During 2003, Woss Lake Bosmina, also
experienced quite high consumption rates (3 - 56% per day), but because Bosmina
production was high (the second highest production rates observed over the four year
experimental period), biomasses remained high (Fig. 18). At Vernon Lake, during early
July 2002, daily consumption equaled almost 5000 % of Bosmina production and 145%
of H. kenai production, and this correlates well with biomass declines for both species
during early July. At Vernon Lake during 2008, Daphnia had all but disappeared and
the fish consumed Bosmina and the copepod H. kenai. Given that H. kenai has a fixed
life cycle and fixed rates of production, consumption by sockeye may well have been
associated with observed long-term declines in abundance.

Percent of edible zooplankton standing stock (biomass) consumed per

day: Bioenergetic production-consumption analysis showed that daily consumption by
0+ fish did exceed taxa-specific zooplankton production rates at certain periods in some
lake-years. However, before it can be argued that consumption by 0+ fish could have
resulted in significant declines in zooplankton biomass, it must be shown that at least for
some periods of time (perhaps 2-3 weeks) daily consumption exceeded zooplankton
standing-stock biomass as well as zooplankton production. This was seldom the case
(Figs. 48, 49, 50, & 51). During 2000 (Fig. 48), at Woss Lake, as much as 5% of edible
prey standing stock was removed (per day) during September, and biomass did decline.
However, at other times in the year, percent edible zooplankton standing stock
consumed per day was < 1%. At Vernon Lake, daily consumption never exceeded 1%
of edible standing stock. During 2001 (Fig. 49), the situation was identical to 2000.
During 2002 (Fig. 50), consumption by Vernon Lake 0+ sockeye grew to 2- 4% of edible
zooplankton standing stock in the early summer, however for most of the year, daily
consumption was < 0.5% of edible zooplankton biomass. During 2002, Woss Lake
consumption remained at < 1% of edible zooplankton standing stock. During 2003,
consumption in both lakes remained at < 1% of edible zooplankton standing stock

(Fig. 51). From this it seems clear that although some species may have been
adversely affected by 0+ sockeye over short periods of time, it is very unlikely that
consumption by 0+ fish could have accounted for many of the observed declines in
zooplankton standing stocks. Apparently the zooplankton were responding to other
factors such as seasonal temperatures, seasonal life cycle patterns including copepod
diapause, and the influence of invertebrate predators - specifically C. b. thomasi,

E. nevadensis and H. kenai.

On the other hand, it should be noted that although consumption by fish may
have had little effect on zooplankton population dynamics, the opposite is not

i
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necessarily true. It seems reasonable to assume that as edible zooplankton biomasses
increase, consumption rates might be expected to increase as well. However, for Woss
Lake, where virtually all nerkids were 0+ sockeye, relative consumptions rates (i.e.
consumption rates per unit biomass of 0+ sockeye - Fig. 52), did not change. There
was more variability when edible zooplankton biomasses were < 40 ug L™, but even at
the highest edible zooplankton biomasses, daily consumption rates remained about
average. Perhaps this is not surprising given that the Woss Lake 0+ sockeye always
averaged 200-300 prey per fish stomach (Fig. 42). Although this topic is not explored
further in this analysis, these results raise interesting questions about how 0+ sockeye
in some other lakes (usually interior lakes with large Daphnia), manage to gain 2 or
more times as much weight as Woss Lake sockeye.

Woss and Vernon Lakes have different food webs

- - QOverall (Fig. 53), in both lakes during all four years, mean annual consumption
by 0+ fish averaged 0.2% of the average total zooplankton standing stock, and about
12% of mean daily zooplankton production. From this it seems reasonable to assume
that in both lakes during all four years, 0+ fish had sufficient food available and should
have grown at similar rates.

But they did not grow at equal rates (Figs. 38, 39). Several factors are
implicated. (1) Between-lake and between-year analyses of O+ growth rates (expressed
as weights attained in December of each year — Fig. 39) show that Woss Lake growth
rates during 2000 and 2001 were similar, increased in 2002 and then decreased in
2003. In Vernon Lake, December 0+ weights fell significantly from 2000 to 2002, and
then recovered slightly during 2003. In summary, between-lake and between-year
growth rates changed a great deal. (2) Stomach content data (Table 25, Fig. 42)
showed that in Woss Lake, the average number of zooplankton prey (and prey
biomass) found per fish stomach, was about constant during 2000 and 2001, then
increased during 2002. At Vernon Lake, the average number of prey found in each 0+
fish stomach, declined during each year from 2000-02. (3) In both lakes, average fish
densities changed from year to year (Fig. 41). In Woss Lake, densities declined from
2000 to 2001, and then increased during 2002-03. In Vernon Lake, densities increased
through 2000-02 then decreased.

Given all of this between-lake and between-year variability one must ask how it is
possible for average fish consumption rates to remain at relatively stable percentages of
zooplankton biomass and production (Fig. 53). Not surprisingly the answer is that there
appears to be a trade-off between: fish densities, fish growth rates and food availability.
For both lakes, the relationship between average fish density and 0+ sockeye growth
rates (mean weights in December ) is negative (Fig. 54 - top). The relationship between
biomass of edible zooplankton and 0+ sockeye growth rates (mean weights in
December ) is positive (Fig. 54 - bottom). Finally the relationship between 0+ sockeye
growth rates and the biomass of edible zooplankton per fish, is also positive
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(Fig. 55 - top, p = 0.25, r = 0.77). In summary, the key variable that regulates growth
rates, seems to be the amount of edible zooplankton available per fish. 4

However, there is a problem.

The problem is that we have found a negative relationship between fish density i
and growth rate (Fig. 54 - top). This suggests that greater densities of fish result in |
higher rates of zooplankton consumption by the fish population, and therefore less
zooplankton available per fish. It is true that the bioenergetic analysis showed that daily
consumption by 0+ fish exceeded taxa-specific zooplankton production rates for short !
periods in some lake-years. But from the analysis above we must also conclude that it |
is very unlikely that consumption by 0+ fish had much effect on zooplankton standing
- stocks. So how can there be a negative relationship between fish density and 0+
sockeye growth rates? Closer inspection of the relationships described in figures 54 !
and 55, shows that the observed trends in the data are almost completely due to the ‘
Vernon Lake data. At Woss Lake, changes in fish density, or zooplankton biomass or
even zooplankton biomass per fish, have very little influence on the observed growth
rates of the 0+ fish population (except during 2002 when zooplankton was very '
abundant and growth rates were slightly higher). At Vernon Lake, however, all three |
relationships were strong (Fig. 55 - bottom).

Possible effects of kokanee in Vernon Lake |

It seems that the two lakes exhibit different relationships between 0+ fish growth
rates and food availability. The relationship for Woss Lake is weak and suggests that in
all years there was sufficient zooplankton to allow almost maximal growth rates for 0+ '
fish living in a coastal lake with relatively small-bodied zooplankton. The slight increase |
in 2002 shows that more zooplankton could improve fish growth, but the gain was
relatively small. At Vernon Lake, changes in fish density were negatively correlated with
-. changes in zooplankton abundance (Fig. 56), yet all of the production-consumption !
analysis has shown that at the densities available in Vernon Lake, 0+ fish could not |
have strongly influenced zooplankton biomass. This suggests that some of the “fish
targets” assessed using acoustics, must have been larger fish that had the capacity to
reduce zooplankton biomasses. As noted earlier (Table 22) during 2001-03, larger fish
(kokanee) were found in the Vernon Lake trawl nets, and from the acoustic analysis we |
estimated that 3-24 % of the targets observed at Vernon Lake could have been 1+, 2+,
or 3+ kokanee. It should be noted that kokanee were never observed in Vernon Lake
during 2000, and that year stands out (black symbol in Fig. 56) as the one with the !
highest zooplankion biomasses. |

Estimating consumption by Vernon Lake kokanee |

To determine the potential effects of various densities of kokanee in Vernon Lake,
during 2001-02, we ran a series of Vernon Lake bioenergetic analyses using a mix of
nerkids including: (1) 100% 0+ sockeye and 0% kokanee, (2) 85 % 0+ sockeye and 15
% kokanee, and (3) 70 % 0+ sockeye and 30 % kokanee. At Vernon lake during 2001 '
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biomasses of zooplankton that were consumed by fish, decreased during July and then
gradually increased through the summer (Figs. 19 and 57). Assuming that the fish
population comprised 100% 0+ sockeye, the bioenergetics simulation showed that in
July, consumption slightly exceeded 1% of biomass, and during the rest of the summer-
fall rates fell well below 1%. However, as the percentage kokanee was increased to
fifteen percent, total fish consumption increased by a factor of 5 (Fig. 57), and June
consumption rates exceeded 5 % of the zooplankton standing stock. When kokanee
comprised thirty percent of the fish population, consumption increased 10 fold. At
Vernon Lake during 2002 (Fig. 58), biomasses of zooplankton consumed by 0+ fish,
increased sharply during June and then declined through the summer. Consumption
rates based on the assumption that the fish population comprised 100 % 0+ fish,
showed that consumption was never more that 1% of biomass (Fig. 58). However when
the kokanee were increased to fifteen percent, total fish consumption more than
doubled, and when kokanee comprised thirty percent of the fish population,
consumption increased 5 fold. Given the data available, it is impossible to make
definitive statements about kokanee densities and the effects of kokanee on Vernon
Lake zooplankton, but the preceding suggests that rather limited kokanee populations
could have had significant effects on zooplankton standing stocks and could have
accounted for the considerably smaller biomasses of edible zooplankton observed in
Vernon lake during 2001-02

Top-Down and Bottom-Up relationships

Summaries of mean annual biomasses (Fig. 59), reveal three notable general
characteristics: (1) During most years “edible phytoplankton” (Fig. 59 - row 2),
comprised < 20% of the total phytoplankton biomass. The other 80 % were either too
large (> 30 um over the longest length-width-height axis), or had gelatinous sheaths.
Toxic species were not found in either lake. The notable exception was Woss 2002,
when mean annual biomasses of a small edible diatom equaled 50% of the total. (2)
During most years in both lakes, zooplankton (Fig. 59 - row 3) eaten by 0+ sockeye
(defined here as “edible zooplankton™), equaled about 2/3 of the total zooplankton
biomass. In Woss Lake the three edible groups included Daphnia, Bosmina and E.
nevadensis. In Vernon Lake the edible groups were Daphnia, Bosmina and H. kenai.
Taxa that were seldom selected included, Polyphemus, Holopedium, S. oregonensis, C.
b. thomasi and all nauplii. (3) On average in Woss Lake, about 20% of the stimulus
provided by fertilizers went to edible algae suitable as a food base for zooplankton.
Assuming an ecological efficiency of 15 %, about 3 % of the potential biomass
stimulated by the addition of fertilizer was converted into total zooplankton biomass.
Since edible zooplankton comprised about sixty-eight percent of total zooplankton
biomass, the result was that about 2 % of the potential biomass stimulated by the
addition of fertilizer comprised edible zooplankton. Putting that another way, it seems
likely that in coastal lakes such as Woss and Vernon Lakes, 98 % of fertilizer potential
was lost from the food web as it moved from fertilizer to edible zooplankton.

At Woss Lake: Given the above, it is perhaps surprising that during 2002, the
observed high 0+ sockeye growth rates were very well correlated with the highest
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recorded mean annual fertilizer additions (Fig. 59 - top right), edible algal biomasses
(Fig. 59 - 2™ row right) and edible zooplankton biomasses (Fig. 59 - 3" row right).
However, during 2000, 2001 and 2003, there was almost no connection. Specifically:
(Fig. 59 - black bars only), (1) Woss Lake, total phosphorus (Fig. 59 - top row), declined
through to 2002 and then increased slightly in 2003. Woss Lake total algal biovolume
(Fig. 59 - 2™ row) was high in 2000, declined in 2001 and then increased from 2001-03.
Woss Lake edible algal biovolume (Fig. 59 - 2" row right) was low in 2001-02, and then
much higher in 2002 when there was a bloom of an unidentified edible-sized diatom
species. All possible bottom-up correlations between epilimnetic TP and: edible algae,
non-edible algae, and chlorophyll a; failed to show the expected bottom-up pattern (see
examples in the top two panels of figure 60). However, when edible algal biomass was
correlated with kg P loaded as fertilizer per year (Fig. 60 bottom panel), there was a
positive relationship driven by the 2002 data point. From this we conclude that during
2000-01 and 20083, the bottom-up link between TP and algae was relatively weak. But,
during 2002 there was a very strong bloom of an edible-sized diatom species. This
bloom did not correlate with epilimnetic TP but it did correlate with the relatively high
rate of P loading that was used in 2002. This species was not seen in earlier years, but
did reappear briefly in 2003. (2) Woss Lake zooplankton and edible zooplankton

(Fig. 59 - 3" row) increased from 2000-02 and then declined slightly in 2003.
Correlations involving total or edible zooplankton biomass with respect to total
phytoplankton biomass or chlorophyll a showed no relationship (an example is given in
figure 61- row 1). However, the bottom-up plot of edible zooplankton biomass with
respect to edible algal biomass (Fig. 61 - middle row) suggests that higher zooplankton
biomasses are associated with higher algal biomasses. Of course this relationship is
again driven by 2002 when the edible diatom bloom noted above was observed.
Clearly zooplankton responded in a positive way to this exceptional food supply. (3)
Woss Lake 0+ sockeye growth rates (December biomasses Fig. 59 - bottom row)
increased significantly during 2002 and then declined significantly during 2003. Again
year 2002 stands out as an exception having had high biomasses of edible algae, high
biomasses of total zooplankton and edible zooplankton, and the highest recorded 0+
sockeye growth rates and December biomasses. However, overall there was no
relationship between Woss Lake 0+ sockeye growth rate and edible zooplankton
available per fish (Fig. 61 - bottom).

In summary, at Woss Lake, bottom-up energy transfer from fertilizers to fish was
efficient during 2002 But, during the other three years, bottom-up transfers from
nutrients — algae — zooplankton were not as efficient and this was equally true for
energy exchange between edible zooplankton — 0+ sockeye (Fig. 61 - bottom row). It
might be noted that although 2002 December 0+ sockeye were significantly larger than
the average weight attained in the other three years, the increase was relatively small
equaling 8.7 %.

At Vernon Lake: Between-year trends at Vernon Lake were completely different
from those observed at Woss. Overall, at the bottom of the food web, there were no
density-dependent relationships between nutrients and algae (Fig. 62); but at the top of
the food web, more edible zooplankton per fish was strongly associated with higher 0+




37

sockeye growth rates. Specifically (Fig. 59 - gray bars only): (1) Vernon Lake, total
phosphorus (Fig. 59 - top row), decreased through to 2002 and then increased slightly
in 2003. Vernon Lake total algal biovolume (Fig. 59 - 2" row) decreased steadily
throughout the four year experiment. Vernon Lake edible algal biovolume (Fig. 59 - 2™
row) was low throughout. All possible bottom-up correlations between epilimnetic TP
and: edible algae, inedible algae, and chlorophyll a ; failed to show the expected
bottom-up pattern (Fig. 62). (2) Vernon Lake zooplankton and edible zooplankton (Fig.
59 - third row) generally decreased during 2000-03. Correlations involving total
zooplankton biomass with respect to total phytoplankton biomass or chlorophyll a
showed no relationship (an example is given in figure 63 - row 1). More importantly, the
correlation between total zooplankton biomass and edible phytoplankton biomass was
negative (Fig. 63- row 2) suggesting top-down regulation. (3) Vernon Lake 0+ sockeye
growth rates (December biomasses Fig. 59 — bottom row) decreased significantly from
2000 - 02 and then increased slightly in 2003. Throughout this four year period, there
was a strong correlation between 0+ sockeye growth and availability of edible
zooplankton (Fig. 63 — bottom). As we have seen from earlier sections of this analysis,
0+ sockeye were not large enough or numerous enough to cause the observed
reductions in zooplankton standing stocks, but quite small numbers of larger kokanee
could easily have caused the observed trends.

In summary, at Vernon Lake, density dependent patterns of energy transfer from
nutrients — algae were not found. Total algal biomass was about equal at all
epilimnetic TP concentrations (Figs. 59, 62), and edible algal biomass was negatively
associated with epilimnetic TP (Fig. 62 - bottom). At the algae — zooplankton link in the
food web, the relationship was negative, suggesting that fewer zooplankton and
therefore less grazing pressure, was associated with the production of higher algal
standing stocks. At the zooplankion — 0+ sockeye link in the food web, more edible
zooplankton were associated with higher sockeye growth rates. It seems likely that
when adult kokanee abundances were higher (especially 2001 and 2002), zooplankton
biomasses were reduced, and 0+ sockeye growth rates fell. Also, lower zooplankton
biomasses were associated with higher phytoplankion biomasses. In other words, this
is a good example of a top-down trophic cascade, with kokanee and 0+ sockeye
competing for edible zooplankton which were reduced at high kokanee densities,
resulting in more algae and reduced sockeye growth.

Comparisons with historical trends

Between 1978 and 1996, two of us, (Hyatt and Rankin - unpublished data)
conducted annual fall surveys to Woss Lake that included acoustic and trawl
assessments of juvenile sockeye lengths, weights, and densities (Fig. 64). During most
of those early years, sockeye densities were markedly higher than during 2000-03, and
0+ sockeye weights were substantially lower, suggesting a top-down density dependent
relationship between zooplankton biomass and sockeye growth rates. The 2000-02
Woss Lake data are in almost perfect conformity with these earlier data, suggesting that
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Woss Lake fertilization may have had only a modest influence on fall-fry weights when
fish densities were low.

Historical data for Vernon Lake are unavailable, but it is interesting to note that
the 2000-03 Vernon Lake data (Fig. 64) plot almost directly on the Woss Lake data.
This is especially the case for the 2000 data point and also for 2001 (second largest
weights). While the data for 2002 and 2003 also generally plot with the Woss data, they
are perhaps somewhat lower than expected, again supporting the conclusion that
kokanee reduced zooplankton biomasses during those years.

Should Woss Lake fertilization continue?

From a management perspective, the question of interest is “could we stop
fertilizing Woss Lake and still get the average 0+ sockeye growth rates that we
observed during 2000-037” The best answer to this question comes from estimates of
the gquantity of additional 0+ sockeye biomass stimulated by Woss Lake fertilization. To
simplify the explanation of calculations used to estimate phosphorus flux through the
Woss Lake food web during 2000-03, the following paragraph uses year 2000 as an
example. Calculations for the other three years 2001-03 follow the same methods, but
results vary considerably from year to year. Details for all of the data summarized in
table 8, were provided earlier in the Results section.

In 2000, the amount of fertilizer phosphorus (FP) added to the lake was 436 kg
per Lake (Table 36 row-1). During that year (2000), there was a bloom of ungrazable
algae and percent edible algae (Table 36 row-2) was very low (5 % of total algal
standing stock). Note that in other years percent edible algae was much higher, and
this had significant effects on phosphorus dynamics. Assuming 100 % phosphorus
uptake and no recycling, 23.9 g ha™ of fertilizer phosphorus (FP) was incorporated into
edible algae (i.e. algal cells that could be consumed by zooplankton) (Table 36 row-3).
Assuming an edible algae-to-zooplankton ecologlcal efficiency of 15 %, the amount of
FP incorporated into total zooplankton was 3.6 g ha™! (Table 36 row-5). Year 2000
percent edible zooplankton (species consumed by 0+ sockeye) was 86 % (Table 36
row-6), so that FP incorporated into edible zooplankton was 3.1 % (Table 36 row-7).
Edible zooplankton production was 90 kg ha ww (Table 36 row-8). Using a conversion
of 0.75% (dw) (Parsons et al. 1984) 96 g ha™ total P was incorporated into zooplankton
production (Table 36 row-9). During year 2000 the biomass of edible zooplankion
consumed by 0+ sockeye was 13.7 kg ha™' ww (Table 36 row-10), and this determmed
the amount of total phosphorus (14.6 g ha™', Table 36 row-11) and FP (0.47 g ha™,

Table 36 row-12) consumed by 0+ sockeye During 2000, mean sockeye density was
650 ha™! (Table 36 row-13), mean weight gained between June 15 and October 31 was
2.4 g per fish (Table 36 row-14), and 0+ sockeye production was 1589 g ha™' (Table 36
row-15). Using the conversion of 0.35% ww P (Larkin and Slaney 1997) these net
production estlmates can be converted to total phosphorus (5.6 g ha™, Table 36 row-16)
and FP (0.18 g ha™', Table 36 row-17) incorporated into new tissue by 0+ sockeye.
Finally, the percent of the total phosphorus in 0+ sockeye biomass made up of FP, was
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3.18 %. That is, during year 2000, 3.18 % (or 69 kg) of Woss Lake 0+ sockeye
production, was stimulated by fertilizer additions (Table 36 row-19).

Earlier we asked whether we “could we stop fertilizing Woss Lake and still get the
average 0+ sockeye growth rates that we observed during 2000-037". The answer is
no. During all years Woss Lake fertilization had some benefit, but between-year
variability was high. In some years such as year 2000, the benefit was minimal (69
additional kg of O+ sockeye per lake). In other years the benefit was greater and the
extra biomass stimulated by the addition of fertilizer was 114 kg in 2001, 399 kg in 2002
and 206 kg in 2003 On average during 2000-03, fertilizer-P contnbuted to an additional
200 kg (150 g ha™) of juvenile sockeye production per year to Woss Lake. At Woss
Lake during 2000 03, the mean loading rate was 570 g P ha™ y! and cost was about
CDN $30 ha™ (fertilizer plus application). This translated to approximately CDN $200
per kg of enhanced smolt production.

"~ - The almost 10-fold variability noted above was regulated mainly by three factors:
(1) food web structure in coastal sockeye nursery lakes, (2) year to year changes in
percent edible algae and (3) year to year changes in density of the 0+ sockeye.

Coastal nursery lake food web structure has a strong effect on the relative
percentages of FP incorporated into algae, zooplankton and fish (Table 37). On
average 18 % of the FP was incorporated into edible algae, 2% into edible zooplankton
and < 0.10 % into 0+ sockeye (Table 37). As expected, the ratio of algal production to
zooplankton production averaged about 10 %. However the ratio between zooplankton
production and fish production was much smaller averaging approximately 5 %. In part
this was due to low 2000-03 fish densities and the resulting largely unused portions of
zooplankton production, but it may also have been due to the structure of pelagic food
webs found in coastal sockeye nursery lakes. Many of North Pacific coastal lakes tend
to be dominated by a combination of large diatoms that are too large to be consumed by
most “grazing” zooplankton, and pico-plankton (Stockner et al. 1987) that are too small.
The pico-plankton are known to fuel extensive microbial loops which remineralize
nutrients that become available to larger phytoplankion. However, these microbial
loops include several trophic conversions with associated losses, and even when
remineralized nutrients are taken up by larger algae, the chances are relatively low
(average 18% in Woss Lake) that the new cells are edible. In addition, many coastal
nursery lakes tend to have simple zooplankton food webs dominated by Cyclops
bicuspidatus thomasi and Skistodiaptomus oregonensis, which are too small and fast to
yield much food value to sockeye. Coastal food webs also frequently lack the large
Daphnia species that are more typical of eutrophic interior nursery lakes. Simply put,
the algal cell size distributions and zooplankton species compositions found in coastal
nursery lake food webs mitigate against efficient nutrient transfer from fertilizer up
through the food web to juvenile sockeye.

The second factor that caused high year to year variability in Woss Lake
phosphorus flux and sockeye yields, was percent edible algae. Much of that effect was
determined by the presence or absence of Rhizosolenia eriensis. For example during
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2000, a bloom of R. eriensis reduced percent edible algae to about 5 % and this was
associated with increased 0+ sockeye yields of only 69 kg ha™. On the other hand,
during year 2002, Rhizosolenia were almost absent, small grazable diatoms were
common, percent edible algae increased to 48% and 0+ sockeye yields were enhanced
by almost 400 kg (per lake year).

The third factor causing year to year variability in sockeye production, is 0+
sockeye density. At Woss Lake, historical sockeye fry densities (Fig. 64) have been 10
times higher than the densities recorded during 2000-03. During those unfertilized
years (1980s and 1990s ), there was a strong relatlonshlp between fry density and fry
weight. When densities exceeded 1500 fry ha™ typlcal fall-fry weights averaged only
1.0 - 1.5 g and production rates averaged 2 - 4 kg ha”'. In comparison, during the
fertilized years, average fry density was only 646 ha-and the average 0+ sockeye
yield was 2.1 kg ha™'. The fairly small differences between these fertilized vs.
unfertilized fall-fry weight and yield differences, were due in part to top-down density-
dependent effects of higher fry densities on zooplankion biomasses, and in part to the
bottom-up effects of fertilization. During the fertilized years (2000-03) about 9.5 % of
the phosphorus incorporated into zooplankton came from fertilizers (3.2% in 2000, 8.2
% in 2001, 19.0 % in 2002 and 7.8 %). As we have seen this resulted in fall-fry that
were about 9.5 % larger than they would have been without fertilizer additions. The rest
of the “production potential”, provided by the fertilizer was lost from the system. Some
was lost to zooplankton species and molt classes (i.e. C. b. thomasi, S. oregonensis, all
rotifers, all nauplii) that were not consumed by Woss Lake fry. The rest was lost
because during the fertilized years, sockeye densities were so low that large portions of
edible zooplankton production could not be consumed by sockeye. On an individual
basis, sockeye feeding rates were high and stomachs were full (200 - 300 prey per
stomach). But at an average density of 646 fry ha™', each fry occupied almost 400 m® of
epilimnetic lake water, which contained almost 3, 000 000 edible zooplankton. Small
wonder that they had little top-down effect on zooplankton population dynamics and left
large portions of fertilizer-induced zooplankton production capacity unused. Based on
production-consumption analysis it seems likely that during the fertilized years, fry
densities could have been doubled or tripled without affecting the elevated growth rates
observed during 2000-03. Briefly stated, if future escapements to Woss Lake remain
low, fertilization in combination with stocking will be required for efficient stock
rebuilding.

Recommendations

In 2005 and beyond, we recommend renewal of the Woss Lake fertilization
program usmg a new fertilizer mix that will increase phosphorus loading rates from 700
to 1200 g ha™ y! while leaving nitrogen loading rates at approximately 9000 g ha™* y™.
This new mix would be intended to substantially increase primary production while
reducing the chances of Rhizosolenia blooms. Also, in order to take advantage of the
anticipated increases in primary production, we recommend stocking of at least
2,000,000 sockeye fry from the Gwa’ni Hatchery. Current fry densities result in
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substantial under-use of available zooplankton production. A three-fold increase in fry
densities is predicted to produce a 3-fold increase in smolt production..
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Table 2. Proportion (as %) of all resident sockeye fry by Nimpkish Watershed nursery lake.
Observations are restricted to years between 1978-2003 for which fry estimates

could be generated for each of the four principal sockeye nursery lakes in the Nimpkish
watershed.

Sockeye Fry

Lake Survey Year Nimpkish Woss Vernon Schoen (in millions)
1978 56 30 13 1 2.29
1986 37 43 18 & 2" 5.13*
1987 39 38 18 — 5 3.19
- 1988 41 44 13- 2 7.45
1989 73 17 8 1 12.82
1991 23 66 10 1 3.17
1992 23 52 25 0 10.02
1993 47 37 13 2 3.74
1994 45 48 6 2 4.64
1997 52 23 22 3 2.58
2001 40 33 25 2" 1.45™
2002 67 13 18 2* 4.68™
2003 65 12 21 2% 3.15™
All Year Average 46.8 35.1 16.2 1.3 3.84

*Schoen Lake was not surveyed in 1986 or 2001-2003 so an estimate was based on its multiyear
average contribution (i.e. 2 %) to the totals in years when all four lakes were surveyed.

** Total abundance values adjusted upwards slightly to account for 2 % average contribution of
Schoen Lake to aggregate sockeye production.

e g



58

Table 3. Woss and Vernon Lake sampling schedule 2000-03.

Woss Lake:
Temp. Fish .
Date and \évr?;;r Algae  Zoop. Acoustic Lengths Dgllmssi?ty
Oxygen Weights
16-May-00 O 0
9-Jun-00 0 0 0 O
26-Jun-00 0 ] O O d 0 O
18-Jul-00 O O O a O
7-Aug-00 0 0 0 O O O
28-Aug-00 0 a O o
21-Sep-00 o 0 0 O o g o
48-Oct-00 O O O O 0
- 12-Dec-00 0 O 0
9-May-01 O 0 0
1-Jun-01 0 O 0
18-Jun-01 O N O O
10-Jul-01 | (] 0 ] 0 O
6-Aug-01 o O O N O O a
3-Sep-01 (i ] ] ] O ] d
11-Sep-01 0 ]
23-Sep-01 O 0
24-Qct-01 0O ] 0 | ] ] a
12-Dec-01 O O O 0 O
5-Mar-02 O O O O
6-May-02 O a O 0
27-May-02 0 O 0 O
19-Jun-02 O 0 O O O 0
10-Jul-02 O ] | ] (] 0
30-Jul-02 a a a a ] a 0
19-Aug-02 O | 0 o 0 0
13-Sep-02 O 0 u] O n| O 0
23-Sep-02 ] O 0O O O O [
22-Oct-02 ]
7-Dec-02 O 0 O O O 0
6-Mar-03 O O O O
21-Apr-03 0 O O
19-May-03 0 O
24-Jun-03 [ [ [ [ [ [ [
27-Jul-03 [ [ T [
28-Aug-03 [ [ [ [
17-Sep-03 [ [ [ [ [
4-Nov-03 [ [ [ [
3-Dec-03 [ [ [

H
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Table 3 (cont'd)

Vernon Lake:

Temp. Fish .
Date and \(’)Vr?;?r: Algae  Zoop. Acoustic Lengths D:;Ssri‘ty
Oxygen Weights
15-May-00 0 0
9-Jun-00 O O 0 O
27-Jun-00 O 0 0 0 0 0 0
17-Jul-00 ] 0 O O ]
6-Aug-00 0 O O O 0 O
28-Aug-00 ] ] O -
22-Sep-00 0 O O O 0 0 O
~8-Nov-00 0 0 a 0
- 13-Dec-00 0 ] O
9-May-01 O O O O
1-Jun-01 O 0 O
18-Jun-01 O 0 0 0
9-Jul-01 O O ] O 0 a
29-Aug-01 0 a 0 a | a O
11-Sep-01 ] 0 O O
23 Sept-01 0
23-Oct-01 ] 0 ] g | O O
13-Dec-01 0 O O
6-May-02 0 a a |
27-May-02 O O O 0
19-Jun-02 0 O O 0 0 0 0
10-Jul-02 (i O O O O ]
30-Jul-02 O ] ad ] 0 0
19-Aug-02 a O | | a 0
11-Sep-02 0 O ] ] O O 0
23-Sep-02 O 0 O 0 . O O 0
22-0ct-02 o a ] ] a a
7-Dec-02 0
19-May-03 O o
23-Jun-03 O 0 O 0 0 0
22-Jul-03 O 0
28-Aug-03 O a O O
29-Oct-03 O O ] o

10-Dec-03 ‘ 0 O 0
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Table 4. Woss Lake phytoplankton biovolume (mm® m™)(ii.e. cubic microns per m! divided by
1000 = mm® m™®). Column abbreviations represent algal divisions: Cyanophyceae, Dinophyceae,
Cryptophyceae, Chrysophyceae, Chlorophyceae, Bacillariophyceae.

Date Cyano Dino Crypto Chryso Chloro Bacll Total
10-Jun-00 1 7 3 29 11 16 65
26-Jun-00 4 5 3 32 36 9 88
18-Jul-00 258 23 5 51 151 9 498
7-Aug-00 13 4 11 161 105 6 300
29-Aug-00 392 39 41 68 60 327 928
23-Sep-00 515 10 13 43 92 2582 3256
18-Oct-00 11 4 6 5 = 38 6535 6599
- 10-May-01 0 26 6 33 8 70 143
1-dun-01 1 25 9 93 15 466 609
= 18-Jun-01 0 8 5 20 43 484 559
10-Jul-01 0 6 7 68 15 418 515
6-Aug-01 0 2 36 24 21 83 166
4-Sep-01 16 7 15 26 50 256 370
11-Sep-01 7 1 7 47 136 1038 1235
23-8ep-01 64 38 22 19 100 1271 1513
24-Oct-01 64 108 19 37 100 1322 1649
6-May-02 2 73 15 22 10 1246 1368
27-May-02 1 31 5 111 14 2644 2806
19-Jun-02 1 23 5 53 9 3792 3883
10-Jul-02 1 14 4 22 4 1723 1768
30-Jul-02 1 10 29 82 7 1103 1232
19-Aug-02 1 14 9 32 4 1018 1078
13-Sep-02 1 31 40 73 9 939 1093
23-Sep-02 1 49 18 94 14 564 740
22-Oct-02 1 55 22 45 8 496 627
7-Dec-02 1 1 12 7 1 148 170
20-Apr-03 1 17 4 56 2 105 185
-. 24-Jun-03 1 62 2 103 - 39 5444 5651
27-Jul-03 1 35 2 18 10 6127 6193
28-Aug-03 2 3 3 9 7 147 171
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Table 5. Vernon Lake phytoplankton biovolume (mm?® m™®)( i.e. cubic microns per ml divided by
1000 = mm® m™®). Column abbreviations represent algal divisions: Cyanophyceae, Dinophyceae,
Cryptophyceae, Chrysophyceae, Chlorophyceae, Bacillariophyceae

Date Cyano Dino Crypto Chryso Chloro Bacil Total
10-Jun-00 43 1 2 35 5 7 92
27-Jun-00 126 3 4 32 28 10 203
17-Jul-00 576 2 0 4 19 5 606
6-Aug-00 947 3 15 41 36 4 1046
29-Aug-00 1496 13 45 62 . 15 5 1636
22-Sep-00 472 22 13 16 —- 80 - 36 640
~ 1-Nov-00 119 4 7 46 39 18 233
9-May-01 35 30 5 86 42 7 206
1-Jun-01 47 84 19 65 16 9 240
18-Jun-01 71 5 5 20 19 5 126
9-Jul-01 114 10 4 25 212 28 393
30-Aug-01 129 15 15 51 158 22 390
11-Sep-01 175 23 14 28 30 24 294
23-Sep-01 183 15 7 25 28 29 286
23-Oct-01 164 15 6 21 26 24 256
6-May-02 1 67 5 54 1 12 140
27-May-02 1 10 3 53 4 109 180
19-Jun-02 1 13 1 41 2 209 267
10-Jul-02 1 30 6 37 4 304 382
30-Jul-02 1 10 2 36 2 130 181
18-Aug-02 1 37 5 33 2 116 194
12-Sep-02 1 6 8 21 4 14 54
23-Sep-02 1 5 7 22 2 14 51
22-0ct-02 1 21 9 43 2 24 100
7-Dec-02 1 14 9 30 2 47 103
23-Jun-03 0 28 2 52 3 109 194
 21-Jul-03 0 14 4 16 2 44 80
28-Aug-03 3 17 5 15 3 13 56
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Table 19. Biomass and production summary for Woss and Vernon Lakes. Mean
production is calculated as production per L per day (dry weight). Seasonal P:B ratio is
calculated as summed production during the sampling season (May-October) divided by
the average biomass found through the sampling season.

Woss Lake
Length Total
of Mean seasonal
sampling biomass production Seasonal
Year season  Ug Lt 174 1! P:B
2000 156 17.2 61.70 3.6
2001 168 28.3 88.40 3.1
2002 169 50.5 239.90 4.8
2003 199 33.6 116.60 3.5
Vernon Lake
Length Total
of  Mean seasonal
sampling biomass production Seasonal
Year season  pgL’ pg L P:B
2000 170 31.1 1334 4.3
2001 167 38.5 154.1 4.0
2002 139 26.1 112.9 4.3

2003 115 23.1 26.6 1.2




Table 20. Sockeye trawl-net sampling

80

Year Lake Number of | Number of
sampling | fish sampled
periods

2000 Woss 5 376
2001 Woss 4 — 305

- 2002 Woss 8 811
2003 Woss 4 469
2000 Vernon 5 277
2001 Vernon 3 189
2002 Vernon 7 441
2003 Vernon 3 222
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Table 22. Total numbers of kokanee captured during trawl-net sampling

Year Lake Number  Number  Mean 1+ Number  Mean
0+ 1+ sockeye kokanee  kokanee
sockeye sockeye weight g  caught weight g
caught caught

2000 Woss 376 0 —- 0

2001 Woss 357 1 11.2 0

2002 Woss 808 0 - 3 66.7

2003 Woss 462 1 6.1 6 47.1

2000 Vernon 277 0 - 0 -

2001 Vernon 165 0 - 24 29.1

2002 Vernon 423 5 4.9 13 25.8

2003 Vernon 209 6 1.2 7 20.3
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Table 23. Summary of lengths and weights for 0+ sockeye salmon from Woss and

Vernon Lakes.
Length
Mean Mean Std Weight Length Weight
Date Lake N Length weight Dev. St Dev 95% C1 95% CI

26-Jun-2000 Woss 144 40.9 0.7 4.2 0.24 0.69 0.04
18-Jul-2000 Woss 51 48.6 13 4.1 0.33 1.13 0.09
07-Aug-2000 Woss 72 54.3 1.7 6.3 0.50 146 0.11
21-Sep-2000 Woss 57 62.1 2.4 53 - 0.60 1.37 0.15
12-Dec-2000 Woss 52 64.9 2.8 4.0 0.55 1.09 0.15
- 27-Jun-2000 Vernon 119 434 0.8 4.87 0.30 0.87 0.05
17-Jul-2000 Vernon 51 48.2 1.2 6.1 0.46 1.66 0.13
06-Aug-2000  Vernon 17 552 1.7 6.9 0.56 3.27 0.26
22-Sep-2000  Vernon 63 67.7 3.0 4.0 0.55 0.98 0.14
13-Dec-2000  Vernon 27 68.2 2.8 6.7 0.79 2.54 0.30
10-Jul-2001 Woss 31 50.1 1.3 4.6 0.43 1.63 0.15
06-Aug-2001 Woss 80 64.6 2.7 6.1 0.72 1.34 0.16
24-0ct-2001 Woss 22 64.5 2.9 55 0.67 2.28 0.28
12-Dec-2001 Woss 17 67.1 2.8 4.6 0.61 0.68 0.09
20-Feb-2002 Woss 53 68.2 2.8 58 0.82 1.57 022
29-Aug-2001 Vernon 58 58.7 2.0 4.8 0.46 1.23 0.12
23-0ct-2001 Vernon 32 66.6 25 6.0 0.52 2.07 0.18
13-Dec-2001 Vernon 75 63.0 2.1 4.0 0.36 091 0.08
18-Jun-2002 Woss 31 50.1 1.3 4.6 04 1.63 0.15
11-Jul-2002 Woss 120 475 14 4.1 04 0.73 0.07
29-Jul-2002 Woss 139 58.8 2.1 6.0 0.67 0.99 0.11
18-Aug-2002 Woss 150 64.0 2.7 52 0.7 0.82 0.12
23-Sep-2002 Woss 113 67.3 2.8 45 0.6 0.84 0.11
22-0ct-2002 Woss 23 68.0 3.3 2.3 0.4 0.93 0.17
06-Dec-2002 Woss 108 68.4 3.1 4.2 0.6 0.80 0.11
05-Mar-2003 Woss 124 70.5 33 4.4 0.7 0.78 0.12
18-Jun-2002 Vernon 89 37.1 0.4 3.9 0.16 0.80 0.03
09-Jul-2002 Vernon 88 37.0 04 3.9 0.16 0.81 0.03
29-Jul-2002 Vernon 109 45.9 0.9 34 0.2 0.63 0.04
17-Aug-2002  Vemnon 86 50.9 1.8 3.8 02 0.79 0.05
22-Sep-2002 Vernon 18 521 1.6 4.3 0.3 1.99 0.15
21-Oct-2002 Vernon 28 53.3 1.6 3.8 0.3 1.40 0.11
07-Dec-2002  Vernon 5 534 14 3.8 0.3 3.37 0.27



Table 23 (cont’d)
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Length

Mean Mean Std Weight Length Weight

Date Lake N Length weight Dev. St Dev 95% CI 95% CI
23-Jun-2003 Woss 74 40.9 0.6 4.0 0.2 0.91 0.05
16-Sep-2003 Woss 200 58.6 23 4.5 0.5 0.63 0.07
04-Nov-2003 Woss 67 62.9 2.6 4.8 0.6 1.14 0.15
16-Dec-2003 Woss 121 624 2.3 40 0.5 0.71 0.08
23-Jun-2003 Vernon 102 39.8 0.6 52 0.3 1.01 0.06
29-Oct-2003 Vernon 45 544 1.6 3.1 0.2 0.91 0.06
-10-Dec-2003 Vernon 62 54.6 1.5 3.5 03 0.88 0.07
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Table 24. Fish densities in Woss and Vernon lakes.

Total

Density abundance
Date Lake  (fishha') 95%CI1 (fishlake’)  95% CL
26-Jun-2000 Woss 665 418 858,515 539,500
07-Aug-2000 Woss 501 253 646,791 326,295
21-Sep-2000 Woss 477 122 615,807 158,043
18-Oct-2000 Woss 766 223 ~ 988,906 287,490
] b 13-Dec-2000 Woss 535 147 | 690,685 189,575
27-Jun-2000 Vernon 902 403 730,620 326,663
07-Aug-2000 Vernon 441 309 357,210 250,142
22-Sep-2000 Vernon 568 226 460,080 183,363
13-Dec-2000 Vernon 485 126 392,850 102,113
10-Jul-2001 Woss 253 111 327,058 142,980
06-Aug-2001 Woss 362 288 467,684 372,107
03-Sep-2001 Woss 488 299 629,602 385,483
24-Oct-2001 Woss 351 95 453,040 123,127
| iZ—Dec—ZOOl Woss 202 91 ’ 261,123 116,979
09-Jul-2001 Vernon 640 472 518,021 382,544
29-Aug-2001 Vernon 497 442 402,496 358,369
23-Oct-2001 Vernon 550 138 445,166 111,619
13-Dec-2001 Vernon 597 169 483,942 136,915

18-Jun-2002 Woss 624 316 805,846 407,354
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Table 24 (cont’d)
Total
Density abundance

Date Lake  (fishha®) 95% CIL (fishlake’) 95% C.L
11-Jul-2002 Woss 840 462 1,083,923 596,851
30-Jul-2002 Woss 614 290 792,552 374,146
18-Aug-2002 Woss 510 285 658,102 368,157
12-Sep-2002 Woss 895 402 "1,155,982 518,728
] %223—Sep—2002 Woss 546 304 704,774 392,006
22-Oct-2002 Woss 639 187 825346 242,050
05-Mar-2003 Woss 843 264 1,087,675 341,087
18-Jun-2002 Vernon 1,069 474 865,809 383,659
09-Jul-2002 Vernon 1,092 286 884,799 231,898
29-Jul-2002 Vernon 1,018 318 824,795 257,588
17-Aug-2002 Vernon 1,003 398 812,219 322,699
11-Sep-2002 Vernon 974 349 789,301 282,849
21-Sep-2002 Vernon 848 325 686,760 263,384
“21-Oct-2002 Vernon 747 262 - 605428 212,373

23-Jun-2003 Woss 1,305 441 1,684,281 569,432

16-Sep-2003 Woss 449 215 579,526 277,315

04-Nov-2003 Woss 595 98 768,393 126,379

17-Dec-2003 Woss 514 66 663,548 85,604
22-Jun-2003 Vernon 1,076 632 871,436 511,916
29-Oct-2003 Vernon 524 79 424,750 63,697

1b—Dec-2003 Vernon 391 38 316,408 . 30,875

3
~ 3
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.1+ Table 26 (cont’d)

o1

8 o

2 8

8 - 3 = 2

[Fas] ] =

cm 3 ...W m = o ..m m m = m 2

E S = <€ z £ = £ =S 32 =2 £ 3

'z Q s oy 3 S &) & S & A 5 S
Vernon 19-lun-02 26 006 0.00 0.02 8602 1257 000 000 130 000 002 000 000
Vernon 20-Jul-02 23 054 000 0.00 064 9836 000 000 047 000 000 000 0.00
Vernon 10-Sep-02 21 375 011 020 1.09 9480 000 000 004 000 000 000 000
Vernon 22-Sep-02 17 1003 001 003 472 8502 000 000 0.18 000 000 000 0.00
Vernon 22-0ct-02 27 5605 0.00 000 31.60 1211 0.00 000 024 0.00 000 000 000
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Table 36. Calculation of the proportion of fertilizer incorporated into 0+ sockeye. P = total
phosphorus. FP = fertilizer phosphorus. See text for explanation

Woss Lake Units 2000 2001 2002 2003
1 Ploading ghaly! 436 534 714 541
2 Percent edible algae % 5 14 45 12
3 i;‘;‘;ff;’gg? into edible g ha' 239 727 3199 641
4 Assume 15% ecological
efficiency algae to fish % 15 15 15 15
5 FPincorporated into 1
zooplankton per 139 d gha 3.6 10.9 48.0 9.6
6 Percent edible zooplankton % 86 86 72 23
7 FP incorporated into edible 1
zooplankton per 139 d gha 3.1 9.3 344 9.0
8 ];il\);e zoop production per 139 ke ha'! 90 107 168 107
9 Total P into edible zooplankton
production per 139 d gha 96 115 181 115
10 Biomass edible zooplankton
(ww) consumed by sockeye per kg ha™ 13.7 8.3 15.4 14.0

139d



Table 36 (cont’d)
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Woss Lake Units 2000 2001 2002 2003
11 Total P consumed by sockeye 1
per 130 d gh 14.6 8.9 16.5 15.1
12 FP consumed by sockeye per
139d gh! 0.47 0.73 3.14 1.18
13 Mean 0+ sockeye density ha™ 650 400 624 909
14 Mean interval weight gain g wWw 24 2.6 2.5 2.1
- -1
15 0+ sockeye production per g ha 1589 1022 1538 1923
139d wWwW
16 Total P incorporated by sockeye g ha 56 36 54 6.7
over 139d
17 FP incorporated into fish over g ha 0.18 0.29 1.02 053
139d
18 Percent of incorporated fish P % 318 8.15 18.99 783

that is FP
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Table 37. Percentage of Woss Lake fertilizer phosphorus = FP incorporated into algae,

zooplankton and fish during year 2000-03.

2000 2001 2002 2003
% of FP incorporated into algae 5.50 13.60 44.80 11.80
% FP incorporated into edible zooplankton 0.70 1.75 4.82 1.66
% of FP incorporated in fish 0.06 0.14 0.10

0.04
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Figdre 1. Mean annual sockeye escapement estimates into the Nimpkish River system.
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Figure 2. Location of Woss and Vernon Lakes, North-Central Vancouver Island.
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Figure 3A. Figure 3A: Woss Lake (1366 ha) and Figure 3B: Vernon Lake (837 ha).
Bathymetry, acoustic survey transects and sampling stations.
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(hypolimnion) samples taken from Woss Lake on five dates during 2000. The star
symbols represent stations on the center-line on Woss Lake.
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Figure 17. Edible mean annual (May - October) algal biovolumes in Woss and Vernon
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Biomass and production for the three copepod species include data for adults plus
copepodids. Nauplii have been excluded. Biomass and production for cladocerans
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Figure 34. Woss Lake juvenile O. nerka length-weight regression. Includes all data
from all years.
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Figure 35. Vernon Lake juvenile O. nerka length-weight regression. Includes all data
from all years.
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Figure 36. Waoss Lake large O. nerka length-weights. The plots include all data from
each year. Fish with lengths greater than 80 mm are assumed to be kokanee.
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Figure 37. Vernon Lake large O. nerka length-weights. The plots include all data from
each year. Fish with lengths greater than 80 mm are assumed to be kokanee.
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Figure 39. Woss and Vernon Lake juvenile sockeye weight (g) ( 95% confidence
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Figure 44. Year 2000 Woss and Vernon Lake; daily zooplankton consumption by fish,
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Figure 45. Year 2001 Woss and Vernon Lake; daily zooplankton consumption by fish,
as a percentage of mean zooplankton standing stock (biomass) and mean daily
zooplankton production.
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Figure 47. Year 2003 Woss and Vernon Lake; daily zooplankton consumption by fish,
as a percentage of mean zooplankton standing stock (biomass) and mean daily
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Figure 49. Year 2001 Woss and Vernon Lake edible zooplankton standing stocks (left
axis) and daily consumption rates by fish as a percentage of zooplankton standing stock
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Figure 52. Year 2000-03, Woss Lake. Relative rates of daily consumption per unit
biomass of 0+ sockeye biomass plotted with respect to edible zooplankton biomass.
Relative rates = daily 0+ sockeye consumption (ug L™ d™") divided by biomass (g m?) of
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Figure 58. Year 2002 Vernon Lake edible zooplankton biomass (bars) and daily
zooplankton consumption by fish as a percentage of mean zooplankton standing stock
biomass (solid line and symbol) and mean daily zooplankton production (dotted line and
open symbol). The two additional % biomass consumption lines, are for O. nerka
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Figure 63. Vernon Lake scatter plots for: Top - Mean annual total zooplankton biomass
with respect to total phytoplankton biomass. Middle - Mean annual edible zooplankton
biomass with respect to edible phytoplankton biomass. Bottom - Average 0+ sockeye
weight in December with respect to mean annual edible zooplankton biomass per fish.
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Figure 64. Sockeye fall-fry weights (g ww) with respect to density. The open circles are
from Woss Lake surveys taken during 1978-96 . The closed circles are from Woss Lake
surveys, from 2000-03. The triangles are from Vernon Lake surveys from 2000-03.





